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Abstract

Silicon detectors operated at collider experiments like for instance the Large Hadron
Collider at CERN, experience radiation damage due to the intense flux of charged and
neutral particles through them. In the innermost part of the detector, the particle fluence
can reach up to ®., = 3.5 x 100 cm™2.

To increase radiation tolerance, the silicon sensors currently developed for the LHC
detectors upgrade are boron-doped p-type silicon, in contrast to the n-type sensors cur-
rently in operation. In addition to planar pixel sensors, also devices with an additional
gain layer, under the name of Low Gain Avalanche Detectors (LGADs), will be employed
in the upgraded LHC detectors. These devices feature a p-type layer with higher boron
concentration than in the bulk of p-type sensors.

This work focuses on one particular radiation damage effect in p-type silicon sensors
known as the boron removal effect. This effect is characterized by the removal of boron
dopants from their lattice sites, causing them to lose their acceptor properties. The
boron removal effect is particularly significant for p-type silicon sensors. For example,
the reduction in gain value observed in LGADs after radiation exposure is commonly
attributed to the deactivation of boron dopants during the initial irradiation. This effect
is closely associated with radiation-induced defects.

In general, the types of bulk defects induced by radiation, whether point-like or cluster-
related, can vary depending on the type of radiation. For example, both hadrons and
leptons can induce either defect type, but leptons are more likely to introduce point
defects, while high-energy photons only generate point-like defects. The properties of
these defects are determined by their components, i.e. the elements that make up the
defect, and these elements strongly depend on the concentration of dopants and impurities
like Oxygen or Carbon.

In this work, diodes with different dopants and impurities concentrations (boron, oxy-
gen and carbon) were studied after being exposed to three different types of radiation (23
GeV protons, 5.5 MeV electrons and %°Co v-ray). The microscopic techniques of Ther-
mally Stimulated Current (TSC) and Thermally Stimulated Capacitance (TS-Cap) were
employed to characterize radiation-induced defects, especially focusing on B;O; (boron
interstitial and oxygen interstitial) and C;O; (Carbon interstitial and Oxygen interstitial)
defects. The presented results include the analysis of defect concentrations, energy lev-
els within the band gap, and their charged states at room temperature. The changes
in macroscopic properties, such as leakage current and space charge density, after ir-
radiation, are evaluated through current-voltage (/-V') and capacitance-voltage (C-V)
measurements, respectively. To assess the impact of microscopic defects on macroscopic
properties, isothermal annealing experiments at a temperature of 80°C with varying an-
nealing times, and isochronal annealing experiments for a duration of 15 minutes with

varying annealing temperatures up to 300 °C have been performed. In the end, the devel-



opment of the boron removal rate with initial doping concentration, irradiation fluence
(for different radiation sources) and impurities are presented and discussed together with
the radiation-induced defects in chapter [6}[S] Besides that, the annealing behaviour of

B;0O; including the candidate state of B;O; after it anneals out is given.



Kurzfassung

Im Zuge des Ausbaus des Large Hadron Collider (LHC) am CERN zum High Luminos-
ity LHC (HL-LHC) mit einer instantanen Spitzenluminositit von etwa 7,5 x 1034 cm™2?s™!
werden auch die Siliziumspur-Systeme der Experimente aufgeriistet, um dem extrem in-
tensiven Strahlungsfeld mit Fluenzen von bis zu ®eq = 3,5 x 10'® cm™2 fiir die innerste
Schicht der Pixel-Detektoren gewachsen zu sein. Insbesondere werden die neuen Sensoren,
die derzeit entwickelt werden, aus Bor-dotiertem p-Typ-Silizium hergestellt im Gegensatz
zu den vorhandenen n-Typ-Detektoren, um eine hohere Strahlungstoleranz zu erreichen.

Diese Arbeit konzentriert sich auf einen speziellen Strahlungsschadenseffekt in p-Typ-
Siliziumsensoren, der als ”Boron removal” Effekt bekannt ist. Dieser Effekt zeichnet sich
durch die Entfernung von Bor-Dotierungsatomen von ihren Gitterplatzen aus, wodurch
sie ihre Akzeptoreigenschaften verlieren. Der ”boron removal” Effekt ist besonders sig-
nifikant fiir p-Typ-Siliziumsensoren, insbesondere im Fall von Low-Gain Avalanche De-
tektoren (LGADs). Die beobachtete Verringerung des Verstarkungswerts bei LGADs
nach Strahlenexposition wird iiblicherweise auf die Deaktivierung von Bor-Dotierstoffen
wahrend der anfanglichen Bestrahlung zuriickgefiihrt. Dieser Effekt ist eng mit strahlenin-
duzierten Defekten verbunden.

Im Allgemeinen konnen die Arten von Volumendefekten, die durch Strahlung verursacht
werden, je nach Art der Strahlung variieren, ob es sich um Punktdefekte oder Cluster-
Defekte handelt. Zum Beispiel kénnen sowohl Hadronen als auch Leptonen beide Arten
von Defekten verursachen, aber Leptonen neigen eher dazu, Punktdefekte zu generieren.
Die Eigenschaften dieser Defekte werden durch ihre Bestandteile bestimmt, d.h. die Ele-
mente, aus denen der Defekt besteht, und diese Elemente hangen stark von der Konzen-
tration Konzentration der Dotierung und von Verunreinigungen im Silizium Material wie
Sauerstoff oder Kohlenstoff ab.

In dieser Arbeit wurden drei Gruppen von Dioden nach Exposition von verschiedenen
Arten von Strahlung untersucht. Die erste Gruppe, die 23 GeV Protonen ausgesetzt war,
bestand aus EPI-Dioden mit Bor-Dotierungskonzentrationen im Bereich von 6 x 102 bis
1 x 10" em™ und wurde mit einer Fluenz von ®, = 7 x 10" cm™2 bestrahlt. Die
zweite Gruppe, die 5,5 MeV Elektronen ausgesetzt war, umfasste sowohl EPI-Dioden
als auch Cz-Dioden mit derselben Bor-Dotierungskonzentration von 1 x 10'® cm™3, aber
die Fluenz variierte von ®.- = 1 x 10" bis 6 x 10® ecm™2. Die dritte Gruppe, die
60Co-Gammastrahlenbestrahlung ausgesetzt war, bestand aus FZ-Dioden mit einer Bor-
Dotierungskonzentration von 3,5 x 102 cm™3. Die Dosis variierte von D = 0,1 bis
2 MGy. Die Konzentrationen der Hauptverunreinigungen, Sauerstoff und Kohlenstoff,
wurden durch die Wachstumstechniken (Czochralski (Cz), Float Zone (FZ) und Epitaxie
(EPI)) und die Herstellungsprozesse der Sensoren bestimmt.

Zur Charakterisierung strahleninduzierter Defekte wurden die mikroskopischen Tech-

niken der Thermisch Stimulierten Strommessung (TSC) und der Thermisch Stimulierten



Kapazitdatsmessung (TS-Cap) eingesetzt. Dabei lag der Fokus insbesondere auf den B;O;-
Defekten (Bor-Interstitial und Sauerstoff-Interstitial) sowie den C;O;-Defekten (Kohlen-
stoff Interstitial und Sauerstoff Interstitial). Die prisentierten Ergebnisse umfassen die
Analyse der Defektkonzentrationen, der Energielevel innerhalb der Bandliicke und ihrer
geladenen Zustande bei Raumtemperatur. Die Veranderungen der makroskopischen Eigen-
schaften wie Leckstrom und Raumladungsdichte nach Bestrahlung werden jeweils durch
Strom-Spannungs-(I-V)- und Kapazitats-Spannungs-(C-V)-Messungen bewertet. Um den
Einfluss mikroskopischer Defekte auf makroskopische Eigenschaften zu beurteilen, wur-
den isothermale Ausheilungsexperimente bei einer Temperatur von 80 °C mit variierenden
Ausheilzeiten sowie isochronale Temperungen fiir eine Dauer von 15 Minuten pro Tem-

peraturschritt bis zu einer Temperatur von 300 °C durchgefiihrt.
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1 Introduction

1.1 HL-LHC and Silicon Sensors

The world’s largest particle accelerator, the Large Hadron Collider (LHC) at European
Organization for Nuclear Research (CERN) in Geneva, started operations in 2008. Some
of today’s most fundamental open questions about the structure of matter are addressed
by the four LHC-Experiments, the Compact Muon Solenoid (CMS), A Toroidal Lhe Ap-
paratuS (ATLAS), the Large Hadron Collider Beauty (LHC-B) and A Large Ion Collider
Experiment (ALICE). The High-Luminosity Large Hadron Collider (HL-LHC) project
aims to crank up the performance of the LHC to increase the potential for discoveries
after 2029. The objective is to increase the integrated luminosity by a factor of 10 beyond
the LHC’s design value.

In the two general-purpose experiments, CMS and ATLAS, silicon sensors are installed
inside a magnetic field close to the interaction points. Electromagnetic and hadronic
calorimeters follow them. Muon systems are installed in the outermost region of the de-
tector. The demand for the silicon sensors in the innermost part of the detector is the
tracking of traversing charged particles and their vertices with high accuracy. This in-
formation makes it possible to obtain momenta and charge and sometimes the particle
ID.

In HL-LHC experiments, silicon sensors faced several challenges. One of these chal-
lenges is that these sensors were required to cope with extraordinary high particle rates
of up to 200 p—p collisions per bunch crossing. For this purpose, new types of silicon
sensors were developed e.g. Low Gain Avalanche Detectors (LGADs) with high precision
timing (< 50 ps) and position resolution (few hundred pm) [2, B]. Besides that, for other
requirements, new types of sensors are developed e.g. High Voltage CMOS devices (HV
CMOS) for the inner tracking detectors [4, [ (6] 7], [ 9], as well as the new pixel and strip
devices.

The main challenge of these sensors is the degradation of their performance due to
the induced defects by the expected high radiation field. Figure demonstrates the
expected 1 MeV neutron equivalent particle fluence as a function of the distance to the
interaction point. It can be observed, that the total fluence decreases towards larger
radii. Furthermore, the total fluence has contributions from different particles, mostly
dominated by pions up to 15 cm radius, followed by a nearly constant background of

backscattered neutrons.
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ATLAS Inner Tracker Fluences at the HL-LHC
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Figure 1.1: Expected fluences of particles in the inner tracker of the ATLAS detector at
HL-LHC for an integrated luminosity of 3000 fb™*. Figure taken from [I].

1.2 Boron Removal Effect

The degradation of n-type silicon sensors after irradiation was detail investigated in the
past decades [10, [IT), 12}, 13, 4], which leads nowadays to the use silicon sensors in high
energy physics experiments being manufactured on boron-doped (p-type) silicon. The
degradation of the performance of these sensors is due to the induced defects by the
expected high radiation field. For instance, the charged defects at room temperature
(e.g. E30K, H40K, B;0O;, H140K, H152K and Ip) [I5, [16, [I7, [I8] cause changes of the
space charge density (Neg). The deep defects (e.g. vacancy related traps such as V, and
V3) [19) lead to the degradation of charge collection efficiency (CCE) and an increase of
dark current. In general, the formed defects can be classified into two categories by their
corresponding size: cluster-related or point-like defects. The formation of these two types
of defects depends on the energy of irradiating particles.

One of the important degradations of p-type silicon sensors is caused by the boron
removal effect. The schematic of the boron removal effect can be found in Fig. [1.2] As
can be seen here, this effect has three main processes: I, Lattice silicon atom (Sis) was
knocked out by incident particle and Sig got recoil energy and turns to interstitial silicon
(Si;); II, Si; diffusion in the bulk and impact on lattice boron atom (By); III, By was
knocked out Si; and turns to interstitial boron (B;) and finally captured by interstitial
oxygen (0O;), formed boron interstitial and oxygen interstitial complex defect B;O;. The
B;0O; is normally assumed to be a point-like defect, thus, the formation of B;O; could be
dependent on the energy of the incident particles.

For specific incident particles, the non-ionization energy loss (NIEL) in silicon sensors
with different impurity concentrations is assumed to be the same. However, the formation

of defects can be very dependent on the impurities. This means that the formation of
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Figure 1.2: Schematic of boron removal effect in p-type silicon sensor. The symbols and
procedures of this effect (I-I1T) were indicated in the figure.

B;O; is affected by impurities in silicon. For example, a possible way to reduce boron
removal is a co-implantation of carbon into the gain layer of LGADs [3]. The assumed
mechanism behind this effect is the competition between the displacement of substitu-
tional boron (Bs) and substitutional carbon (Cs) by primary silicon interstitials (Siy) into
interstitial positions (B;) and (C;), respectively. Both interstitial atoms are mobile at
room temperature and can react with different impurities, ending up e.g. in the formation
of B;O; or C;0; defects [15, 20, 2], 221 23] 24]. Although both defects have donor states in
the bandgap of silicon, the B;O; act as a trap for electrons while the C;O; is a hole trap.
At room temperature (RT) the B;O; is positively charged and its concentration affects
the effective space charge density (Neg) while C;O; is in a neutral charge state with no
influence on N.g. The C;O; defect has an energy level in the lower half of the bandgap
of silicon, with an activation energy of 0.36 eV and temperature-dependent capture cross
sections for holes and electrons [24]. On the other hand, the B;O; defect is a coulombic
center having an energy level in the upper half of the silicon bandgap with an activation
energy depending on the electric field, experimentally determined to be between 0.24 and
0.26 eV [23], and independent on temperature capture cross sections of 1 x 107'* cm? for

electrons and 1 x 1072° cm? for holes [15] 22].

1.3 Content of Thesis

To investigate the boron removal effect in silicon sensors, in this work, three groups of
diodes were studied after being exposed to different types of radiation. The first group,
exposed to 23 GeV protons, consisted of EPI-diodes with boron doping concentrations
ranging from 6 x 10'? to 1 x 10" em™ and irradiated with a fluence value of ®, = 7 x
10" cm™2. The second group, exposed to 5.5 MeV electrons, included both EPI-diodes

and Cz-diodes with the same boron doping concentration of 1 x 10" cm ™2, but the fluence
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varied from ®,- = 1 x 10* to 6 x 10> cm~2. The third group, exposed to ®°Co ~-ray
irradiation, consisted of FZ-diodes with a boron doping concentration of 3.5 x 10'3 cm™3.
The dose varied from D = 0.1 to 2 MGy. The concentrations of the main impurities,
oxygen and carbon, were determined by the growth techniques (Czochralski (Cz), Float
Zone (FZ), and Epitaxial (EPI)) and device manufacturing processing.

This work highly involved semiconductors physics, detector performance and radia-
tion damage. Thus, in chapter [2 the fundamental knowledge of silicon material will be
introduced and followed by detector physics of silicon in chapter [3] In chapter[d] the radi-
ation damage will be introduced. The experimental detail will be introduced in chapter
including irradiation facility, macroscopic (I-V, C—=V') measurements, microscopic (Ther-
mally Stimulated Current and Capacitance) measurements and additional theory about
their defect filling processes and thermally stimulated signal formation. The studies of
this work will be presented in chapter |5| to |7} following the sequence of diodes irradiated
by 23 GeV protons, 5.5 MeV electrons and °Co ~-rays and with individual introduction

and its conclusion. In the end, chapter |8 the final conclusion and outlook will be given.



2 Fundamental Knowledge of Silicon

Materials

2.1 History of Silicon

Silicon, discovered by Jons Jacob Berzelius in 1823, is the second most abundant solid
element on earth after oxygen. Its transformations from SiO, to poly-crystal silicon and
single-crystal silicon have led to new technologies, transistors, sensors, and microchips.
As the one of important sensors-silicon detectors, including CMOS, CCDs, SiPMs, and
LGADs, have become crucial for applications in cameras, medical imaging detectors, X-
ray detection, astronomy, and high energy physics experiments.

This chapter will cover the manufacturing processes of silicon, including extracting
it from complex materials and producing polycrystalline and single-crystal silicon (see
Fig. . The properties of single-crystal silicon will also be discussed, such as its crystal
structure, and physical characteristics as a semiconductor, including doping, bandgap,

p-n junction, and other electrical properties.

Metallurgical Grade Silicon
(MGS) Single-crystal silicon

Figure 2.1: The development of silicon materials. Pictures were taken from [25, 20, 27,

28, 29].
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2.2 Silicon Processing

This study investigated silicon grown using three different techniques: Czochralski (Cz),
Float Zone (FZ), and Epitaxial (EPI). These are also the primary techniques used for

growing silicon and will be introduced in this section.

2.2.1 Poly-Crystal Silicon

Quartz and sand, which are mainly composed of SiO,, can serve as raw materials for
obtaining pure silicon. The extraction process involves heating quartz or pure sand in a
furnace at around 1780 °C, leading to the isolation of main impurities such as Al,O3 and
Fe,O3. The remaining liquid is purified silicon that is about 99% pure, and the solids
that form from this liquid are called Metallurgical Grade Silicon (MGS).

To obtain higher purity silicon, the MGS undergoes a process where it is exposed to
hydrogen chloride (HCI) gas at 300°C, generating the gas Trichlorosilane (SiHCl3). The
gas is repeatedly distilled along with Hy and then passed over the surface of a silicon
rod at 900-1100°C, which results in the deposition of silicon on the rod. This process

produces polycrystalline silicon with impurity concentrations below 10! cm™2 [30].

2.2.2 Single-Crystal Silicon

Polycrystalline silicon has crystal boundaries that can trap drifting charges. Thus, making

single crystal silicon is necessary for silicon detectors.

Czochralski (Cz) Silicon

The Cz method, named after J. Czochralski in 1918 [31], involves pulling a single crystal
out of a melt. This method was employed and developed to produce single crystal silicon
by Teal and Little in 1950 [32]. A schematic of the Cz method can be seen in Fig. 2.2

The method involves three main components: the holder (consisting of the crucible
susceptor and SiO, crucible), the growing pillar (seed holder, seed, crystal neck, and
single-crystal silicon pillar), and the rotation mechanism (consisting of two parts rotating
in opposite directions). The entire process takes place in an inert gas environment. It
should be noted that the silicon melt reacts with the SiO5 crucible and forms SiO. While
more than 99% of the SiO is driven out as a gas, the rest remains in the final silicon pillar
[33]. Additionally, some of the gaseous SiO reacts with the carbon on the surface of the
melt (Si0 +2C — SiC + CO), introducing carbon into the final silicon pillar. The details
of rotation speeds and how to use rotation to control the reaction rate in the melt have
been discussed in previous studies [34] [35, 36].

The main impurities in Cz silicon are oxygen and carbon, with typical concentrations of
around 10" — 108 em™3 and 1 x 10 cm ™3, respectively [38,39]. Two well-known defects
in Cz silicon are thermal double donors (TDD) and shallow thermal donors (STD), both
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Figure 2.2: Czochralski method [37].
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of which are related to oxygen [33| 40, 41], 42}, 43]. In high radiation fields, oxygen can act
as a trap centre and traps other impurities formed the defects, such as B;O; [15], 20] and
C;0; [24], as well as for vacancy-formed shallow acceptor trap e.g. VO [20] 24, 44 45].
Oxygen can also act as a pinning point in the material, restricting the movement of
dislocations and trapping metal impurities in the crystal, ultimately strengthening the
crystal. Furthermore, the oxygen-related complexes improve the thermal stress resistance

of the material.

The “Magnetic Field Applied Cz” (MCz) [46] and “Continuous Cz” (CCz) [47] methods
have been developed in addition to the standard Cz method, but they are not relevant to

this work.

While the presence of oxygen and carbon can enhance the radiation hardness of de-
tectors, these two impurities can also form defects (e.g. TDD (Thermal Double Donor),
V50 [18] and C;0;) that can significantly degrade the performance of silicon detectors
(increase leakage current, reduce charge collection efficiency (CCE)) dependence on the
defect concentration. Therefore, despite the development of other methods such as Cz,
MCz, and CCz, Float Zone silicon remains the primary material for silicon detectors due

to its high purity and low impurity concentration.
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Float Zone (FZ) Silicon

The Float Zone growth technique was developed by Henry Theuerer in 1955 at Bell Labs
[48]. This method is used to produce extremely pure silicon by avoiding interaction with
the SiOy crucible. The schematic of the FZ method is presented in Fig. [2.3

Float-zone pulling_

feed rod heider

feed rod
<2t [poly silicon)
5

mefting interface

7 <@___RF heating coil

_mollen zone

A~_freezing inferfoce

//J/ ;Eaﬂfﬂrrysfai
/ _//

shovlder

—__Neck

. seed

—_seed holder

Figure 2.3: Float Zone method [37].

The FZ method is similar to the Cz method in equipment and principle, but instead
of pulling a single crystal from melted silicon in a SiOs crucible, the FZ method uses
the molten interface between the polycrystal and single crystal to grow a silicon pillar.
RF heating regions are used to melt the polysilicon, and a single-crystal silicon pillar is
formed by freezing the melted silicon on the interface.

In summary, FZ silicon has much lower oxygen and carbon concentrations compared
to Cz silicon, typically below 5 x 10 ¢cm™3 [I1]. It can be grown without any substance
except ambient gas, which allows for precise control of impurity concentrations. To grow
n- or p-type silicon, the PH3 or ByoHg is included in the gas environment. However, the
diameter of silicon pillars is limited due to heating constraints. More information about
the critical parameters for the reactions involved can be found in the literature [34, [11].

The thermal distribution during crystal growth can result in non-uniform distributions
of impurities, such as boron and phosphorus. This is particularly true for phosphorus

due to its high diffusion coefficient. To address this issue, neutron transmutation doping
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(NTD) can be used. NTD involves transforming a portion of the 3°Si to 3!P through neu-
tron transmutation reactions [49]. However, this process also generates radiation damage
in the wafer. Thus, the wafer is annealed at 800 °C to activate the implanted Phosphorus

and reduce irradiation-induced defects [11].

Epitaxial (EPI) Silicon

Epitaxial silicon wafers were first developed in 1966 and achieved commercial acceptance
by the early 1980s [50]. The most widely used method of growing silicon is vapour-phase
epitaxy (VPE). The EPI diodes investigated in this work are grown by this method. In
VPE, the silicon crystal grows on a Cz-silicon substrate under a special gas environment
(Si Cly, SiH5Cly, SiHCl3, and SiHy). SiCly is the most commonly used gas for growing

single-crystal silicon wafers. The general reaction for growing a wafer is:

SiCly(gas) + 2Hz(gas) 1200 %€, Si(Soild) 4+ 4HCl(gas) (2.1)

However, at this temperature, another reaction is also introduced:

SiCly(gas) + Si(Soild) 225 28iCl,(gas) (2.2)

Thus, the concentration of SiCly is a critical parameter for growing wafers. The typical
growth rate for VPE is approximately 1 um/min [51]. Dopants are introduced by PH3 or

ByHg. More information on epitaxial silicon wafer growth can be found in [51].

EPI-silicon’s impurities are substrate-dependent, with Cz-silicon leading to higher levels
of oxygen and carbon than FZ silicon, particularly near the Cz interface. However, its
uniform dopant distribution is useful for studying radiation damage, while its reduced

thickness improves detector time resolution.

After discussing the topics in the previous sections, the process of producing a single
crystal is introduced, along with both the advantages and disadvantages of using silicon
detectors. The common concentrations of oxygen and carbon in silicon are presented
in Table The manufacturing and processing of the detectors will be discussed in

chapter [3] In the following section, the features of silicon will be presented.

Table 2.1: Impurities information (Epitaxial wafer is growth on Czochralski)
Growth Techniques Czochralski (Cz) Float Zone (FZ) Epitaxial (EPI) [52]

Oxygen [O;] (cm™3) 1 x 108 5 x 10%° 1 x 1017
Carbon [C;] (cm™?) 1 x 10'° 5 x 10 2 x 101°
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2.3 Features of Silicon

2.3.1 Silicon Crystal

Figure 2.4: The conventional unit cell of the diamond lattice with lattice constants a,
the dashed line marked in the figure is the tetrahedral structure of closest
neighbours in the silicon lattice.

The schematic of the silicon crystal is presented in Fig. [2.4] which is the so-called
conventional unit cell of a diamond lattice. The cell is repeated in all three dimensions and
forms an overall crystal lattice in the end. At room temperature, the single silicon atoms
covalent bonded (sp? hybridization) with another four silicon, with the same angle 109.5°
and lattice constant @ = 5.43 A. The periodic arrangement of the unit cell results in two
interpenetrating Face-Centered-Cubic (FCC) Bravais lattices. As mentioned in section 2.2]
all single-crystal silicon grows on seeds, thus orientations and properties of the surface
of seeds are critical factors for silicon wafers, which, in turn, affects the performance
of produced sensors. To analyze the crystal and the related properties, typically Miller

indices < h, k, | > were used to define the various planes in the crystal:
Guwt = hby + kb + Iby (2.3)

where < h, k, [ > indicates a normal to the planes on the basis of the primitive reciprocal
lattice vectors (PRLV). The reciprocal lattice vectors along three different dimensions are
denoted by 1_7; (for ¢ = 1, 2, 3) and are defined by the three primitive lattice vectors
(PLV) @ (for i = 1, 2, 3), if the lattice sites of the unit cell can be described by Ry, =

10
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md, + nds + pds with integers m, n, and p:

- 62 X 63

! da - (dy X ds) (24)
= 51 X 63
by = 2r—5——= 2.5
2 7"'&,2 . (61 X 63) ( )
- a1 X a
by = op— 1 x%2 (2.6)

ds - (dy X dz)

In principle, there are several ways to select the basis of PLV. In general, the @23 (for
i =1, 2,3) of FCC cells were given by four bases (0, 0, 0) with:

dl = g(0> 1a 1) 62 = g(la 07 1) 53: g(L 17 0) (27)

and the following reciprocal lattice vectors are:

—»_27?

by

_27r _27r

(-1, 1, 1) b (1, =1, 1) by= —(1, 1, -1) (2.8)

a a
Single crystal silicon typically grows along the < 1, 0, 0 > orientation. The periodic
arrangement of atoms in the crystal creates a periodic potential. The potential V(¥) in
the crystal can be expressed as a Fourier transform, which relates the reciprocal lattice
and direct lattice through a Fourier series. This approach can be used to calculate the

bandgap.

2.3.2 Bandgap

The band describes the energy level where free carriers (both electrons and holes) can
stay, and its density is a commonly used concept in semiconductor physics to describe
the density of states. This is derived from the wavefunction (¥) in the Schrdodinger
equation [53]:

[—h—2v2 +V(B)V = E(k)¥ (2.9)

2m

the potential V (Z) is mentioned in section m is the mass and it will be replaced by
the effective mass m* for semiconductor physics. The quantity £ (E) represents the energy
that is allowed to exist at wavevector E, which defines the energy band. The periodic
distribution of potential in the crystal results in the Bloch function, which describes how

the wavefunction can be expressed as [54]:
U(7, k) = u(, k) ® (2.10)

where (7, %) also follows the periodicity requirement. Finally, the position-dependent

energy level called the bands, of semiconductors and insulators was calculated with the

11
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Tight Binding Model (TBM) [55]. The energy bands in different solids explained the
difference in conductivity between metals, semiconductors, and insulators. The obtained

difference in the nearby two bands is the so-called band gap.

6

Ein eV

—-10

L A T A X UK 3 r
Si ”

Figure 2.5: Band gap structure for silicon at 300 K given by pseudopotential method [50]
with TBM [57]. The momentum I'" and X correspond to reciprocal lattice
sites. Where E- and Ey indicated the lowest point of the conduction band

and the highest point of the valence band respectively, generally the band gap
is given by the difference of these two values i.e. Ex — Ey = 1.12eV.

In summary, the electrical properties of solids are determined by the minimum difference
between the energy of the highest band where the states are filled by electrons and the
nearby band where the states are empty. The filled band is called the valence band, and
the other is the conduction band. In metals, the conduction and valence bands overlap,
which means that all outer electrons can move in the crystal. However, in semiconductors
and insulators, the conduction and valence bands do not overlap, and their properties are
determined by the difference between the edges of conduction and the edges of valence
bands, which are usually called "bandgap”. The bandgap can explain several electric
properties of silicon, such as temperature-dependent conductivity and photo-current. In

the following sections, the band gap structure will be simplified by considering only the

12
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difference between the minimum level of conduction bands and the maximum level of

valence bands, and the position-dependent energy level will be ignored (see Fig. .

2.3.3 Intrinsic Silicon and Non-Intrinsic Silicon

Silicon without impurities or dopants is defined as intrinsic silicon. However, in fact,
silicon will be doped by the number of elements for application. Two commonly used
elements for doping silicon are boron and phosphorus. In order to form four bonds in
the lattice, boron will capture one electron from the valence band and the left one empty
state that can move freely in the valence band which is a so-called hole. The boron in

the lattice site is lattice boron or substitutional boron, and it has one negative charge

at room temperature (B

). Elements like boron are the so-called acceptor (p-type). On
the contrary, phosphorus will release one electron into the conduction band and form a
lattice phosphorus with one positive space charge, which is the donor (n-type). Their
properties strongly relate to radiation detector properties e.g. distribution of the electric

field, leakage current, and the formation of defects.

@@@ @-;@@ @@@
@@@ :@::@: :@:é@:
@@@ @@@ @@@

Figure 2.6: Three basic bond pictures of a semiconductor. (a) Intrinsic Si. (b) n-type Si
with donor (phosphorus). (c) p-type Si with acceptor (boron). Taken from
[35].

Carrier Concentration and Fermi Level

The carrier concentration and Fermi level had already been discussed in reference [35] 58].
The relevant equation used in this work is the expression of the density of states in

conduction band Ny and in valence band Ny :

ommp, g kT \ >
Ney = 2(%) (2.11)

where kp is the Boltzmann constant, mj, 4, are the density-of-states effective masses in
the conduction and valence bands, h is the Planck constant and T is temperature. In this

work, the N¢y is given by [59]:

* 3/2 3/2
Ney = 2.540933 x 1019 x [ idedh PN s 9.12
oy = 2. X X o~ 300 cm (2.12)

13
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where my is the electron rest mass. Detail can be found in [59)].

Mobility

The mobility of electrons (u.) and holes (uy,) is related to the scattering caused by lattice

atoms and can be characterized by the mean free time (7,,.5) or mean free path (A, cn

= Tm,eh * Uth,@h) [35]

T A
fon = qo0 *m,e,h _ 4o m,e,Z (2'13)
Mge dn 2V BkBdee,dh
with taking into account the formula:
3kgT
)\m,e,h = Uth,e,hTe,h» Uth,e,h = . (214)
Mge.dn

where ¢ is the elementary charge and vy, . 5 is the thermal velocity. p. &~ 1450 cm?/(V - s)
and p;, &~ 450 cm?/(V - s) at room temperature. In the following chapter the vy, 5, is used

to analysis data, which given by [59]:

T
Vinen = Voinen\| 3550 Voine = 2.042 x 10"em/s, vop = 1.562 x 107cm/s ~ (2.15)

The drifting velocity (v) of free carriers is an important parameter for inducing a signal
in the detector, which was determined by mobility with electric field E [60]:
,ue,hE

Vep = R TE (2.16)
(1+ (%))

Vs

where i is 1 for holes and 2 two for electrons, and the drifting direction is parallel to the

field. The saturation velocity v, at room temperature is given by [35]:

8E,

~ 107 2.17
C— cm/s (2.17)

Vg =

where E, is the optical-phonon energy that can be found in [35].

Besides drifting velocity, the conductivity (o) or the resistivity (p) are also determined

by mobility and free carrier concentration:

1
o= ; = qo(pten + pnp) (2.18)

where the n and p are the free charge carrier concentration. In general, it was assumed to
equal the doping concentration before irradiation Neg( (or effective space charge density
before irradiation). Thus, this equation is used to Nego for diodes presented in Table

14
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with gy, & 450 cm?/(V -s). Another method to measure Nego and effective space charge
density Neg will be discussed in chapter

Recombination

Up to now, two assumptions for electron and hole recombination were proposed and had
been discussed in [35] (band-to-band) and [61] (Shockley-Read-Hall recombination).

E(k)‘|

Conduction band

E
coeco c
I‘a Irb
f EI:
Band-to-band
recombination
r rd

\

Y Yy E,
/ \\ K

Valence band

(a) (®)

Figure 2.7: 2-D schematic of recombination in silicon. (a) Band-to-band recombination,
(b) SRH recombination, E¢ and Ey are the edges of the conduction and
valence band respectively, F; is trap level. r, capture rate of electrons con-
centration, r, emission rate of electrons concentration, r. capture rate of holes
concentration, and ry emission rate of holes concentration.

The band-to-band recombination indicates the direct transition of electrons between the
conduction and valence band. Silicon is an indirect-bandgap semiconductor(See Fig. [2.5
and . The transitions not only relate to the changes of energy but also require the elec-
tron to change its momentum. Thus, the recombination procedure in silicon is dominated
by SRH. The disorder or impurities create energy levels in the band gap and assists the re-
combination, which is described by four recombination procedures 4 . q (see Fig.[2.7(b))
[61]:

Ta = CoMPt, Th = €Ny,  Te = CpPNy, Tq = €pPy (2.19)

where ¢, , is the capture coefficient for electrons or holes respectively (with unit cm™3s™),
the e,,, is the emission rate for electrons or holes (with unit s7*), n; or p; are the density
of trap levels occupied by electrons or holes and those two follow the relation: N; = n,

+ p¢. The calculation for n; and p; need to discuss for specific situations, which will be

15
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discussed in detail in chapter 5} Considering the thermal equilibrium, the emission rate

is equal to the capture rate [61]:

M) (2.20)

enp = CnpNe v exp (:I: T

and the capture coefficient was defined by the capture cross section o and v, [61]:

Cnp — OnpUthe,h (221)

For some cases e.g. light injection or irradiated ionization, the built-up equilibrium will be
affected and a new equilibrium will be built again. Those procedures involve parameters

transition rate (U) and carrier lifetime (7), which was defined by:
U= (2.22)

Where the dn’ is the induced free carriers. The derivation of U and 7 are discussed by W.
Shockley in detail [6I]. Such results given by U = r, —r, or U = r. — r4 with assumption

that constant carriers injection:

2
Unapvth,evth,hNt<pn - nz)

U =
OnUthe (n + n; exp (%)) + 0pVthhn (p + n; exp <Eé;$t ))

(2.23)

For the level of the trap close to mid-gap, the 7 in p-type or n-type silicon was given [61]:

1 1
W=y Tp=——— (2.24)

) p
O-nvth,nNt Upvth,pNt

respectively. Equation indicates the carrier’s lifetime increases with trap concentra-

tion, which explains the degradation of the detector performance after irradiation.

16



3 Silicon Detector

As a detector, radiation-induced charges in silicon must be converted into an electronic sig-
nal and distinguished from the dark current. Therefore, a p-n junction under reverse bias
is commonly used for detector applications. In this case, a semiconductor-semiconductor
contact provides a uniform electric field, while a metal-semiconductor contact applies bias
and facilitates to readout signal.

This chapter will discuss the metal-semiconductor and semiconductor-semiconductor
contacts, and present the electrical properties of one-dimensional silicon detectors, in-
cluding electric field, potential, current, and capacitance. Additionally, the operation of
silicon detectors involving the Shockley-Ramo theory, the detector system on the acceler-

ator, and different types of detectors will be demonstrated.

3.1 p-n Junction and Metal-Semiconductor Contact

3.1.1 p-n Junction

As mentioned before, boron or phosphorus doping turns intrinsic silicon into p- or n-type
silicon. Once this is achieved on the same wafer, it forms the so-called p-n junction. As
described in Fig. 3.1] the free charge carriers will diffuse from each side, and the negative
or positive space charges on the left (B, or P}) will form a field that restricts the diffusion
of free charge carriers. Eventually, diffusion will reach the thermal equilibrium condition,
and the formed field is a so-called built-in field.

In the case without carrier injection and applied bias, considering the thermal equilib-
rium condition, the potential of the built-in field ¢,; can be given by ¢y; = kB—OT In (ND—Q[A>

I35, ' ;

7

3.1.2 Metal-Semiconductor Contact

Similar to the case of semiconductor-semiconductor contact, when two materials touch,
the bandgap bends, and a field similar to the built-in field is introduced into the silicon
bulk. For detector applications, typically a metal is connected to a low-resistivity layer
(p* or n™, where Ny or Np > 10 ¢cm™3) that is also referred to as an ohmic contact.
In this case, the field between the metal and semiconductor can be neglected. In some

references, these contacts are also called electrodes.
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Figure 3.1: Schematic before and after p- and n-type contact.

It is worth noting that both metal-semiconductor and semiconductor-semiconductor
contacts induce a depleted region in the silicon bulk. In the past, metal-silicon (Shockley

diode) contacts have also been used for detector applications [I1].

3.2 Electrical Properties of Silicon Detectors

3.2.1 Electric Field and Potential

As the applied reverse bias to a p-n junction increases, the built-in field is extended
into the bulk, creating the depleted or active region. Once the entire bulk is depleted,
it is considered fully depleted, and the corresponding bias voltage is known as the fully
depleted voltage, V4. For p-type silicon, the distribution of the electric field and potential

in this region can be calculated using the Poisson equation:

a) Parallel electrodes (See Fig. |3.2h):

A’V dF  q
A S (N 3.1
dx? dx 660( ) (3-1)
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b) i _Electrode spacing
p* trench n 7 (Ag ~ 50 um)

p-n junction A" column
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Metal-Silicon contact
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Figure 3.2: Examples for different designs of silicon detector structure. a) Detector with
the parallel electrode, b) 3-D Trench silicon detector [62], ¢) Spherical silicon
detector [63].

b) Cylindrical electrodes (3-D detector [62]. See Fig. [3.2p):

ey L AOFD) @

r dr e (=Ner) (3:2)

c) Spherical electrodes (Proposed by [63]. See Fig. |3.2¢)

1 d(r*F(r)) Q%
—A%y = ===

r dr T egg (=Ner) (3:3)

where, x represents the depth in the depleted region for parallel electrodes, while r stands

for cylindrical or spherical electrodes. € and ¢; are the dielectric constants of silicon and

vacuum permittivity, respectively. Assuming that the effective space charge density Neg

is homogeneously distributed in the bulk, the values of the electric field (F'(x) or F(r))

and potential (V(z) or V(r)) for non-fully depleted diodes can be described as follows:
a) Parallel electrodes (Fig.[3.2h, < W(V). See Fig. [3.2h):

_ qoNeg

_ CI(;]EV;H(W<V) — 1), V(z)= rn (W(V) —x)? (3.4)

F(x)
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b) Cylindrical electrodes (3-D trench detector [64], R = r, — W(V), R < r < r;. See
Fig. [3.2p):

GoNeg R? qoNeft 0, T 1, 5 9
Flr)y=—r(—-1), Vir)=—[R°In— — = — R 3.5
1) = B =1, V) = SR - 6% - R 35

c) Spherical electrodes (A is given by boundary condition [63]. W(V) = r - 7. See
Fig. B.%)

Fr) = r R

QONeff A queff 2 2 qONeff 3 1 1
——, V(r)= R”— - 3.6
3eeo T (r Geeo ( ") 3eeo " (3.6)
where, W (V') denotes the depleted depth. Because of V' >> ¢y, ¢y; is ignored in the above
formulae. It should be noted that the distribution of the electric field strongly depends on
the applied bias. Once the applied bias exceeds V4, an additional voltage-related term is

needed to correct the results in the above equations [62].

3.2.2 Current

Leakage Current

The current of the diode (p-n junction, or detector) under reverse bias is called leakage
current or reverse current, which consists of diffusion (non-depleted region) and generation
current (depleted region). The diffusion current was caused by the carrier-concentration
gradient, and it is given by Fick’s law:

dn dp

JD,n = qODn% and JDJ) = QODpE (37)

where the Jp ,, is diffusion current density for electrons and holes. The diffusion coef-
ficient for electrons and holes D, , is given by thermal velocity (vinn,) and scattering
(Tm) — Dnp = VthnpTm- In general, the total diffusion current Jp is given by the sum of

electrons (.J,,) and holes (J,) diffusion currents (detail see [35]):

. QoDnnpo q@V _
Jn = I {exp <_/€BT) 1] (3.8)
QODano [ ( @V > }
J, = —|exp|——= ] —1 3.9
P Lp p T ( )
_ wV\ _
Jp = Jo {exp </<:BT) 1] (3.10)

where p,o (ny0) is the equilibrium hole (electron) density on the non-depleted n-side (p-
side). The diffusion length for electrons and holes L, , is given by L,,, = \/ Dy, , Ty, With

the carrier lifetime 7, ,. The generation current density was considered by the recombina-
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tion processing in the bulk and determined by the lifetime of free carrier concentration:

_ o™y

Ty

J (3.11)

where J, is the generation current density. The 7, is the generation carrier lifetime given

by the carrier lifetime:

7= (L4 )n+ (L4 D), (3.12)

Therefore, the total leakage current (I1¢) under reverse bias is given by:

I D,, n? \%4 i AW (V

Tg
where A is the active area of the p-n junction (or detector), and the W (V) is the depleted

depth of the p-n junction (or detector). Typically, the diffusion current is small and the

leakage current is estimated by the generation current.

According to Eq. [3.13] the leakage current is heavily influenced by factors such as
carrier lifetime, impurity concentrations, and temperature. Therefore, using high purity
materials and operating at low temperatures can improve the discrimination between the

pulse signal and noise.

Forward Current

Forward current is not typically used in the operation of silicon detectors. However, it is
commonly employed to investigate defects in thermally stimulated techniques (Details see
chapter [5)). The forward current (Ig) consists primarily of leakage current, but since the
depleted depth (W (V') approximates to zero, the generation current can be ignored. As
described by the total diffusion current in Eq[3.10 the forward current can easily reach
high values under forward bias. Further details on the behaviour of forward current will

be discussed in chapter [4

3.2.3 Capacitance

The capacitance of a detector is an important factor in determining its characteristics
and noise properties. Typically, the capacitance is determined by the structure of the
detector. The capacitance (C(V)) of a p-n junction can be defined as the ratio of the
change in charge (d@) to the corresponding change in the voltage (dV):

_4Q

‘)=

(3.14)
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3 Silicon Detector

where the dV is determined by Alternating Voltage - V. According to the Poisson
equation, the total potential difference in the depleted bulk V' is given by:

w(V) q w(V)
V= / F(z)de = —zF(z)|V V) + 22 / zdF(z) (3.15)
0 0

€€p

the dF(x) can be displaced by Neg(z)dz. And the charge @) can be given by the space
charge density Neg in the bulk:

W(V)
Q= /0 Neg(z)dz (3.16)

after differentiating V' and @ with respect to W(V'), the depleted depth W (V') can be

extracted with active area A [35]:

W(V) = 3(6;0) (3.17)
And the N ¢s(W(V)) can be extracted from %VCQ):
d1YCY _d(1/CY) dv(v)) 2 s,

v daw(V) AV AceoNg(W (V)

Thus, the doping profile can be extracted from the capacitance characterization, where
the resulting curve shows the relationship between Neg(W (V') and W (V). It should be
mentioned here that the measured capacitance may include errors due to factors such as
serial resistance [65], surface defects [66], and bulk defects [67].

3.3 Manufacture of Silicon Detectors

As mentioned in chapter [3] single-crystal silicon will be used to manufacture silicon detec-
tors. Firstly, the growth pillar will be cut into pieces called wafers. Then, the cut wafer
needs to be lapped and polished to obtain a uniformly thick wafer. After lapping and pol-
ishing, the wafer will be washed, and the dried wafer will be oxidized (usually with water
vapour). The oxidized wafer will then undergo the following steps: opening windows —
implantation — contact/metallization. These steps are the main processing; in fact, for
each process, the wafer needs to be cleaned with a liquid that contains acids, solvents,
surfactants, and deionized water. Then, lithography and etching are used to obtain the
required structure. Finally, the wafer will be packaged with an electronic readout system.
The detail about these procedures can be found in [68].

It should be mentioned that such processes may introduce several unexpected defects
on the surface and in the bulk of the silicon detector, which may affect its performance.

Thus, quality control is crucial at each step of the manufacturing process.
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3.4 Operation of Silicon Detectors

3.4 Operation of Silicon Detectors

3.4.1 Operation Principle

The processing of signal generation was first proposed by S. Ramo in 1938 [69] and was
later developed by E. Gatti et al. for use in semiconductor detectors [70] [71]. In general,
the signal induced by moving free-charge carriers is governed by the energy conservation

equation:
qu +dWy +dWp =0 (319)

where the energy change by a charge moving a distance dii.e. dW, = qoﬁdﬁ the energy
change on power supply i.e. dW, = Vd(Q + QdV and the energy change on electric field
ie. dWp = d(%eeo fVoz F 2dV,;), where the V,; is the volume of studied region. In the case
of constant V and the change in the electric field can be ignored, d@) = —qo%dﬁ In the

end, the signal introduced in the silicon detector is described by Ramo’s theorem [69):
i=Q(t) U E, (3.20)

This equation indicates that the induced current 7 is given by multiplying the total drifting
charges Q(t), the drifting velocity v of free charge carriers, and the weighting field E, =
%‘. The calculations of E,, can be found in [72].

After irradiation, the Q(t) are reduced with the drifting time due to the decrease of the

carrier’s lifetime and can be described by:

Qt) = Qo - exp <—3) (3.21)
where () is the initial value of ionized charges, ¢ is the drifting time and 7 is the carrier’s
lifetime. Equation indicates that the shorter £ and longer 7 can enhance the signal
of the detector. The 7 value, as mentioned in section [2.3.3] it strongly correlated to the
defect concentration N, (decreasing with NN;). This is the reason why charge collection
efficiency (CCE) degrades after irradiation [73].

3.4.2 Operation in High Energy Physics

The operation environment of silicon detectors in high-energy physics is subjected to an
intense radiation field, which results in significant radiation damage. This radiation dam-
age can have detrimental effects on the performance of the silicon sensors. In this section,
Compact Muon Solenoid (CMS) [74] is an example of the silicon detectors operation en-
vironment. CMS is one of the four experiments running in LHC, along with ATLAS,
ALICE, and LHCb. The CMS detector is positioned at LHC Point 5, one of the inter-
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action points designed to deliver high luminosity. As can be seen in Fig. [3.3] the silicon
detector as tracker normally was set at the region nearest to the event. The fluence in
this region is close to (1-10)x10'® cm™2 (neutron equivalence value) per year [75], which

will significantly degrade the performance of detectors.

Key; Muon

Electron

Charged Hadron (e.g. Pion)

B ')] ‘] — — — - Neutral Hadron (e.g. Neutron)
vy === Photon

Transverse slice
through CMS

Silicon
Tracker

Superconducting
Solenoid
Iron return yoke interspersed
with Muon chambers

Figure 3.3: (up) Overview of CMS experiment. (down) Reconstruction scheme for dif-
ferent particle types in the CMS detector. Charged particles are identified
as curved tracks in the silicon tracker and the muon system. Electrons and
photons are stopped and deposit energy in the electromagnetic calorimeter,
while hadrons interact predominantly in the hadronic calorimeter. Muons are
typically reconstructed as long tracks in both the silicon tracker and the muon
chambers. Taken from [75].

3.5 Types of Silicon Detectors

3.5.1 Planar Pixel and Strip Detectors

Pixel or strip refers to the shape of the implant in a planar segmented p-n junction.

Such segmented sensors are the common tracking detectors for high-energy physics ex-
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3.5 Types of Silicon Detectors

periment applications (see silicon tracker in Fig. . The sketch of common pixel and
strip detectors can be found in Fig. The operation principle can be found in [76].

Principles of operation

Pre-amplitiers/
Particle Shapers
sensor chip
1A fip-chip
T bonding with

Stiip pitch, P sigy
Implant width, 4

s
g
B

Heckptane, 0 - Rl Vitenge read-oiit chip read-out cell

(a) (b)
Figure 3.4: (a) Principles of operation of a silicon strip detector [77]. (b) Silicon pixel

detector [70].

3.5.2 3-D Detectors

In order to improve the radiation hardness of silicon detectors, the 3-D detector is proposed
in 1999 [78,[79] to use as the silicon pixel detector as can be seen in the Fig. In 2009,
the 3D trench electrode Si detector structure had been proposed as can be seen in Fig,. [3.2]
The recently development of 3-D detector can be found in [80].
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Figure 3.5: A view of part of a set of etched holes, showing the increased depth reached
by holes of larger diameters. The wafer was 540 um thick and the etch time
was 5 h. The photo-mask hole diameters from top to bottom are four holes
at 30 pm, four at 25 pm, and one at 20 pum. Taken from [79].
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3.5.3 SiPM

A SiPM, or Silicon Photomultiplier, is a type of photodetector that is made up of an
array of 10-100 um avalanche photodiodes (APDs, see avalanche effect in [35]) that are
operated in Geiger mode. SiPMs are commonly used in applications that require high
sensitivity and fast response times, such as medical imaging [81], particle physics [82] 83],
and LIDAR systems [84].

SiPMs work by detecting the light that is emitted or scattered by a target object. When
a photon strikes one of the APDs in the array, it causes an electron to be released, which
then triggers a self-sustaining avalanche effect, creating a measurable electrical pulse that
is proportional to the amount of light that was detected.

One of the advantages of SiPMs is that they have a very high photon detection efficiency,
which means that they are able to detect a high percentage of the photons that are emitted
or scattered by a target object. They also have a very fast response time, which makes
them useful in applications that require rapid data acquisition.

However, SiPMs also have some disadvantages, such as a relatively high dark current,
which can lead to increased noise levels. Additionally, SiPMs are sensitive to temperature
and can suffer from increased noise levels and reduced performance at higher temperatures.

The detail of radiation damage of SiPM can be found in [82].

Figure 3.6: Overview of SiPM. Taken from [85].

3.5.4 LGADs

In order to cope with extraordinary high particle rate up to 200 p—p collisions per bunch
crossing in High Luminosity Large Hadron Collider (HL-LHC) experiments, new types
of silicon sensors were developed e.g. Low Gain Avalanche Detectors (LGADs) for high-
precision timing (< 50 ps) [2, B]. As Fig. shows, one highly doped p-type layer (=~

26



3.5 Types of Silicon Detectors

1 x 10'% cm™3) was introduced to generate a high electric field in this layer. Therefore,
even the detector with a thinner thickness still can obtain a visible signal. In general,
the time resolution of detectors is proportional to the ratio of the width S,, and high S},
of the signal peak: Sj,/S,. Thus, by this design, the time resolution of detectors can be
improved. However, LGADs differ from SiPMs in that they have a lower gain, typically
below 100, compared to SiPMs which have gains on the order of thousands.

However, the exposure of LGADs to radiation leads to a reduction of the sensor’s

internal gain with increasing particle fluence [2] [3, [86]. This will be discussed in the next

chapter.
A b Cathode (Al)
............. ' +
50um| :
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< Anode (Al)

Schematic of LGADs

EEl Aluminum

p type bulk (Boron doping, ~10" cm?)
B p* (Boron doping B, ~ 10'¢ cm?)
I p"' (Boron doping ﬁi ~ 10" cm?)
B n* (phosphorus doping Ps+, ~ 10 Cm.g)

Figure 3.7: Schematic of LGADs with diagram of the distribution of the electric field.
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4 Radiation Damage in p-type Silicon

Detectors

Typically, radiation damage in silicon detectors occurs in both the surface and bulk re-
gions. However, this work focuses on bulk damage, which results from elastic scattering
between incident particles and atoms. Bulk damage in n-type silicon detectors has been
well-studied over several decades, and the type conversion from n-type to p-type has been
extensively researched by R. Wunstorf [T0]. Subsequently, microscopic defect characteri-
zation methods, such as Thermally Stimulated Current (TSC) and Deep Level Transient
Spectroscopy (DLTS), have been widely employed to investigate radiation-induced defects
[TT, 12, [13] [14], 87]. Based on these investigations, p-type silicon detectors have been uti-
lized for high-energy physics experiments. However, boron, which is an important dopant
in the p-type silicon crystal, can also be knocked out from its substitutional site by either
incident particles or moving interstitial silicon atoms that obtain energy from incident
particles. This procedure is known as the boron removal effect (the main reason for ac-
ceptor removal). This work aims to investigate the defects that are formed during this
procedure. Although the main observed results in this work are related to bulk damage,
unexpected surface damage was also observed in the case of ®*Co-v irradiation.

This chapter will begin with a brief discussion of surface damage in section followed
by an explanation of the procedure of displacement damage. Subsequently, sections on
Non-Ionization Energy Loss (NIEL), radiation-induced defects, annealing behaviour, and

the effects on detectors will be presented.

4.1 Surface Damage

Similar to silicon, ionization can also occur in SiOs with a threshold value of 17 eV [88].
In the bulk of silicon sensors, free carriers will drift into the electrode and be collected
by the read-out system. The ionizing radiation creates electron-hole pairs in the SiO,.
Immediately after the electron-hole pairs are created, most of the electrons will rapidly
drift toward the gate and the hole will drift toward the Si-SiO, interface. However,
even before the electrons can leave the oxide some of them will recombine with holes.
Those holes which escape the initial recombination will be transported through the oxide
toward the Si-SiO, interface by hopping through localized states in the oxide. As the

holes approach the interface some will be trapped forming a positive oxide-trap charge.
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4 Radiation Damage in p-type Silicon Detectors

It is believed that holes during hopping or as they are trapped can release hydrogen ions
(protons) which will also drift to the Si-SiO, interface where they may react to form
interface traps. Additionally, elastic scattering can occur in SiO, and result in disordered
clusters that are similar to displacement damage. Since SiOs is typically used as protection
and isolation and is grown on the surface by oxygenating the silicon surface, such damages

are referred to as surface damage.

7

Mobile lonic Charge,
affected early stage MOS e
\_Structures, not an issue today
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due to ionic Si and uncompensated|  |= = = = = — — — p/ —————— .
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Figure 4.1: Schematic illustration of defects in the SiOs and at the Si-SiO, interface.
Taken from [89).

As shown in Fig. the damage on the surface of the silicon detector can be classified

into four different types:

1. Mobile ionic charge: This is related to the impurities introduced into SiO,, such
as K*, Na*, Li*, or H" during the manufacturing process. These ions can move
under bias even at room temperature, resulting in changes in the electric properties

of SiO,, such as increased conductance. However, this issue has been resolved now.

2. Oxide-trapped charge: This is caused by ionization or radiation-induced free electron-
hole pairs, which can be captured by the traps in SiOy. This effect is normally

negligible in well-produced detectors, but it can be degraded with radiation.

3. Fixed oxide charge: The interface layer between SiO5 and silicon has a highly disor-
dered region with deep-level defects. These defects can capture induced free charges
and transform into a relatively stable state. The famous E’ centre [90] belongs to
this effect, which is normally assumed to be caused by the weak bond between two
silicon atoms. The density of the E’ centre increases with radiation, especially when

irradiated by high-energy photons.

4. Interface trap: In addition to the E’ centre, two other defects, P, and Py [90], are

assumed to be caused by dangling silicon bonds.
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4.2 Displacement Damage

All of the defects mentioned above increase with irradiation. However, due to the compli-
cated crystal structure and microscope configurations of defects, the responsible defects
for surface damage could not be identified in chapter |8 of this work, which focuses on ~-
irradiated diodes (see details in chapter . Furthermore, surface damage is also induced
by hadrons but the effects are obscured by the introduction of displacement damage in
the bulk material.

4.2 Displacement Damage

Bulk damage in silicon sensors is related to the defects formed by hadrons (neutrons,
protons, pions, and others) or lepton. The formation of defects is primarily caused by
displacing a Primary Knock-on Atom (PKA) out of its lattice site with recoil energy.
All atoms or particles that have passed through the lattice as a result of a collision may
eventually disorder the initial crystal (the ideal crystal described in chapter , and the
formed disordered region or lattice site is called the cluster-related or point-like (0.1 to
1 nm) defects, respectively.

In general, by assuming the interactions between the incident particles and atoms in
the crystal are dominated by elastic scattering and non-relativistic momenta, the recoil
energy of PKA Eg 4, can be obtained from the following Eq. for an incident particle

with energy Ep and mp:

mpms;

ERmaz = 4Ep (4.1)

(mp + mgi)Z

The threshold kinetic energy of the silicon atom to leave the lattice site is 25 eV [01],
which is normally assumed the threshold for forming a displacement atom. While the
5 keV is required for generating a disordered region (cluster defect) [91]. The correspond-
ing kinetic energy of 185 eV and 35 keV for neutrons to reach the thresholds of point and
cluster defect can be given by Eq. [£.I The corresponding kinetic energy 255 keV and
5 MeV for an electron can also be obtained from the equation including the relativistic
approach [92]. Typically, the defects generated by °°Co ~-ray (1.33 MeV) were caused by
a Compton electron that has the kinetic energy of roughly 1 MeV, in this case, therefore,
only point defects will be generated in bulk.

It should be noted here that the temperature in the crystal will be increased by irra-
diation. Thus, the annealing behaviour mentioned in section [4.4.4| can also occur during
irradiation. Meanwhile, the processes of defect formation do not end after irradiation.
The Frenkel pairs (interstitial atom and vacancy pair) in silicon are very mobile at 150 K
[TT]. Therefore, some defects might be annihilated at room temperature, and others
will transform to a comparatively stable state by reacting with impurities or disordered

regions [03]. The formed final defect is called by bulk damage.
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4 Radiation Damage in p-type Silicon Detectors
4.3 Non-lonization Energy Loss (NIEL)

The introduced damage in a crystal due to irradiation depends on the properties of the
incident particles, such as their mass, momentum, and charge state. For instance, when
protons interact with silicon at lower energy levels, they primarily interact via coulom-
bic interaction, which is mainly lost through ionization. On the other hand, neutrons
only interact with nuclei and are mainly related to elastic collisions for kinetic energies >
1.8 MeV [91]. These differences present a challenge in scaling radiation damage for differ-
ent particles, which has led to the development of hypotheses, such as the Non-Ionization
Energy Loss (NIEL) hypothesis.

4.3.1 Displacement Damage Cross Section

The definition of NIEL is the energy loss of particles caused by the displacing collision
with atoms, in general, it was quantified by displacement damage cross-section (D(FE))
[T, ©4]:

D(E) =Y 0,(E)- /0 " b (B, Er)P(Ep)dEn (4.2)

with the recoil energy Er of PKA and Lindhard partition function P(ER) [94]. The index
v here indicates possible interaction between the incident particle with energy E and the
silicon atom. f,(E, Eg) and o, are the probability and cross section for reaction v,
respectively. The details for calculating the damage cross-section can be found in [95] 06].

The result for different particles (neutrons, protons, electrons and pions) are presented
in Fig. in the energy range from 1071 up to 10* MeV. The detail about Fig. can
be found in [92]. Once all deposition of displacement energy was normalized at the same

unit, the damage for different particles can be compared with each other.

4.3.2 Hardness Factor

A comparison of NIEL between different particles was achieved using the hardness factor
K, defined according to Equation [£.3}

[ D(E)®(E)dE
" Duivev | ®(E)dE

(4.3)

In general, the NIEL value of different particles will be normalized to 1 MeV neutrons
i.e. the displacement damage cross section D), 1mev = 95 MeVmb. Thus, the fluence ® of

particles with energy £ can be replaced by the equivalent 1 MeV neutron fluence ®., by
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Figure 4.2: Displacement damage function D(E) normalized to 95 MeVmb for neutrons
(1071 to 20 MeV [07], 20 to 400 MeV [98], 805 MeV to 9 GeV [95]), protons
[95, [99], pions [95] and electrons [99]. Due to the normalization to 95 MeVmb
the ordinate represents the damage equivalent to 1 MeV neutron. The insert
displays a zoomed part of the figure. Taken from [I1].

considering the damage function D(E) or the corresponding NIEL values:

(I)eq = Kk® (44)

4.4 Defect in p-type Silicon

Many of the defects in n- and p-type materials have already been reported in previous
publications [IT], 12 13| 4], 87]. This section will discuss the properties of these defects,

including their charge state, energy level, and impact on device performance.

4.4.1 Defect Classification

Electrically active defects can be classified based on a variety of factors, such as their
energy level (deep or shallow), charge state (at room temperature), or size (cluster or
point). Before discussing specific types of defects, it is essential to introduce the naming
convention of the defects. The following rules are commonly used in previous publications

to mark defects:

1. If the chemical composition and structure of the defect are already known, it is
typically named after the elements that make up the defect. In this case, the index

i or s represents the atom located at interstitial or substitutional sites e.g. B;Cq
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4 Radiation Damage in p-type Silicon Detectors

[15, 20] the defect consisted of an interstitial boron and substitutional carbon. V

indicates a vacancy e.g. Vo [19] consisted of two vacancies.

2. The defect had been investigated but still needs furthermore experiments to identify
its chemical composition and structure, which sometimes are named by a special
symbol e.g. Ip and I" [100].

3. Similar to 2, the defect had been investigated but still needs furthermore experiments
to identify its chemical composition and structure, which is normally named by the
an E (electron traps) or H (hole traps) with the temperature at which it appears in
TSC or DLTS spectra, e.g. E30K and H40K (see chapter @ indicates the peak of
an electron trap observe at T = 30 K and a hole trap appears at T = 40 K in TSC
or DLTS spectra.

Point Defects

The point defect indicates the defect composed of few vacancies or interstitials e.g. B;Cq
and B;O;. The main technique to get information about the chemical composition and
structure of defects is the EPR(Electron Paramagnetic Resonance) method. Also, the IR
spectroscopy (InfraRed absorption spectroscopy) can partly deliver information about the
elemental composition of defects. Local density functional theory is used for calculations
of energy levels and thermal stability of defects, e.g. the boron related defects B;O;, B;Cq
and B;BgH; [101].

In the n-type materials, the doped phosphorus will be knocked out from the lattice site
after irradiation and formed so-called the E-center e.g. phosphorous-vacancy (VP) defect.
The VP normally is a point defect but can also be a cluster-related defect as fluence
increases. The introduction of VP in n-type silicon is the so-called donor removal [44] 1T,
102].

In p-type materials, an additional crucial defect is introduced. This defect is known as
B;O; and is considered to be the main cause of degradation in p-type silicon detectors at
low fluence values, depending on the doping concentration (details will be discussed in
chapter [6}j§). Besides that, the common point defects such as VO [24], C;O; [24], TDD
(For Cz silicon, see section and di-vacancies (Vz) [19] can be generated both in n-
or p-type silicon.

The chemical composition and structure of most defects are known or exist in some
reasonable hypothesis such as E30K(SijO; [103]) and E50K (double interstitial silicon
with oxygen, Sij 2O [103], [104]). However, there are still some defects that are not clear
e.g. H40K. This defect has been observed to behave similarly to point defects in Thermally
Stimulated measurement (Poole Frenkle effect, see section [5.3)).
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Cluster Defect

The cluster model was first proposed by Gossick in 1959 [105] to explain the high minority
carrier recombination rate observed after heavy particle irradiation compared to electron
or v-ray irradiation. The configuration of cluster defects is complicated and has slowly
developed since it was first proposed. Recently, A. Scheinemann proposed a new model for
special cluster defects in 2014 [106]. They used a loop as a simplified geometric structure
for the cluster defect and discussed its corresponding behaviour in DLTS measurements.
This model was later applied to TSC measurements by E.M. Donegani et al. in 2018
[107]. This method will also be used in this work and will be introduced later. In recent
research, C. Besleaga et al. [22] reported results from diodes irradiated by neutrons, and
High-Resolution Transmission Electron Microscopy (HRTEM) was employed to observe

the damaged regions.

4.4.2 Electrical Properties of Defect

The band gap and recombination theory of silicon materials was introduced in Section

[2.3] The electrical properties of the defect mainly depend on its energy level in the band
gap.

Energy Levels

As mentioned in chapters 2] and [3] the electrical properties of defects can be illustrated by
their energy level within the band gap. Figure[£.3]provides an example of the energy levels
of some defects in p-type material with the band-gap structure of silicon. The activation
energy used in this work denoted as F,, is defined as the absolute value of the difference
between the defect level (F;) and E¢ or Ey. For example, E, is equal to 0.27 eV for B;0;.
In general, if a defect level is closer to the conduction level, it is more likely to interact
with the states in the conduction band, whereas if it is closer to the valence level, it is
more likely to interact with the states in the valence band. However, some defects, such
as Ip, has two energy levels [I8], one near the conduction level (E, = Ec — E; = 0.55 eV)
and the other near the valence level (E, = E; — Ey = 0.23 eV).

Based on the information presented in sections [2.3.3] and [3.2.2] the impact of induced

defects on device performance can be estimated by considering their known properties,

such as their energy level, capture cross-section, and defect concentration.

Diode Under Reverse Bias

Applying a reverse bias to the diodes leads to the formation of a space charge region or

active region for detector operation. In general, the occupation of one type of defect can
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Figure 4.3: The corresponding energy level of defects in the band gap. o, -, + and =
indicates the charged states neutral, negative, positive and double negative. /
is used for isolating the left (after captured) and right (after emitted) the free
charge carriers.

be described using SRH theory [61] with the following equations:

dnt

U = —cunpy + iy — epi+eamy (45)

Dt
= CpNPy — CpPNy + €pPr — €Ty, a
where the t is time. The other parameters in this equation are explained in section [2.3.3]
In the case of diodes under revised bias, the free charge carrier concentrations n and p

can be ignored, resulting in the simplified equations:

dny dpy
— = eyPr — epNy, —— = —€,Pr + epn 4.6
dt pDt b pPt t (4.6)
In a steady state, the occupation of traps is given by % = % = 0 resulting in:
e e
ng = N, P and = N, " 4.7
t ten—f-ep 2 t6n+ep ( )
Taking into account equation the occupation of traps can be expressed as:
N,
Ng, Pt = ! (48)

1+ (C—n)ﬂ exp (£2225)
Cp kT

This equation can be used to estimate the effective doping concentration or space charge
density Neg, with known the properties of the defects (Ny, ¢, and E;). More details can
be found in [11].

The impact of defects on detector performance differs between during operation and
TSC measurement. During operation, as discussed in section [3.2.2] the leakage current
I is mainly determined by the generation current, which is proportional to the carrier
lifetime. For defects with energy levels near mid-gap, the carrier lifetime is proportional
to 1/Ny, as shown in Eq. The detailed analysis of the effects of defects on carrier
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lifetime and leakage current can be found in various textbooks and published articles,
including the classic paper by Shockley and Read [61]. The impact of defects on TSC

measurements will be discussed in detail in section (.22l

Diodes Under Forward Bias

Forward bias is commonly used for filling defects with charge carriers in silicon diodes,
specifically in TSC, TS-Cap, and DLTS techniques. During the filling procedure, charge
carriers are injected through forward bias at low temperatures, typically Tg; = 10 K
in this work. The capture rate exceeds the emission rate under these conditions, with
cpn > e, and ¢,p > e, will be observed. Using Eq. the steady-state occupation of

electrons and holes for a specific defect can be readily calculated as:

1
1+ pD and by = Nt1+ CnM (49)

cpn cpp

'I’Lt:Nt

We will discuss this equation and other filling methods in detail in chapter [5 However,
for highly irradiated diodes, n,, and p,o in Eq. tend to approach 0, making it

difficult to inject a high current into the bulk under forward bias.

4.4.3 Kinetic of Defect Formation

In general, the defect formation depends on the type of impurities and their concentration,
even exposed to the same irradiation. For the defects consisting of interstitial atoms that
had been discussed in detail by L. C. Kimerling in 1989 [20]. This model was applied to
specific cases, such as B;O; and C;0;, as discussed by L. F. Makarenko [21].

| BB, |
(5} 80K
| B.C |
[ si=1 [&>|10,
< |cP |< \
|
| | | | 1 [mmoll 00s] |
| | | 1 1 |
-100 0 100 200 300 400

temperature [°C]

Figure 4.4: Silicon self-interstitial defect reactions with impurities. The temperature scale
shows the stability of the defects under quiescent conditions (Proposed by L.
C. Kimerling [20] and adapted by M. Moll [T1]).
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4 Radiation Damage in p-type Silicon Detectors

The defect formation process in p-type silicon detectors was presented in Fig. [£.4] along
with its thermal stability. When incident particles hit the detector, they first knock out
silicon atoms from the lattice, creating a primary knock-on atom (PKA) which results
in the formation of an interstitial silicon atom (Sij, sometimes I). Typically, Si; either
stops at a lattice site atom by replacing it (usually Sis, sometimes By or Cs), or forms a
cluster region. Occasionally, Si; can be captured by oxygen and form Si;O;, but this can

be annealed out at room temperature (the assumption of H40K configuration).

The defects formed in p-type silicon detectors are primarily B;Bg, B;O, B;Cs, C;Cy and
C;0O;. However, this conclusion is only valid when there is still a significant amount of By
or Cq remaining and other impurities are negligible. Additionally, the formation of B;Bs,
B;Cs and C;C; only occurs when the concentrations of By or Cg are high (normally, [O]
>> [Bg] and [Cq)). Even in the highest-doped diodes studied in this work (chapter 6),
which had [Bg] ~ 1 x 10'® em™ and [C,] ~ 3 x 10%cm ™3, B;B,, B;C; and C;Cq is not

observed after irradiation with 5.5 MeV electrons at a fluence of 6 x 10'® cm™2.

Therefore, in order to discuss the effect of boron removal, M. Moll and L. F. Makarenko
proposed a simplified model that assumes the defects formed in the silicon bulk are dom-
inated by B;O; and C;0;. According to this model, the reactions can be simplified into

two outcomes, one of which is related to the formation of C;O;:

Sir + Cs 2% C; + Siy with O; + C; 222 C,0; (4.10)
And the other one related to the formation of B;O;:

Sip + By 22 B; + Siy with O; + B; 222 B;O; (4.11)

where the rates k;c, kco, ki, and kpo can be found in [20]. The introduction rate (ga)

describes the ability of particles to introduce specific defect (A) in silicon:

[A]

where the A indicates one specific defect, ® is the fluence of irradiation particles. Some-
times @, is used for comparing the g of different particles. Assuming all the C; and B;

will be captured by O, the following ratio holds:

[C] _ kic[C] _ [CiOy]
[Bi]  kip[Bs]  [BiOj]

(4.13)

Assuming the Sij only generate C; and B;: [Sij] = [Ci] 4 [Bi]. Considering this equation
with Eq. and the introduction rate of B;O; can be given by:

kIC [Cs] ) -
0 =gs; X [ 1+ 4.14
9B;0; gs ( k]B [BS] ( )
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4.4 Defect in p-type Silicon

where the introduction rate of Sij, denoted as gg;;, has been discussed by G. Davies et al
[TO8]. The ratio of gj—g can be found in [20]. Similar methods can be used to investigate
the possible defects generated in the bulk by Sij for other cases, such as C;O; and other
defects. However, it should be noted that this method is only valid when considering all
the main defects formed, and the formation of defects is more complex in practice than
described here.

At lower fluences, where By and Cg are still present in the crystal, the observed traps are
dominated by B;0O;, C;O;, and cluster-related traps in 23 GeV proton-irradiated diodes.
However, when the fluence is higher than the value at which most of the boron has been
knocked out, Eq. can not be valid.

4.4.4 Annealing Behaviors

In Fig. thermal stability was discussed, which is commonly evaluated through an-
nealing studies. This method is widely used to investigate defects, including their pos-
sible configurations and effects on electrical properties. Such investigations are typically
conducted using macroscopic techniques (such as I-V and C-V measurements) and mi-
croscopic techniques (such as TSC, TS-Cap, or DLTS). Generally, annealing behaviour is
studied using either ¢sothermal or isochronal heat treatments. As the names suggest,
isochronal annealing is performed at constant time intervals but with varying tempera-
tures using constant temperature steps, while isothermal annealing is performed at a con-
stant temperature for varying annealing times. Isochronal annealing provides an overview
of the defect evolution at different temperatures, whereas isothermal annealing provides

a more comprehensive understanding of the defect evolution at a particular temperature.

Annealing Mechanisms

The mechanisms leading to the annealing of defects can roughly be divided into migration,
formation and dissociation processes.

M:gration. Defects become mobile at different temperatures and migrate through the
silicon lattice. There they can get trapped in so-called sinks (e.g. surface, dislocations) or
impurities.

Formation. Migrating defects can react with other defects or impurities and build
new defects or recombine (e.g. B; + Cy — B;Cy).

Dissociation. A defect complex dissociates into its components due to a high-energy
phonon. Parts of the complex migrate through the lattice until they are trapped by other
Tann>150°C B + O))

These processes had already been well described by a few references [11, [13]. Figure

is one of the widely used figures to describe those three processes. The processes were

defects or a sink (e.g. B;O;

represented by three activation energy of annealing (E,,, Ey and E,; for migration, forma-

tion and dissociation respectively). In this work, the activation energy of annealing F 4
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4 Radiation Damage in p-type Silicon Detectors

Figure 4.5: Schematic process of (a) defect migration, (b) complex formation and (c)
complex dissociation. Energies are indicated as well. Taken from [I1].

represents the energy of complex dissociation process E.

Annealing Kinetic

In the annealing process due to migration and dissociation, first-order processes can be
used to describe them. This was initially explained by Waite in 1957 [109] and later
elaborated on by Svensson and Lindstrém [I10]. The same concepts introduced in [I3] will
be used here to explain the annealing kinetics. In a first-order process, each defect complex
anneals out independently of the remaining defects. The dissociation or formation of

defects can be expressed as:
A+B+= AB (4.15)

where A and B is a defect or impurity which combines together into a more complex
structure. When the concentration of B is more than one order of magnitude higher than
defect A, B can be treated as constant for the reaction. The rate equation for a first-order

process is then given by:
——— = k[A] (4.16)

where [A] is the defect concentration and k; is the rate constant. The k; depends on the

temperature and can be expressed by the Arrhenius relation:

Ea
ki = ko - - 4.17
=t (~r) (4.17)
where kg is the frequency factor and F4 is the activation energy for dissociation or migra-
tion. The rate constant for diffusion-limited reactions [109] between two different kinds
of homogeneously distributed defects can be described by the rate equation:

d[A]

—= o = 4RD[BJ.o[A] (4.18)

with R being the capture radius [11] of the reaction, [B];—¢ is the concentration of the

defect B at the beginning of the reaction and D is the sum of the diffusion coefficients
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4.5 Impact on p-type Silicon Detector

(sometimes called diffusivity). In many cases, the diffusion coefficient is dominated by
the defect which diffuses the fastest. From Eq. and Eq. it can be seen, that the
rate constant k; equals 4T RD[B];—y. It is well-established to describe the temperature

dependence of the diffusivity by an Arrhenius relation:

E
D =Dy -exp (—ﬁ)
B

with the diffusion constant Dy, which can be approximated by Dy = aa

(4.19)
2p. o describes
the number of possible jump places, a the lattice constant and v the phonon frequency.

This method will be used and discussed in detail in chapter [6]

4.5 Impact on p-type Silicon Detector

As the fluence increases and induces more defects, the performance of detectors degrades,
which depends on the properties of the radiation-induced defects. As discussed in this
chapter, the effects of defects on the electrical properties of p-type silicon can be illustrated
through the bandgap structure. Fig. [f.6|summarises the impact of defects on p-type silicon

detectors according to their energy level in the bandgap.

Determined by Shockley-Read-Hall statistics

conduction band

(Acceptors in the lower half
and donors in the upper
half of the band gap)

. o
EC
energy == \ electrons shallow
levels Donor
........................................... deep. . . band gap
Acceptor shallow
E
donor & acceptor trapping generation & Valence band ~V
generation recombination
Charged defects (at RT) Deep defects Levels close to midgap
=> change of E-field, Vgep => signal drop => current increase

(Shallow defects do
not contribute due
to de-trapping)

=> Cooling during operation
helps!

Figure 4.6: Schematic illustration of the effects of defects with different energy levels on
the properties of p-type silicon detectors. Defects located near the valence
band can act as acceptors and trap holes or located near the conduction band
can act as donors and trap electrons, leading to changes in space charge den-
sity. Defects located in the middle of the bandgap can act as trapping centers
for both electrons and holes, leading to a reduction in the carrier lifetime and
it affecting the leakage current and charge collection efficiency. Taken from

1],
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4 Radiation Damage in p-type Silicon Detectors

4.5.1 Space Charge Density
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Figure 4.7: Neg vs fluence for different initial doping concentrations [112].

The relationship between space charge density Neg and fluence for different initial dop-
ing concentrations is shown in Fig.[£.7] The data points exhibit a trend where N initially
decreases and then increases as the fluence increases. However, it is important to note
that the extracted N.g values beyond the decreasing N.g ranges are prone to significant
errors. Further details can be found in section [(£.2

In general, the N.g of p-type silicon is determined by all ionized complexes, such as
defects and impurities. The charge state of defects in silicon can be found in [I1]. The

Neg can be expressed as the sum for all space charges:

Neff = Z(QP,x - QN,m) - [BS] (420)

T

with the substitutional boron concentration [Bs]. The Qp, and Q) , indicate the positive
and negative charges contributed by defect x and are determined by the occupation state
of the defects, i.e. p; and n; as described in Eq. (1.8

The [B;] decreases with fluence increase. This decrease in [Bg] is responsible for the
degradation of Neg, as shown in Fig. [L.7. At low fluence ranges, the deactivation of boron
and the formation of B;O; occurs, which significantly affects the distribution of the electric
field. When considering the generation of defects, the changes in the space charge density
can be described by two components: acceptor removal and the introduction of other
defects:

Nei(Peq) = Naoexp (—ca)Peq + 9Peq (4.21)
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4.5 Impact on p-type Silicon Detector

with acceptor removal coefficient ¢4 and introduction rate g found in [86]. Ny o represents
the [Bg] before irradiation and is referred to as the initial effective doping in the following

chapters.

Taking the obtained value of N.g into section[3.2), one can estimate the following changes
in the electric field and potential. However, as defects accumulate in the bulk, trapping
can occur even at room temperature. In such cases, the estimation of electrical properties

is extremely complicated e.g. double junction effect [113] [114].

4.5.2 Leakage Current Increasing
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Figure 4.8: Fluence dependence of leakage current for silicon detectors produced by vari-

ous process technologies from different silicon materials. Details can be found
in [L1].

1012

Similar to n-type silicon, the leakage current in p-type silicon also increases with fluence.
As mentioned in section 4.4.2] the leakage current is dominated by deep defects with
energy levels close to the mid-gap. In general, the increase in leakage current is related

to fluence by a factor a;, which is the so-called current-related damage parameter:
Al = a®.,V, (4.22)

where V,; is the depleted volume. The value of a was obtained as a = 3.99 £+ 0.03 x
1077 A/em from the presented Fig. for neutron-irradiated n-type silicon [I1].
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4 Radiation Damage in p-type Silicon Detectors

4.5.3 Trapping

This section is taken from [I15]. The Charge Collection Efficiency (CCE) of a sensor is
a critical parameter for high-energy physics experiments. In general, the CCE can be

considered to be produced by two terms [116]:
Q=Qo  CCLgr - CCE; (4.23)

with the geometrical factor CCFEgp, the trapping factor CCE;, and the induced total
charge (Qy. The CCEgF is related to the detector depletion thickness w, the waiting
function (detector segmentation scheme) [71], 117] and the detector configuration (see
Fig. 3.2) [1I8]. In general, the CCE; is given by the Ramo theorem [69] (see section
341):

i(6) = Qy(t) - Eolt) - (1) (4.24)

Assuming the F,, and distribution of N.s; are constant, the decrease in signal ¢ is only
caused by the Q;(%):

Qo(t) = Qo(t) - 7" (4.25)

As the fluence increases, the 7 is degraded and CCE decreases. Meanwhile, the increases

on Vyg4 also significantly affect the CCE, as shown in Fig. 4.9
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Figure 4.9: Collected charge as a function of n., fluence for 23 GeV proton, 26 MeV
proton, and reactor neutron irradiated 300-pum-thick ministrip sensors [119].
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4.5.4 The Degradation of LGADs
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Figure 4.10: Gain as a function of bias of the HPK 50D LGAD irradiated to the indicated
neutron fluences at —20°C and —30°C, showing the need for increasing the
bias of irradiated sensors to reach adequate gain. The gain has a common
systematic scale error of 20%. Taken from [120].

The LGADs detector mentioned in section [3.5.4] as well as the new pixel and strip
devices will be manufactured on boron-doped (p-type) silicon. The degradation of the
performance of these sensors is due to the expected high radiation field. As Fig. [4.10
shows, the exposure of LGADs to radiation leads to a reduction of the sensor’s internal
gain with increasing particle fluence [2, B]. This degradation is caused by the deactivation
of the active boron in the highly doped p-type layer, the gain layer, which leads to a
reduction of the space charge and consequently a lowering of the electric field followed by
a decrease in charge multiplication in this layer.

It is important to note that this degradation of performance is not limited to LGADs
but is a general issue for all silicon-based detectors. Therefore, understanding the effects
of radiation-induced defects on the electrical properties of p-type silicon is of utmost
importance for the design and development of future radiation detectors. The research
carried out in this thesis aims to contribute to this understanding and provide insights
into the mechanisms behind the degradation of the performance of p-type silicon detectors

under high radiation fields.
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5 Experimental Setup

In this chapter, it will be briefly introduced that the main irradiation facilities used for
reactor y-ray, 5.5 MeV electron, and 23 GeV proton irradiation. The capacitance-voltage
characteristics (C-V') and current-voltage characteristics (/-V') will then be discussed,
which are used to characterize the electrical properties of the sensors. In the next section,
the theory and setup of the Thermally Stimulated Current (TSC) and Capacitance (TS-
Cap) will be presented. In the end, a few additional theories relevant to this work will be

introduced.

5.1 Irradiation Facilities

Proton source [13]: Protons are extracted from the Proton Synchrotron PS at CERN
with a momentum of 24 GeV/c. The PS delivers one to three spills per cycle depending
on the beam sharing with other experiments. The facility IRRAD-1 is located at the
PS-T7 beam line in an irradiation zone at the CERN PS East hall where samples can
be exposed to a 24 GeV/c proton beam scanning over an area of about 2 x 2 cm? [121].
Depending on the beam focussing, a minimum fluence of 1.5 x 10! protons per spill can
be delivered by the PS, resulting in an average proton flux with one spill per cycle of 3
to 9 x 10° ecm~2s~!. The beam profile alignment is monitored by Gofchromic Dosimetric
Films XR [122] and by a recently installed online monitoring system, recording the X
and Y profile perpendicular to the beam. The fluence is provided by measurement of the
activity of 2?Na and *'Na in 5 x 5 cm? aluminium (Al) foils. The isotopes are created by
the nuclear reactions 2”Al(p,3pn)?*Na and 27Al(p,3pn)??Na. A germanium spectrometer
allows the measurement of the ?*Na gamma emission at E., = 1368.53 keV with a half-life
of 715 = 14.96 h and the **Na gamma emission at E, = 1274.54 keV with a half-life
of 712 = 2.6 y. The accuracy for this method lies within 7% [123]. The detectors are
packed into stacks of 5 x 5 cm? cardboards and then transported by a shuttle into the
beam. The temperature at the point where the irradiation takes place is about 27°C.
As the flux is about 1 to 3 x 10! pem=2h~!, a fluence of ® = 1 x 10* cm~? is reached
within 4 days, for ® = 1 x 10 cm™ more than 40 days are necessary if the beam is
operated properly throughout the whole time. Hence annealing effects during irradiation
are possible. Directly after irradiation, the activity of the sensor needs to decay for about
30 minutes to one hour, until it is decreased to a level where the material can be handled

safely. Then the irradiated sensor is put into a freezer at the facility and kept at -20°C
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until the activity is below the limit allowed for packing and shipping.

Electron source: The electron irradiation was conducted at the Belarus National
Academy of Science using their linear electron accelerator. The electrons used had a
kinetic energy of 6 MeV, but lost 0.5 MeV during transfer through the air. For the
purposes of this study, the irradiation is referred to as 5.5 MeV electron irradiation. More

information about the laboratory and irradiation process can be found in [124].

v-ray source [125]: The %°Co facility in Zagreb hosts a panoramic v %°Co source. *°Co
is an isotope with a half-life of 5.27 years that emits mainly two photons with energies
1.17 MeV and 1.33 MeV. At these energies, Compton scattering is the prevalent mode
of interaction with matter. The source consists of 24 hollow guiding rods arranged in
a cylindrical geometry with a radius of 13 cm. Each rod contains four capsules with a
cobalt pencil of 8 cm in length. The total activity of the source is around 2 PBq. The
irradiation chamber is separated from the control room with a thick concrete wall. The
chamber is accessed through a corridor separated by a 1.5 m thick concrete wall. Large
samples are placed around the source where the dose rate ranges from 500 krad/h down
to 1 krad/h of water equivalent dose. The small samples can be placed in the center of
the cylinder where the dose rate is about 2.5 Mrad/h.

5.2 Instrumentation of Measurements

As mentioned in chapters [3 and [4], electrically active defects formed during radiation
exposure can contribute to both leakage current and space charge density. To identify
the properties of these defects, I-V and C'-V measurements are essential, as shown in
Fig. These measurements are typically performed at a temperature of 20°C (or
—20°C) and can provide information on the effective doping concentration (Neg) profile
and leakage current. The results are influenced by specific defects and can impact the
operation of the detector, depending on the radiation fluence. Therefore, these measure-
ments are also referred to as macroscopic measurements in this work, as they provide

a broad view on the electrical properties of the detectors.

To identify the defects responsible for changes in macroscopic measurements, the Ther-
mally Stimulated Current (TSC) and Capacitance (TS-Cap) techniques were used. These
methods involve measuring the properties of defects in the silicon crystal at various tem-
peratures, starting from extremely low temperatures such as 10 K, up to temperatures
above 250 K. By analyzing the TSC and TS-Cap data, information on the microscopic
defects, such as activation energy (F,) and trap density (N;), can be obtained. For this
reason, these techniques are referred to as microscopic measurements in this work,

and an overview of the setup is presented in Fig. [5.1b
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Figure 5.1: Overview of the experimental set-up. (a) I-V and C-V, (b) TSC and TS-
Cap.

5.2.1 Current-Voltage (/-V') and Capacitance-Voltage (C-V")

As shown in Fig. [5.14] the -V and C-V setup includes a switch box that allows the user
to select between the -V and C-V measurement modes. Four plugs on the back of the
switch box connect the Keithley 6517B electrometer with a voltage source (6517B), and
two cables connect two needles shown on the right side of the Fig. [5.1al On the front of
the switch box, it connects the Agilent E4980A LCR meter|

During the measurement process, the needles connected to the switch box by cable are
used to connect to the backside (p*) and pad (n™) of the measured diodes. The 65178
applies the reverse bias to the backside while grounding and recording the current of the
pad. The guard ring is directly connected to the Keithley 6485 picoammeter (6485), which

is used to ground it and measure its current.
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5 Experimental Setup

The temperature in the probe station used for diode characterization (as shown in
Fig. was controlled and monitored by the ATT Thermal Chuck Systems. The probe
station includes three needles on the left side that make contact with the metal on the
ceramic and connect to the pad (left), backside (middle), and guard ring (right) of the
measured diodes. The humidity sensor and dry air system are used to control the humidity
on the surface of the measured diodes, which is important for surface leakage current. All
macroscopic measurements in this work were performed under humidity conditions below

10%.

Current-Voltage (/-V)

For I-V measurement, the switch box will turn to the up stage. The DC voltage is applied
to the backside of the diode by the voltage source 6517B, while the 6517B also grounds
and records the current of the pad. For the proton-irradiated diodes, the guard ring was
connected as described above. The connection was changed for measuring surface current
on v-ray irradiated diodes, which will be discussed in chapter

The C-V and -V measurement procedures are controlled by the window shown in
Fig. 5.2l The user fills in the table of Physical Parameters with information such as
Atmosphere (Air condition), Tester (Name of the tester), Environment (Probe sta-
tion), Detector (The label of detectors), Annealing time [min]@T [°C] (For example,
8@80 means anneal 8 min at 80 °C) and Comments (general comments of measurement).

The Perform indicates the measurements that will be performed e.g. the window in
Fig. 5.2] indicates the -V measurement will be performed. Then, the computer will
communicate with the instruments indicated at V source and I meter and Guard
Current Mode in Fig. [5.2] i.e. 6517B and 6485. The computer will record the data
in the voltage range, which is indicated by the user in the table of Voltage source
parameters e.g. start from 0 V and stop at -20 V in step of -1 V shown in Fig. [5.2l The
Mode is to specify the increases in bias voltage e.g. the linear increase from 0 to -20 V.
V increment is the ramping up of voltage. If the voltage step is larger than the value
here and equal to integer - Viyerement, then the ramping up of the voltage will be set to
Vinerement- Otherwise, the ramping up of the voltage is the recorded voltage step e.g. 1 in
Fig.[5.20 'V Inc. speed is the time of voltage ramping up. The Polarity indicates the
sign of voltage (positive, negative). Compliance is the expected error of measured data.
The detail about how the instrument measures the data can be found in Model 6517B
Electrometer User’s Manual [126].

Capacitance-Voltage (C-V)

In general, the electrical properties of solids can be represented by the circuit of a resistor
and a capacitance. With an LCR meter, the impedance Z or the admittance Y = Z~1 of
devices are measured under AC bias V. As Fig. [5.3] shows, the directly recorded data
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Figure 5.2: Overview of the window for controlling the /-V and C-V measurements.

in the instrument are the voltage (V) and current (1) on the samples. The Z or Y can

Iy
Ve

circuit of resistor R, and capacitance C,, as shown in Fig. the admittance Y can be

used to calculate the capacitance using the equation:

be calculated as ‘I/—j or Assuming the measured diodes can be regarded as a parallel

Y = L + jwC, (5.1)
R,

where j represents the imaginary unit, and w is the frequency. In general, the real part and
imaginary part of a complex quantity can be determined from the magnitude (|Y]) and
phase angle (#). In C—V measurement, the phase difference between voltage and current
shown in Fig. is represented by 6. Consequently, the capacitance was calculated for
the set frequency and averaging points (detail will be presented later). For equivalent
serial circuits, impedance Z is used to calculate resistor R, and capacitance C using the
equation:
J

ZZRS_wC’S

(5.2)

The remaining steps for obtaining C are similar to those for parallel circuits.

The input parameters can also be found in Fig. — Capacitance measurement
parameters. In general, the frequencies used in this work are 230 Hz, 455 Hz, 1 kHz and
10 kHz. The AC bias V¢ determined the thickness of the scanned layer (see section[3.2.3)),
which normally is set to 0.5 V. However, in some cases, the value of V4o was adjusted

depending on the space charge density (Neg) of the measured diodes.
As mentioned in equations [5.1] and the LCR meter typically uses two models. In
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Output Ix Virtual Ground
Resister .

W

100Q

Oscillator

&

V System Ground

Figure 5.3: Schematic of measurement principle of C—V. Taken from Agilent E4980A
LCR meter user manual (page 199, [127]).

this study, the admittance was used for C—V measurement, and the resulting capacitance
(C},) and conductance (G = RLP) were recorded. That means the ratio I, /V, was recorded
as a capacitance value. First, the LCR meter measured C,, at the average points indicated
at Average Internal. The mean value of these average points was then fed back to the
computer. Next, the computer calculated the mean value of the average points indicated
at Average External over a duration of 1 s. For example, as shown in Fig.[5.2], the LCR
meter measured 3 points during a period of 0.2 seconds and sent the mean value of these
3 points to the computer. Then, the computer calculates the mean value for 5 points of
external averaging.

It is important to note that, in this work, the parallel model is used to measure the
capacitance of investigated diodes. In principle, this model is precise when the resistance
of the non-depleted region can be ignored. However, in practice, it is known that the
resistance of silicon increases with fluence [129], which introduces errors in the measured
capacitance. This error can be estimated by using the equivalent circuit serially connected
by two parallel circuits or one parallel circuit and one serial circuit. Details can be found
in [65].

5.2.2 Thermally Stimulated Current and Capacitance (TSC and
TS-Cap)

TSC and TS-Cap were introduced in detail in 1969 by C.T. Sah et al. [I30]. Unlike the
Deep Level Transient Spectroscopy (DLTS) method, TSC is applicable for highly irradi-
ated sensors as it is not limited by the requirement of Ny << Nego. TS-Cap measurements
can not only measure the depleted depth but also provide information about defects.
The setup and control window for both measurements are shown in Fig[5.Tb|and Fig[5.5]
respectively. The setup consists of a closed cycle helium cryostat Model SRDK-205 (Sum-
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Figure 5.4: (a) parallel and (b) Serial are schematics of the equivalent circuits for measured
samples. (c) Indication of how to calculate the C), by using measured |Y| and

phase 6. (d) Example of phase difference in V, (e in the figure) and I, (i in
the figure) [128].
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itomo Heavy Industries, Ltd, Japan) equipped with a temperature controller Model 340
(Lake Shore, US) and a Keithly 6517A electrometer with a voltage source. For the TS-
Cap an LCR meter 4263B from Hewlett Packard is used. The high vacuum pump system
provided by [Pfeiffer HiCube'™ ECO Dry Pumping Stations.
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Figure 5.5: Overview of the window for controlling the TSC measurements.

Thermally Stimulated Current (TSC)

The TSC measurement contains three processes: cooling down, filling, and heating up,
as shown in Fig. [5.6l First, the diode is fixed as shown in Fig. [5.1b| and its guard ring,
backside, and pad are connected to three fixed needles. Then, the closed cryostat is cooled
down under a vacuum below 1 x 107> mbar, and the bias voltage during cooling down
(Vaown) 18 set according to the filling procedure.

Cooling Down: For light injection, Vgown is set to a reverse bias with a value > |V to
drive all the free carriers out of the bulk, allowing defects to emit their charge below 295 K.
For majority filling, Vyown is set to 0 V, causing the majority of carriers to be captured
by the defects, and the filled state concentration depends on N.g. For forward injection,
Viaown Can be set to either a reverse bias or 0 V. It should be noted that Viown 1S discussed
here for diodes that can be fully depleted. For diodes that cannot be fully depleted, in the
light injection case, Vgown should be chosen carefully to avoid the avalanche breakdown.

Filling: Once the device under test has cooled down to the filling temperature Tjy,
the injection or filling process can begin. As mentioned in the previous paragraph, the
injection can be performed using three methods: Forward injection, Light Injection,
and Majority Injection. The details of forward injection have already been discussed in
section In this case, both electron and hole traps are filled under forward bias Vg

with current Igy. Typically, light injection is used to distinguish between electron or hole
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traps. In this method, the diodes are illuminated by a set light source under reverse bias
Vin = Vaown. To generate electron-hole pairs, light with a high absorption coefficient is
used, such as green light with a wavelength of 520 nm, which has an absorption coefficient
of roughly 10* cm™! (depending on the temperature) [I31} [132]. This means that the light
will deposit all its energy at roughly 1 um, and only one type of charge can cross the bulk
and fill the defects. The type of charge depends on the dopants and illuminating position.
For example, in this work, p-type silicon diodes are illuminated at the n* side (pad) for
hole injection and at the p™ backside for electron injection. The majority carrier filling
is similar to light injection and is used to identify the type of defect, whether electron or
hole trap. In this case, Vi1 = Viown = 0 V. The filling time tg in this work is 30s. After
filling, the investigated diodes are biased (Vgecay €qual to heating up bias Visas) at Tgy for
a while to drive out the injected charge, which is called the decay time tqecay in this work.
Generally, tgecay is 30 s. Sometimes, tgecay may be changed for using the decay method,

which will be discussed later.

Heating Up: Following the decay process, the diodes will be heated up with the
heating rate § = 0.183 K/s while under bias Vi;as. The specific value of Vi, is dependent
on Vig and is typically set such that Vi > Viq. The resulting spectra, such as the one
shown in Fig. provide information about the induced defects, with the peak in the

spectrum corresponding to these defects.

All procedures related to the TSC and TS-Cap measurements are controlled by the
window presented in Fig. |5.50 The table of the Physical Parameters is filled with
the user’s name, the label of the measured detector, annealing steps, and comments on
measured diodes. The Perform button is used to select the processing of measurements,
such as uploading documents of the measurement parameters or starting the measurement.
The What field is used to choose the model of measurement, TSC or TS-Cap. The T
precise field is filled with the expected error of temperature ramping up. Except for
the Measurement Program, the rest of the window is similar to the -V and C-
V' measurements. The Measurement Program is a table for filling the experiment
parameters, including Vyoun, heating rate (), and so on. The Switching Matrix_usb.vi
window is the controller for cooling down and light injection. It should be noted that the
Measurement Program table is normally filled out in external documents and then

uploaded to this window using the Perform button.

TSC method

In general, the TSC signal is the current measured during heat up under Vj;.s, which
contains three different types of current: conduction current, displacement current and

diffusion current.
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Figure 5.6: (a) Cooling down, (b) Filling and (c) Heating up is the schematic representa-
tion of the TSC measurement, taken from [II]. (d) Example of TSC measure-
ment on the 23 GeV proton irradiated diodes EPI 12-74. Measured condition:
‘/:iown =0 V, forward injection, Vﬁu =10 V, Iﬁu =1 IIlA, Tﬁu =10 K, %ias:
20 V (Via < -10V).
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5.2 Instrumentation of Measurements

1. Conduction current:

dn dp
2. Displacement current:
d(CV)
I; = 5.4
=5 (54)

The diffusion current can be found in chapter

The widely used TSC method for extracting information is only valid for the fully
depleted case, where the diffusion current is normally ignored. In this case, the sum of I,
and I; can be simplified, and the corresponding current I;’gc induced by electron or hole
trap is given by [11, 130}, 133, 134, (2]:

e qOAd
I1sc(T) = —5—ea(T) fu(T)Ne (5.5)
or
qoAd
IsolT) = L6, (T) (T) (56)
where, the f, ,(T') = A or & are the occupation fraction for electrons or holes in electron

traps with concentration /Ny or hole traps with concentration FP;, and it can be given by
the e,, = fonr(T) = exp (—fT %em,(T’)dT’) (ignoring the e, for electron traps or e,
for hole traps). The TSC spectra are given by the sum of I;’gc for all electrically active
defects. The concentration of defects filled by electrons (n;(Tgy)) or holes (p;(Thn)) can

be given by:
2[5 Ik (T")dT"
ne(Tan) or py(Thi) = —— Z:Zd (5.7)
according to:
T T T
/ enn(T') fun(T)dT' = ny(Thn) or pe(Thn) (5.8)
. Ny B

Equation provides a general equation for extracting defect concentration with the
temperature of the start of the emission 7T, and end of the emission 7,. This equation
indicates that the extracted concentration is proportional to the amplitudes of the TSC
signal, and it corresponds to the occupied defect concentration ni(Txy) or py(Thn). It
should be noted that the obtained defect concentration is only the full defect concentration
if the investigated defect was fully filled, i.e., N; = ny(Txn) or P, = pi(Thn)-

Eq. - are only valid for fully depleted diodes. In the case of non-fully depleted
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diodes, the TS-Cap method is important to get precise defect concentration. It will be

discussed in chapter [7] for specific cases. For simplicity, in the following chapters, the

Ny e B
ne(Tan) ~ pe(Tan)

traps, and in this case, equations [5.5| and |5.6| will be changed to:

fnun(T) function is modified by multiplying it with or for electron or hole

I7se(T) = qo;den(T)fn(T)nt(Tﬁu) (5.9)
I1sc(T) = qo;dep(T)fh(T)pt(Tﬁll)- (5.10)

Filling Procedures

It is important to note that changes in the amplitude of TSC spectra, measured on the
same diode using different filling methods with varying Vi;.s and Tgxy, were frequently
observed in the following chapters. Therefore, it is essential to introduce the theory of
filling procedures. If the depleted depth is constant, the amplitude is proportional to the
final occupied defect concentration ny(Tgy) or p,(Thn) (after the decay procedure). In
general, the deviation in occupied concentration by electrons for electron traps (n:(T%n))

or holes for hole traps (p;(Tsn)) at Tay with time ¢ can be described by:

dny (1
¢ ;t fin) cnpe(Ten) — cppre(Tan) + eppe(Tan) — enne(Thn) (5.11)

dp, (T
ptgl tﬁH) = —cynp(Thn) + cppnt(TﬁH) — eppt(Tﬁu) + enne(Tan) (5.12)

The solved ny(Tsy) or py(Thn) are:

cpn + e

ne(Tan) = N Py ei, iy + exp (—(can + cpp + €, + en)t) exp (C1) (5.13)
Cpp + €n

pe(Thn) = +exp (—(cpn + cpp + e, + €,)t) exp (Ca) (5.14)

tcnn+cpp+ep+en

where the Ci 5 are constant determined by the value of n:(Tan) or p:(Tsn) at t = 0 s.

Assuming the filling procedure is long enough to get:
exp (—(can + cpp + €y + €x)tan) = 0 (5.15)

Thus, after the filling procedure, the (n;an(Zsn)) or (pean(Zhn)) can be evaluated:

CnTA11
NN ) 5.16
nmﬁll( ﬁll) tcnnﬁll + Cppﬁll + €n ( )

CpPall
Cngn + Cppsan + €p

pesn(Thn) = B (5.17)

with considering e, for the electron traps (n:(Tsn)) and e, for the hole traps (p;(Thn)) are
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5.2 Instrumentation of Measurements

equal to 0. The ngy and pg; are the free charge carriers concentration during filling.
Generally, the decay process under reverse bias occurs after filling, which means that

the concentrations of free charge carriers ngecay and pgecay are equal to 0. Therefore,

exp (C12) can be determined by using Eq. and Eq.

CnMAll
exp(Ci) = N, 5.18
xp (C1) "enngn + CpPsill + €n ( )
exp (Cy) = P, pPhl (5.19)

CnNa1 + CpPsn + €p

with t = 0 s, and n(Thn) or pe(Thn) at t = 0 s given by nau(Thn) or pran(Tan). Thus,
the final equations for evaluating the occupied defect concentration after filling and decay

procedures are:

CnNgll
Lt T = N, —en(Tan)t 5.20
1y (tdecay, Ttn) —" P ——— (Tﬁn)exp( en(Thn)tdecay) (5.20)
CpDAl
! (tdecays 1 = P P exp (—e, (Thn ) tdeca 5.21
P} (tdecay, Thn) e & copan + e (T D (—ep(Tin)taecay) (5.21)

where the ngy, psn depends on the filling method. For forward bias filling, ngy ~ pgn, and

CnMfll O CpPhll > > €p O €p:

N,

nf‘,(Tﬁll) = 1 +tc_p €xXp <_en(Tﬁll)tdecay) (522)
P,

p:ﬁ(TﬁH) = cn _it_ 1eXp <_ep<Tﬁll)tdecay) (523)

Cp

For the majority carriers filling in p-type silicon, ngy =~ 0 and pg; depends on effective

doping;:
1
py(Tan) = Ptmexp(—ep(Tﬁn)tdecay) (5.25)
CpPAll

The hole injection by light is similar to the majority of carriers filling, but pgy depends
on light. The electron injection by light is not used in this work. Besides that, the e, ,(T%n)
is a strong temperature-dependent parameter (increase with 7), and for charged defect
(like BiOs) €y,,(Thn) is also Viias dependent (increase with Viys, see section . Cp,p CAN
also be temperature dependent e.g. C;O; and VO [24]. Thus, for obtain n}(Tg;) = N; or
py(Tsn) = P, the fill procedures need be adjusted. For example, the measured defects in

this work:

1. B;0; is normally measured by the TSC method with forward bias filling at 10 K.
It is an electron trap with roughly temperature-independent ¢, ,, and ¢, is much

larger than ¢, [22]. In this case, n¢(Thn) = Ny exp (—en(Thn)tdecay), and for lower-
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temperature filling, n(Thn) = N;.

2. C;0;j is a hole trap and can be measured by the TSC method with forward bias
filling. In this case, its amplitude increases with Tg; due to strongly decreased ¢,
with temperature (see chapter [8). Therefore, for forward bias filling, p;(Tw) = P;
is only valid at high temperature (> 80 K, see the following chapter). Meanwhile,
its P, can also be measured by using majority carriers filling if pg; or during cooling

down the free hole p is large enough (see chapters |§| and .

3. X-defect is a hole trap. Its P; is extracted by the TSC method with majority

filling, which is due to the unknown changes of ¢, , with temperature.

4. Others: The concentration of other defects is normally given by forward bias filling

at Thn, where ny(Thy) or py(Thn) reach their maximum values.

In general, as the filling temperature (T§);) increases up to the start emission temper-
ature (7s), the peak amplitude of this defect in the TSC spectrum strongly decreases
with the decay time (fgecay) [1I]. Therefore, to obtain precise values of N; and P, the
filling temperature should be below T, — 10 K. However, this behaviour can be used to
measure other properties of the defect, such as the activation energy (£,) and the capture

cross-sections (o, ,). This is the delayed heating method.

Delayed Heating Method

Considering the case for electron traps, and assuming all those traps were filled during

filling, the occupation states can be given by:
n;(TﬁH) = Nt - €Xp <_6ntdecay) (526)

after decay time tgecay. The fqecay as a function of nj can be observed by varying the
tdecay- From the obtained curves of tgecay vs. 1} (Thn), the e,(Thn) can be extracted for
specific Tgy. In the end, the curve of Tgy vs. e,(Thn) will be observed, which can be used
to extract o and E, according to Eq.

Thermally Stimulated Capacitance

In the TSC technique, the current induced by the movement of charge carriers emitted
from defects is directly recorded, however, it is beforehand unknown whether for a given
bias voltage the diode is fully depleted or the depleted depth is nearly constant during a
full TSC temperature scan. There are situations when the bias needed for achieving the
full depletion cannot be applied experimentally, e.g. requiring thousands of volts in highly
doped diodes. In such cases, the bias that can be applied in a TSC experiment is only
partly depleting the thickness of the devices. In addition, the depleted volume can vary
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with temperature due to the change in the space charge caused by thermal emission from
the different traps. Not knowing precisely the temperature dependence of the depleted
volume can introduce large errors in the determination of defect concentrations. Such
problems can partly be overcome with the help of the T'S-Cap method which allows the

evaluation of the depletion depth as a function of temperature.

Figureshows an example of a T'S-Cap measurement obtained from EPI-7 (Table
before annealing. During the measurement, the LCR meter is connected to the sample
with the electrometer and switch box, similar to the C—V setup. The capacitance is
recorded during heating up with Vi,;.s applied by the electrometer. The cooling down and
filling of the TS-Cap measurements are similar to TSC measurements performed with the

same electrometer and cooling system.

In Fig. the minimum value of capacitance initially decreases during heating up and
then rapidly increases up to 30 K. This behavior is caused by the unfreezing of dopants
and was observed in all TS-Cap measurements in this study. After 30 K, the changes
in capacitance are caused by the emission of defects. For p-type silicon, the emission of

electrons reduces the capacitance, while the emission of holes increases it.

In general, the T'S-Cap measurement is used to extract the depleted depth e.g. Eq.[3.14}

Ace
W (Viias, T) = C(TO)

(5.27)

where the IV is not only voltage dependent but also 7' dependent. The obtained W (Vias, T')
can be used for analysing TSC spectra by taking W (Vias, T') into Eq. and .
Besides that, the TS-Cap can also be used to extract defect information directly. As
discussed in section [3.2] the W is determined by Vii.s and Neg. Assuming the space charges
are homogeneously distributed in the bulk, in the case of parallel electrodes W (Viyas, T')

can be given by:

2EEO ‘/bias

w ViasaT - TN
Woraes T) =\ | G N

(5.28)

The Neg(T) is determined by the charge state of all defects and dopants, and for p-type

silicon it can be written to:
Ne(T) = No+ Y Nifo, o T) =Y Pofu o(T) (5.29)
t t

where the ¢ indicates a specific defect, Vy is the space charge density before defect emission.
The f was determined by the properties of the defect and 7', which had been described
in the previous section. In this way, the information about the defect can be extracted.
The detail can be found in chapter [7]

Furthermore, it is important to note that the T'S-Cap method discussed in this section is
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only valid for the case of homogeneously distributed N.g and non-fully depleted situations.
However, the case of non-homogeneously distributed Neg (Neg(x,T)) will be discussed in

more detail in chapter [7]

6‘Ie-‘l1
= I l— EPI-7, irradiated by 5.5 MeV electron, as-irrad, Vbias=-100V’
8 - H R H H
c
= 5
o | ‘ :
© }
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Temperature [K]

Figure 5.7: Example of TS-Cap measurement with forward bias filling on EPI-7. Vg =
10 V, Vhias = —100 V, T = 10 K.

5.2.3 Error Discussion

At room temperature, the accuracy of measured admittance or impedance in the LCR
meter is below 0.1%. Also, the accuracy of the measured current and applied bias is
below 0.1% for the electrometer or picoammeter. However, the errors will increase for
microscopic measurements due to the signal induced by the defect being comparable with
noise.

As can be seen in Fig. [5.8] the TSC measurements are performed with ceramic without
bonded diode. The maximum value of current is around 3 x 107'3 A, which is sometimes
close to the current induced by the defect (e.g. E30K, E50K and VO in Fig. |5.6d). To
subtract the noise shown in Fig. [5.8] the linear fitting was performed on the data obtained
from Vias = -300 V heating up:

Irsc=a-T+b (530)

The parameters a = -(9.36 4 0.05) x 1076 A/K and b = (1.42 +0.09) x 10~ A were

extracted from the linear fits. The line given by these two parameters will be used to
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partially subtract noise for all the spectra in this work.

Note that the errors mentioned here were mainly related to the measurement equip-
ment and noise, and not necessarily to the physical properties of the defects themselves.
Therefore, further analysis and interpretation of the data will also require consideration of
other factors, such as the device structure and materials, as well as theoretical models and

simulations. These aspects will also be discussed in the relevant chapters of this thesis.

-y i : : g 5 ¢ 100V
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%) - i i

_I—

+ + 200V

0 50 100 150 200 250 300
Temperature [K]

Figure 5.8: TSC measurements for different reverse biases (see legend) performed on ce-
ramic without diode. The fit line was given by linear fits on data of Vi.s =
-300 V.

5.3 Additional Effects

The fundamental theory of macroscopic and microscopic measurements has been discussed
in the above sections. To understand the data obtained, additional effects will also be

presented in the following sections.

5.3.1 Poole Frenkel Effect

The Poole Frenkel Effect describes how an electric field assists in the thermal ionisation of
trapped charge carriers in electronic semiconductors and insulators. It was first proposed
by P. Frenkel in 1938 [135], with the assumption of a one-dimensional model, and later a
three-dimensional model was developed by J. L. Hartke in 1968 [136].
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Figure 5.9: Energy of an electron bound to a positive point charge in the presence of a

uniform applied field. Taken from [136].

Figure[5.9)depicts the schematic of the 3-D Poole Frenkel effect, which was first proposed
by J. L. Hartke [I36]. According to P. Frenkel’s theory, the electrical potential of ionized
atoms affects the distribution of potential around them, and this can be given as [135]:

2

AU = goroE + -2 (5.31)

€E€nT0

In this equation, AU is the change in potential in the nearby region, ry represents
the distance between the emitted charge and the ionized atom, and E is the field value
assumed to be constant in this region. In this case, the value of the activation energy F,
was obtained for a given electric field £

E
Ea = EaO - 4o (532)
Te€y
with zero field activation energy FE,o. This equation is obtained under the assumption

that the charge will be emitted at the position with minimum potential value.

18

However, as mentioned in [I30], the reduction of E, inside the region of 4/qo ﬂio
smaller than expected from the Eq. One explanation provided by J. L. Hartke
is that the model used was derived from the one-dimensional assumption, which is not
fully accurate. Therefore, he developed the Poole-Frenkel effect by considering three

dimensions.

As can be seen in Fig.[5.9] Hartke achieved the 3-D PF effect by assuming the conduction

and valence bands are the flat plane, with the constant E in the studied region. In this
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case, the e, was given by:

E, 1 1
€n = Unvth,nNC + €Xp <_ kB%) X |:<¥) (67(’7 - ]-) + 1) + 5 (533)

with the v = (qoF/meeg)? - qo/ (kT). Eq. Was used in this work to evaluate the E,
of B;O;. A constant value of E, was obtained for different values of Vs in chapter [6]
However, this result is only valid for diodes with lower doping, as discussed in detail in
chapter [6]

5.3.2 Tunnelling Effect

Ec(x)
6 -
Q A
0\0'0 / E
¢ Va8
> P
Sy
</

Figure 5.10: Energy-band diagram of a depletion layer around a reverse-biased junction.
The tunneling-enhanced emission of an electron from a trap (Ep = E¢ -
0.4 eV) is indicated. The solid line denotes the potential well of the trap
without Coulomb interaction and the dashed line with Coulomb interaction.
Taken from [137].

The other effect that enhances the emission effect is the Tunnelling Effect, which was
proposed by C. Zener in 1934 [138]. The mathematical model for calculating the tunnelling
effect was developed by A. G. Chynoweth et al. in 1961 [139], and was later refined
by Hurkx in 1992 [137], with the equations now widely used in TCAD simulations. In
summary, the high electric field increases the slope of the conduction band, allowing charge
carriers at the trap to transition from the energy position (Er) as shown in Fig. [5.10 As
a result, e, , are enhanced by the electric field, and this effect becomes significant for
electron when e.g. the field value is greater than or equal to 3.7 x 10° V/cm (Fr,)) at room

temperature [137, [I40]. However, the equation is given in [137, [140] for this effect (e, , =

: F 5 24my o (kpT)? '
€n0,p0(Inpt1), with Iy, , = 2¢/37"— - exp(F/Fr, ,)” and Fr,, , = % ), which
n,p

is not valid at lower temperatures (T" ~ 0, e, , ~ oo and this is apparently wrong).
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5.3.3 Cluster Effect

The shape of TSC peaks after 23 GeV proton irradiation is remarkably different from those
of point-like defects which were already extensively investigated with DLTS after %°Co -
ray or electron irradiation (with Ey;, < 6 MeV). Such differences can be partially explained
by the ”Cluster Effect”, which changes the emission of the defects in the cluster. One
example of a cluster of defects in a dislocation loop is presented in Fig. [T06]. Tt was
first proposed in 2014 [I06] for DLTS measurements, and developed by E. M. Donegani

et al [107] for TSC measurements.
In this effect, the activation (or ionisation) energy (FE,) was modified by the occupation

fraction f; with coulomb energy AFE,:
E,=FEy— AE, - f; (5.34)

where the FEj is the activation (or ionisation) energy of cluster defect after all the atoms
are emitted, and f; = - Ea. is for the case the traps emit electrons and become

positive ions after emission. The other cases can be found in [107].
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Figure 5.11: (a) Schematic representation of a dislocation loop defect in the silicon lat-
tice with the electrically active periphery. Taken from [106]. (b) Schematic
presentation of the potential energy of the electrons in a cluster consisting
of 15 point defects equally spaced on a straight line. Ey denotes the edge of
the valence band and E¢ of the conduction band. The filled dots show the
ionisation energies for the individual defects when all traps are filled. The
electron occupying the central defect has the lowest ionisation energy, Fy -
AFE,. It will discharge first when the sample is heated in the TSC measure-
ment. The open circles correspond to the ionisation energy when only one
state is filled with an electron. Its value is Ey, the ionisation energy of the
point defects, which build the cluster. Taken from [T07].
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Note: This chapter is a copy of my published paper [23] with minor correc-
tions. The additional materials can be found after the conclusion.

Abstract: In this work, the Thermally Stimulated Current technique has been used to
investigate the properties of the radiation induced interstitial boron and interstitial oxy-
gen defect complex (B;O;) by 23 GeV (Ey;,) protons, including activation energy, defect
concentration as well as the annealing behaviour. At first isothermal annealing (at 80°C
for 0 to 180 minutes) followed by isochronal annealing (for 15 minutes between 100°C and
200°C in steps of 10°C ) studies had been performed in order to get information about
the thermal stability of the B;O; in the materials with different resistivities after irradi-
ation with 23 GeV protons to a fluence of 6.91 x 10*® p/cm?. The results are presented
and discussed. Furthermore, the extracted data from Thermally Stimulated Current mea-
surements are compared with the macroscopic properties derived from current-voltage and
capacitance-voltage characteristics. In addition, the introduction rate of interstitial boron
and interstitial oxygen defect as a function of the initial doping concentration was deter-
mined by exposing diodes with different resistivities (10 €2 -cm, 50 Q- cm, 250 Q- cm,
and 2 k(2 - cm) to 23 GeV protons. These results are compared with data from Thermally
Stimulated Current and Deep Level Transient Spectroscopy measurements achieved by
the team of the CERN-RD50 “Acceptor removal project”.

6.1 Motivation

In the frame of the CERN-RD50 collaboration new types of silicon sensors for the High
Luminosity Large Hadron Collider (HL-LHC) experiments are under development and
detailed investigation in order to cope with the extraordinary high particle rate — up to
200 p-p collisions per bunch crossing — and the related large radiation damage effects in
the sensors. The new types of sensors which are recently developed are so-called Low
Gain Avalanche Detectors (LGADs) for high precision timing (< 50 ps) and position
resolution (few hundred pm) [2, B8] and High Voltage CMOS devices (HV CMOS) for
the inner tracking detectors [4, Bl [0l [7, 8, ©]. Both types of these sensors as well as the
new pixel and strip devices will be manufactured on boron-doped (p-type) silicon. The
degradation of the performance of these sensors due to the expected high radiation field
(see section , and a search for a possible improvement of their radiation tolerance

by defect engineering is of high relevance. For example, the exposure of LGADs to
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radiation leads to a reduction of the sensor internal gain with increasing particle fluence
[2, Bl B6). This degradation is caused by the deactivation of the active boron in the
highly doped p-type layer (= 1 x 10'® cm™3), the gain layer, which leads to a reduction of
the space charge and consequently a lowering of the electric field followed by a decrease
of charge multiplication in this layer (see section . In general, the deactivation of
the boron dopant is called acceptor removal. Such processes, adds to the degradation
seen previously on n-type silicon caused by the formation of point and extended defects
comprising vacancies, interstitials and carbon and oxygen intrinsic impurities in silicon
with impact on a) Leakage current - V3 and Ip defects with close to mid-gap energy levels
[19, 14T, 142]; b) effective space charge concentration - H(116 K), H(140 K), H(152 K)
acceptors with levels in the lower half of the band gap and a shallow donor defect E(30
K) all with electric field enhanced emission [I§], [16].

The reason for the deactivation of the boron dopant by radiation is its reaction with
silicon interstitials created by irradiation. This way the boron atoms are moved from sub-
stitutional on interstitial sites and lose their acceptor character. These defect complexes
can be detected by spectroscopic methods like Thermally Stimulated Current (TSC) and
Deep Level Transient Spectroscopy (DLTS).

In this paper we will report at first in section [6.2] on the experimental details about the
used p-type epitaxial diodes of different resistivities, the irradiation with 23 GeV protons
and the methods for the investigation of the macroscopic and microscopic properties of
the devices. In section the results of the current-voltage and capacitance-voltage mea-
surements are presented. The microscopic measurements using the TSC technique with
the focus on the boron-oxygen (B;O;) defect complex, its correlation with the radiation in-
duced change of the effective space charge density and annealing behaviour are described
and discussed in section Finally the generation rates as function of the initial boron

content in the devices will be given.

6.2 Experimental Details

Table 6.1: Device information (* 1 MeV neutron equivalent fluence)

Label EPI 01-73 EPI 06-71 EPI09-73 EPI 12-74
Nugo (cm™?) 137 x 1015 1.97 x 104 453 x 10" 6.24 x 10'2
Initial resistivity (€ - cm) ~10 ~50 ~250 ~2 x 103

Proton fluence @, (cm™2) 7 x 1013 7 x 1013 7 x 1013 7 x 1013

Fluence value @, (cm™2)* 4.3 x 10" 43 x 10" 43x10"¥% 4.3 x 10"
Area A (cm?) 0.06927 0.06927 0.06927 0.06927

Thickness d (pm) 50 50 50 50

A set of 50 um thick p-type epitaxial layers with different resistivity between 10 €2 - cm
and 2 k(2 - cm (see Table[6.1]) were grown on highly boron-doped Cz substrates (p ~ 0.003 € - cm)
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by ITME [143] and pad-sensors with a sensitive area of 2.632x2.632 mm? have been pro-
cessed by CiS [144]. The pad is surrounded by a current collection ring and several guard
rings. For a possible light injection also into the rear side of the diode a 3x3 mm? cav-
ity was etched into the Cz substrate down to the EPI layer and a circular opening was
processed with a diameter of 1.2 mm in the metallization.

The irradiation with 23 GeV protons was performed at the CERN-PS IRRAD facility
(irradiated at room temperature). According to the literature [I145] we used a hardness
factor of 0.62 when determining ®., after irradiation with 23 GeV protons. The devices
were unbiased during irradiation. Significant charging or ESD effects have not been
observed. The investigated diodes exhibit a quite large n™ implanted area and only a
small region of the outer rim with several guard rings have oxide layers in between.

The macroscopic device performance of the investigated diodes was measured by means
of current-voltage (/-V') and capacitance-voltage (C-V') characteristics. The radiation
induced changes in the effective doping concentration (Neg) and the full depletion voltage
Via were determined from C—V measurements using different frequencies (230 Hz, 445 Hz,
1 kHz and 10 kHz) and guard ring grounded.

For the characterization of the radiation induced electrically active defects the TSC
method was used [111, 52} 130, [133] 134]. The TSC experimental procedure consists of
cooling down (0 V) the sample to low temperatures (typically 10 K) where filling of the
defects is performed by forward biasing of the diode. A TSC spectrum is then recorded
by measuring the diode current during heating up the device with a constant rate of 0.183
K/s under reverse bias applied to the diode [I1]. The guard ring was always grounded
and the time step for the read-out of the current and temperature was set by the software
to 1 s.

[sothermal annealing experiments were performed at a temperature of 80°C for all
irradiated diodes and the macroscopic as well as the microscopic properties evaluated.
For one 50 € -cm diode isochronal annealing in the temperature range from 100°C to
200°C in steps of 10°C for 15 min at each step was studied in order to get information
on the thermal stability of the specific B;O; defect which is mainly responsible for the

acceptor removal effect in this material.

6.3 -V, C-V Measurements

In this section, the properties and parameters of the measured I-V and C-V character-
istics of the irradiated sensors are presented and discussed.

As an example in Fig. I-V curves of the diode 06-71 (50 §2-cm material) for
different annealing steps are shown. The measurement temperature was always 20 °C and
the guard ring connected to ground. After full depletion the current is still increasing,
which might be due to the high electric field at the n* - p junction which is in order
of 10° V/em for a bias voltage of 300 V, leading to a possible trap assisted tunneling
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Figure 6.1: (a) Current-voltage characteristics of 50 €2 - cm diode (06-71), irradiated with
Doy = 4.28 x 10" cm™? after different annealing steps at 80 °C. The red aster-
isks indicate the full depletion voltages at which the current related damage
parameter « is determined. Measurement condition: T = 20°C, humidity
< 10%; (b) Current related damage parameter a(Tonn, tann) VErsus tan, an-
nealing time at 80°C for 3 diodes with different initial resistivity (06-71 -
50 © - cm, 09-73 - 250 2 - cm, 12-74 - 2 kQ2 - cm) irradiated with the same @
of 4.28 x 10 cm~2. The dashed lines represent the fits to the data according

to Eq.
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6.3 I-V, C-V Measurements

effect [I37]. But a contribution of surface current from interface traps of the oxide layer
surrounding the pad cannot be excluded [89]. The full depletion voltage Vg for the
annealing steps between 0 min and 180 min at 80 °C are indicated as red stars in Fig.[6.1a]
The values slightly changed around (170+10) V for annealing at 80 °C. For the annealing
steps between as irradiated and 180 min at 80°C a strong decrease of the current is
measured, which is a well-known observation for hadron irradiated silicon sensors and
mainly due to the annealing property of the radiation induced three-vacancy (Vj) defect
[13]. A characteristic parameter for the radiation induced generation current Al is the

so-called current related damage parameter o defined by:

Al

a(Tanna tann) W
o eq

(6.1)
where V,; is the depleted volume of the device, ®., the 1 MeV neutron equivalent
fluence, T,,, the annealing temperature and t,,, the annealing time. A parameterization

of the time dependence is given by [L1]:

O(tamn) = aexp (—tj_r;n> +ag—f1n (tizn> (6.2)
with amplitude «a; and the time constant 7; of the short term component, the constant
term «g, the parameter [ of the logarithmic term with t) = 1 min. The dependence of
the parameter on the annealing temperature can be found in [I1]. Fig. shows the «a
values extracted from the I-V curves (at V =~ Vjq) as function of annealing time and the
corresponding fits according to Eq. The parameters of the fitted curves are presented
in Table The estimated errors of the parameters in Eq. are caused by systematic
uncertainties in the voltage at which the current data were taken due to the large increase

of the I-V curves near and above the full depletion voltage.

Table 6.2: Current related damage parameter

label EPI 12-74 EPI 09-73 EPI06-71  Ref [11]
Nominal resistivity (§2 - cm) 2000 250 50 100 - 7000
ar (1 x 10717 A/em) 1.00+£0.1 129401 1.00+£0.1 1.13

77 (min) 17.22+2  35114+£3 26.17+2 9

ao (1% 10717 A/em) 421402 253402 262402  4.23

B (1x1071% A/em) 347£03 0.71£0.02 095+£0.1 2.83

The other macroscopic property which is affected by radiation is the effective space
charge density N.g or full depletion voltage Viq of the device. Both quantities have been
extracted from C—V characteristics measured at frequency of 10 kHz, an AC signal am-
plitude of 0.5 V and in parallel mode operation of the LCR-meter. For the evaluation of
the full depletion voltage V4 it is a common procedure to perform linear fits to the rising

part of the 1/C~2 - V curve in a proper voltage range and the saturation part above full
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Figure 6.2: (a) 1/C~2 -V curves for 50 €2 - cm diode (06-71) for all annealing steps at 80 °C.
Measurement parameter: measurement temperature T = 20 °C, frequency freq
= 10 kHz, humidity < 10%, Vac = 0.5 V. The voltage ranges of the linear
fits in the rising and saturation part of the curve for 0 min at 80°C and the
crossing point of the straight lines at Vi are indicated. (b) Doping profiles of
the diodes with different resistivity are shown for an annealing of 30 min at
80°C. The profiles were evaluated from C-V measurements by using Eq.
and Eq. [6.5] The mean values of Ng are derived from the indicated depth
ranges and are presented in Fig. [6.3]
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6.3 I-V, C-V Measurements

depletion (see Fig. [6.2al). The voltage of the crossing point is then taken as Viq. But such
procedure is only valid if N.g is constant throughout the entire sensor volume and requires
the conductivity of the un-depleted bulk to be large. The 1/C~2 - V curves measured
for the 50 Q - cm diode after different annealing steps are demonstrated in Fig. [6.2a] The

effective space charge concentration Nyg can then be calculated in two ways:

2&?08er¢
Nyg = ——1% 6.3
T qod? ( )
2
Neg(V) = - (6.4)
50€rA2CI0—d(Z/$)

where g¢ is the permittivity of vacuum, ¢, the relative permittivity of silicon (11.9), g the
elementary charge, A the active pad area and d the full depletion depth, which is derived

from:

V< Vfd (65)

where for V' = Vjq the depletion depth is given by w(Vq) = d and the capacitance
Ciq = €0, A/d. The full depletion voltages extracted from 1/C~2 - V curves for the high
resistivity diode (2 k) - cm, 12-74) are very small in the range from about 4 V to 5 V for
the annealing steps between 0 min to 120 min and for the 250 © - cm diode (09-73) Viq
varies between 15 V to 20 V.

For C-V measurements the guard ring was grounded and the measurements were per-
formed at 20°C.

According to Eq. and Eq. [6.5] the doping profiles are extracted for diodes with
different resistivities (10 Q- cm, 50 © - cm, 250 Q2 - cm and 2 k2 - cm) and annealing time
of 30 min at 80°C, as shown in Fig. [6.2b] In this figure the range of the depletion depth
(2 wm to 10 wm for 10 Q- cm and 10 pm to 35 um for the other diodes) for evaluating
the mean values of Nt is also indicated. Finally, the extracted values N.g as function
of annealing time for most devices are plotted in Fig. [6.3l The Eq. is approximately
valid for non-irradiated diodes under the assumption of an abrupt n™ - p junction and
a homogeneously distributed space charge density. But it has to mentioned that there
are several shortcomings for irradiated devices. For example in radiation damaged diodes
the effective space charge might be non-homogeneous leading to complex electric field
distributions, the influence of strong changes in free charge carrier concentrations on the
evaluation of the depletion depth [146], or frequency dependence of C—V measurements
for highly irradiated sensors especially observed in high resistivity material [65]. While
for the irradiated diodes (Peq = 4.28 x 10" cm™?) with a resistivity of 10 Q- cm and
50 €2 - cm a frequency dependence in C—-V measurements is not observed, vice versa in
the higher resistivity material (250 2 - cm and 2 k€2 - cm) a frequency dependence is seen.

Considering these effects the differences in the evaluated N.g values for the 50 €2-cm
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diode by using Eq. and Eq. are estimated to below 3% for the different annealing
steps. Using only Eq. the deviations are below 1% if the voltage ranges are chosen
properly (10 V to 100 V for 50 © - cm, 4 V to 10 V for 250 Q2 - cm and about 1 V to 3 V
for 2 kQ2 - cm depending on the annealing step). Much larger differences in Neg up to 17%
are found for the 2 k{2 - cm material taking the data measured at frequencies of 230 Hz
and 10 kHz and using Eq. On the other hand the evaluation according to Eq.

results for both frequencies in a much smaller differences of the 3% order.
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Figure 6.3: Development of the effective doping concentration Neg43% Neg with annealing
time for 50 pm thick epitaxial diodes of different resistivities (see legend) after
irradiation with 23 GeV protons to ®., = 4.3 x 10'* cm™2. The dashed lines
indicate the initial doping concentration Neg( of the different diodes.

As can be seen in Fig. the changes of Ng versus annealing time at 80 °C are quite
small. Only for the high resistivity diode (2 k2 - cm) an increase of Neg is observed. These
results can be explained by the thermal stability of the radiation induced boron related

defect B;O; and are discussed in the next section.

6.4 TSC Measurements for B;O; Defect

The TSC technique has been used to investigate the properties of the radiation induced
B;O; defect complex by 23 GeV protons, including activation energy, defect concentration

as well as the annealing behaviour.
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As an example, Fig. shows TSC spectra of the irradiated diodes with different
resistivities (10 Q- cm, 50 Q - cm, 250 €2 - cm, 2 kQ - cm). The spectrum of the 10 €2 - cm
diode was recorded at 100 V and normalized to the fully depleted depth by a factor
d/w(V). All other spectra were taken at voltages above fully depletion (see caption
Fig. . Fig. Shows TSC spectra of the irradiated diode 06-71 (initial resistivity of
50 €2 - cm, see Table for different applied bias voltages in the range between 100 V and
300 V during heating up. The observed dominant peaks in the temperature range of 90 K
to 100 K and their shifts to lower temperature with increasing bias voltage are attributed
to the B;O; defect. Such assignment was presented by different authors who investigated
radiation induced defects in boron doped material [20] 15, T0I]. The main arguments are
that the introduction of this defect depends on the boron, carbon and oxygen content
in the material and that the defect kinetics rate depends on the ratio of the oxygen
concentration to the boron concentration [20], 15]. Also theoretical calculations support
these properties [I0I]. This voltage dependence of the shift of the peak maximum is a
typical property of so-called coulombic centers which are governed by the Poole Frenkel
effect [16], [I35], [136] that means an electrical field dependence of the emission rate or
the activation energy of the defect center, respectively. This will be described in more
detail in the next paragraph. Another observation is the increasing peak amplitude of the
B;O; complex with bias which is due to firstly an increase of the depletion depth before
fully depletion and thereafter for higher voltages an extension of the depleted region into
the p* backside of the highly doped substrate.

It is worth mentioning here that the annealing experiments in this work have been
performed with samples in open circuit. This way, the migration of the possible exist-
ing hydrogen atoms from the passivated surface to the bulk is prevented [147], [148)].
In addition, there are known two phenomena which can be used to indicate possible
hydrogen effect on radiation damage in the diodes under study: (i) the reactivation of
boron impurity during thermal annealing in the temperature range of 100-160°C [149];
(ii) the appearance of hydrogen-related complexes with radiation-induced defects. As it
was observed in Ref. [I50], the vacancy-oxygen-hydrogen complex is formed under ther-
mal annealing of irradiated hydrogen containing structures. This complex has two energy
levels in the higher and lower parts of Si energy gap [I51] and can be easily observed
with defect spectroscopy techniques when they exist. According to the spectra in Fig. (6.4
we could not identify any of these two markers, indicating that hydrogen effects in the

investigated structures are negligible.

6.4.1 Some Theoretical Background of TSC

The general formalism of the TSC technique is in detail described in the literature [11], 52}

130}, 133}, [134]. The general formula for a single electron trap existing in N; concentration
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Figure 6.4: (a) TSC spectra of diodes with different resistivity after 23 GeV proton ir-
radiation to e, = 4.3 x 10" cm™2 for reverse bias 20 V (2 kQ - cm), 40 V
(250 © - cm), 200 V (50 - cm) and 100 V (10 Q- cm, spectrum normalized
to d/w(100 V)). TSC parameters: Ty = 10 K, Vay = 5 V, heating rate § =
0.183 K/s. For clarity, the individual curves are shifted vertically by 4 pA. (b)
TSC spectra of 50 €2 - cm diode (06-71) for different bias voltages (V) during
heating up and after annealing for 16 min at 80°C. TSC parameters are the
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6.4 TSC Measurements for B;O; Defect

in a fully depleted diode is given by:

1
Ipsc(T) = 5-a0- A-d-en(T) - ny(To) - f(T) (6.6)
E,
€n = Oy Uy No-exp <_kBT) (6.7)
E,
= oty e (15 ) (65)

f(T) = exp (—l /T (en(T") + e(1")) dT') (6.9)
B Jr,
where ¢ is the elementary charge, T the temperature, A the active area, d the fully
depleted depth, e,, and e, are the emission rate for electrons and holes. N¢ and Ny are
the density of states in the conduction band and valence band, respectively and are taken
from [59]. The activation energy for electrons is E, = E¢ - F; and for holes E, = F; - Ey,
where E; is energy level of the electrons or holes trap and E¢ v the conduction and valence
band edge, respectively. o, , are capture cross section for electrons and holes, v, ,, , are the
thermal velocities for electrons and holes taken from [59]. kg is the Boltzmann constant,
f(T) describes the fraction of defects occupied by electrons at temperature 7', 3 is the
heating rate and n(7p) is the density of defects that are filled with electrons at Tj.

In the investigated p-type diodes, the B;O; defect on which this study is focusing is
detected in a TSC experiment only if electrons can be injected at low temperature. This
is done by forward biasing the diodes at 10 K, by injecting both electrons and holes. In
the hypothesis that equal amounts of electrons and holes are injected during the forward

biasing the density of defects filled with electrons is given by [52]:

Cn
Cn +Cp

n(Ty) = Ny (6.10)
where ¢, and ¢, are capture coefficients for electrons and holes, respectively (¢,, = on,
Uthnp)- Nt is the total defect concentration in the bulk. For the B;O; defect the capture
cross sections o, and o, had been measured [15], [22] and values of 1 x 107! ¢cm? and
1 x 1072 cm? were derived. Therefore o, and ¢, can be neglected in Eq. Eq. 6.9 and
Eq. Thus, the B;O; TSC signal can be approximated by:

I1sc(T) = %'QO'A'd'en'Nt'f(T) (6.11)
f(T) = exp (—%/T en(T") dT') (6.12)

For coulombic trap centers like the B;O; the emission rate e, is not anymore a constant

quantity with respect to the applied bias voltage but becomes field dependent. The 3D
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Poole-Frenkel effect in the emission rate e, is given by [135, 136}, [16]:

1 1
el = e,o(T)- {<¥> (e(y=1)+1)+ 5} (6.13)
eno(T) denotes the field independent emission rate with the so-called zero field activation
energy E, = E,p and v = (q0|E\/(7r€05—:r))%qg/(k:BT). |E] is the electric field in the sensor
bulk and is position dependent. In this case the T'SC current is given by:

Irsc = %quw(V, T)NePf exp (—% /TT eI (T dT” > (6.14)
b
In this equation the position dependent electric field is not taken into account. As a first
approximation the average value (|E|) = V/w is applied.

If the diode is not fully depleted the value d has to be exchanged by the depleted
width w(V,T) which depends on the applied bias voltage V and temperature 7. The
temperature dependence of w is mainly neglected if the concentration of the trap is small
compared to the overall space charge concentration in the 7' range of interest. Another
effect influencing the peak shape is a possible cluster effect [I06], [T07] which leads to a
dependence of the activation energy E,(T') on the trap occupation f(T'). For an attractive

Coulomb interaction this results in:
E.(T) = FEu o+ (1- f(1))AE, (6.15)

The value of the energy shift AFE, depends on the density of charged traps inside the
cluster. However the results of AE, extracted from B;O; peak (see Table indicate
that the B;O; is a point defect.

6.4.2 Extracted Parameters for BiOi from TSC Measurements

In order to reproduce the TSC peak of the B;O; defect in all measured spectra of the
irradiated diodes with different resistivities the data were fitted according to Eq. [6.14]
taking the cluster effect (Eq. into account. For the fitting procedures the tempera-
ture ranges of the B;O; TSC peak are chosen to Ty - 2 K and T, + 4 K where Ty
corresponds to the temperature at the maximum value of the TSC peak. There are 3
free parameters - zero field activation energy E,o, cluster related energy shift AFE, and
the defect concentration NN, - which are extracted from the fits. The o, = 1 x 10714 cm?,
determined from the variation of DLTS capacitive transients with the filling pulse width,
at constant temperature [22], was fixed in the fitting routine. The resulting parameters
are summarized in Table [6.3] for three diodes with different resistivities and different an-
nealing steps. It should be mentioned here that the low temperature tail of the B;0;

peak could not be reproduced by the fitting routine, especially at higher bias voltages
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Figure 6.5: (a) TSC spectra for different Ty of 50 2 - cm diode after 23 GeV proton irradi-
ation. Annealing step t.,, = 30 min, T,,, = 80°C. Experimental parameter
of TSC: Vip = 5V, Vieverse = 250 V. (b) Concentration of B;O; and X-defect
versus filling temperature Ty extracted from the TSC spectra shown above.
The estimated errors in the determined concentration of B;O; defect are below
1%, and result from statistical errors of the data (noise, RMS: + 0.02 pA),
including the specified accuracy of the used current meter (1% of the reading)
and of the temperature measurement (£ 0.5 K).
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Figure 6.6: Zero field activation energy F,o versus bias voltage of B;O; defect extracted
from TSC spectra of the 250 €2 - cm diodes (09-73) and 2 k(2 - cm diodes (12-
74) and all annealing steps at 80 °C.

(Fig. . Therefore, it was supposed that in this temperature range a further unknown
defect might be hidden. In order to clarify this problem TSC studies were performed by
changing the filling temperature 7§ in the range 10 K - 70 K. From Fig. it is obvious
that indeed a defect (labeled as X-defect) is showing up in that region with increasing
peak height for larger Ty. Specific studies on this defect resulted in the fact that it is a
hole trap showing a strong Poole-Frenkel effect with a zero field energy level of E,g = E -
Ey ~ 0.21 eV. Fig. shows the concentration of the B;O; and the X-defect as function
of Ty. While the B;O; concentration exhibits only a small increase with Ty the change of
the X-defect concentration is much stronger. More information about the X-defect can
be found in additional material or [I52].

The extracted zero field activation energies F,y as function of the applied bias voltage
are presented for the 250 Q- cm and 2 k2 - cm diode (09-73, 12-74) in Fig. for the
different isothermal annealing steps, respectively. The E,, values presented in Table [6.3
show a dependent on the material resistivity and annealing step. This might be due to
the different applied bias voltages for the different diodes leading to different electric field
strength values which are highest in the 50 - cm one. Another effect could be caused
by the X-defect which contributes partly to the B;O; signal, especially for the 50 € - cm

diode. A slight voltage dependence is observed as well as some changes with the annealing
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Figure 6.7: B;O; concentration as function of bias voltage (V') for the 250 Q- cm diode
(09-73) and 2 kQ - cm diode (12-74) extracted from TSC spectra measured
after annealing steps between 8 min and 120 min at 80°C. The curves are
the result of fits of Eq. to the data. The parameters are presented in the
text.

time. Further, it should be mentioned that the values given in Table are mean values
with respect to all results gained from the analysis of different bias voltages. The errors
depend on fitting ranges. Both errors are based on the assumption that the temperature

dependence of ¢ and w can be neglected.

Further, the unexpected increases of the B;O; concentration ([B;O;]) for bias voltages
higher than the voltage for full depletion as shown in Fig. for the 250 €2 - cm and the
2 k€2 - cm diode will be discussed. Here it is essential that the boron concentration near
to the highly doped p™ Cz substrate increase to very large values. But this transition
from the epitaxial bulk material to the p* substrate is smooth due to the out-diffusion of
boron from the Cz substrate into the epitaxial layer during the high temperature steps
in the fabrication process. This leads to a small increase of the depletion depth for bias
voltages larger than the voltage for full depletion as extracted from C-V measurements
together with an increase of the substitutional boron concentration [Bg]. Assuming now
a similar creation rate of the B;O; defect as described in section D which depends on the
local boron concentration [Bg] the increase of the B;O; concentration above full depletion

can be qualitatively explained.
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Considering a one-dimensional model for a diode, the B;O; concentration can be de-

scribed by:

[V B0y () dx
w(V)

[BiOi](w(V)) = (6.16)
where w(V) is the voltage dependent depletion depth. Assuming that the B;O; defect
is homogeneously distributed in the bulk of diode, the evaluated concentration of the
corresponding TSC peak [B;O;]rsc can be separated into two terms, the concentration of
the bulk ([B;O;]puk) and an additional component ([B;O;]aqq) from the region above full
depletion (the value extracted from C-V measurement), i.e. (w(V > Vyq) > d):

[BiOj]rsc(w(V)) = [BiOjlpuk + [BiOjlaaa(w(V')) (6.17)

with

w(V)

[BiOi]aaa(w(V)) = fd ([BiOi) (z) — [BiOi]pun)d

w(V)

(6.18)

where [B;O;]" is the concentration in the region above fully depletion. Here the effective
doping concentration Ng, assumed to be given by the local boron concentration [Bg] is

strongly increasing with bias (see Fig. |6.2b]).

Taking both equations into account the increase of [B;O;].qq can be estimated by:

rres v ([@eq - gm0, Ve (V) — [BiOilbund Aw(V))
w(V)

(6.19)

where the Neg(V') are given by Eq. and w(V) by Eq. [6.5] the sums runs from V = 20
V (near to full depletion voltage Viq) up to Vipax = 100 V in steps of 5 V. The gp,0, term
represents the introduction rate of B;O; defect, defined by:

[BiOj]

9B = = (6.20)

where [B;O;] is B;O; concentration after irradiation to ®.,. The mechanism of B;O; defect
generation is described by the kinetic model of boron removal [86] which assume that the
silicon interstitials (I) which escape from the primary displacement damage can react with
substitutional boron (By) or carbon (Cs). In a so called Watkins replacement mechanism
both atoms become themselves interstitials (I + B LEN B, I + Gy e, C;), migrate
through the lattice and can further react with other impurities like oxygen O; creating
thus e.g. B;O; or C;0;. If all silicon interstitials (I) end up only in these two defects their
concentration ratio [C;O;]/[B;O;] should reflect the ratio (kjc/krg) x [Cs]/[Bs], where the

ratio of the capture coefficient of carbon k;- and boron k;p has been evaluated to be
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(kre/krg) ~ 1/7 |21, 20]. Thus, the introduction rate of B;O; can be described by [86]:

N kre[C\
g0, N gr X (1 + kIB[Bs]) (6.21)

In Fig. the B;O; as function of bias voltage V near to and above full depletion
is plotted for the 250 Q- cm and 2 k2 - cm diode (09-73, 12-74) including the different
annealing steps. The presented curves are the result of fits of Eq. to the measured
data taken at the annealing step of 16 min at 80°C.

The generation rate of interstitial silicon g;, the substitutional carbon concentration
[Cs] and [B;O;]puic are considered as free parameters in the fit of Eq. to the data
of both sensors (250 2-cm and 2 k{2-cm). The resulting parameters of the fits are:
g1 =6.2840.5 cm™!, [Cy] = (7.20 £ 1) x 10 cm 3, [B;O;]pune = (2.91 £0.1) x 10'2 cm =3
for 2 k2 - cm, and g; = 6.00 £ 0.5 cm™!, [Cy] = (1.21 £ 0.1) x 106 em ™3, [BiOi]puc =
(9.64+0.1) x 10'2 cm ™3 for 250 Q - cm. These values are different. A possible reason might
be that the studied transition region between the EPI and the highly doped Cz-material
with the position dependent boron concentration [Bg] behaves quite different compared
to the EPI bulk material.

The [B;Oi]purc values extracted from TSC measurements at Vieyerse = 20 V are included
in Table [6.3] for both sensors.

Table 6.3: Properties of B;O; defect for isothermal annealing steps. (Fq + 1%FE. (eV),
Ny +£1%N; (103 cm™3). The errors were observed from different fitting ranges)

EPI 12-74 8min@80°C 16min@80°C 30min@80°C 60min@80°C
Euo (eV) 0.272 0.272 0.273 0.271
AE, (eV) ~ 0 ~ 0 ~0 ~ 0

N, (10 cm?) 0.31 0.31 0.32 0.32
EPI 09-73 8min@80°C 16min@80°C 30min@80°C 60min@80°C
B (eV) 0.278 0.278 0.275 0.274

N, (1013 Cm_3) 0.95 0.95 0.95 0.95
EPI 06-71 Smin@80°C 16min@80°C 30min@R0°C 60min@80°C
Eu (eV) 0.288 0.289 0.283 0.282
AE, (eV) <0 <0 <0 <0

N, (10" cm~3) 3.2 3.2 3.2 3.2

6.4.3 Isochronal Annealing Behavior of B;0;

After the isothermal annealing at 80°C for 180 min of the 50 2 -cm diode 06-71 an
isochronal annealing study was performed. The procedure started at 100°C with an

annealing time of 15 min and continued in 10°C steps up to 200°C. -V and C-V
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measurements were recorded before the TSC measurements. While from the C-V char-
acteristics the effective doping concentration N.g was determined, the B;O; concentrations
were evaluated from the TSC spectra for each annealing step. The resulting values are
plotted in Fig. versus the annealing temperature. The concentration of the B;0; is
nearly constant with a value of about 3.3 x 10 cm™ up to 150°C and start to anneal
out at 160°C decreasing to a value of 1.5 x 10*? ecm™ at 200°C. On the other hand
the effective space charge density Neg stays nearly constant between 100°C and 150°C
(1.01 x 10" em™3 to 1.1 x 10'* em~?) and increases for higher temperatures. Comparing
the increase of Neg with the decrease of the B;O; concentration ([B;O;]) one finds that a
change of Neg (ANyg) is about two times the change of [B;O;]. This result indicates that
the B;O; defect dissociates for T > 150°C and all the resulted B; goes back on substitu-
tional sites, regaining the acceptor character of the boron dopant. More information can
be gained from the isochronal annealing behaviour of defects. If a first order process is

assumed for the annealing-out of a defect it can be described by:
Ntﬂ' = Nt,i—1<Tann,i—1) X exXp (—l{izAt) (622)

where N;; is the concentration of B;O; for the annealing step i, N;;_1(Tann,i—1) the con-
centration at step i-1 for the annealing temperature at this step and At the constant

annealing time of 15 min. The frequency factors k; are given by the Arrhenius relation:

ki = koexp (—ﬁ) (6.23)
E4 is the activation energy for the annealing-out of B;O; and kg the Boltzmann con-
stant. Taking the B;O; concentrations for the different annealing temperatures larger
than 150 °C, which are plotted in Fig. the frequency factors k; were evaluated accord-
ing to Eq. The Arrhenius plot k; versus 1/(kgTanni—1) is shown in Fig. From a
linear fit to the data the activation energy F4 [eV] and the frequency factor kq [s~!] were

extracted resulting in:

Es=13540.01 [eV],
ko = (2.58 £ 0.5) x 10" [s7'] .

The high value of ky factor indicates a dissociation process of the B;O; defect with an
activation energy close to values from 1.35 eV to 1.40 eV presented in [15], [153], 154} [155].
The error of E, and kg are the results of the estimated error of the k; values (£1% - k;) in
Eq. The frequency factor kg depends on the content of boron, carbon and oxygen in
the material. When the carbon concentration is relatively small then according to [154]
the value of kj is determined by the ratio of the oxygen concentration to that one of boron

([O]/[B]). The larger this ratio is the less is the B;O; annealing rate due to re-trapping of
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interstitial boron by oxygen. As seen from Fig. this ratio is in the 50 €2 - cm epitaxial
material smaller compared to [O]/[B] & 200 observed in the material used by Makarenko
[153] or Feklisova [155].
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Figure 6.8: Dependence of the effective doping density Neg and the B;O; defect concentra-
tion on the isochronal annealing temperature for the 50 € - cm diode (06-71)
after exposure to 4.3 x 10 cm~2 23 GeV protons. The errors are given in
Table and are given by the statistical errors of the data (noise, RMS: +
0.02 pA) and the accuracy of the temperature measurement (+ 0.5 K).

6.4.4 Introduction Rate of BiOi

In Ref. [86] the acceptor removal effect in LGAD and HV-CMOS sensors as well as p-
type diodes is parameterized with an exponential function including an acceptor removal
coefficient c¢4. For small fluence values and high initial boron doping diodes, the acceptor

removal component can be approximated by:

Neps(Peg) = Neproexp (—ca@eq) = Nepro — 9Peq (6.24)

where Neg ¢ is the initial doping concentration and gp = ca X Neg the initial acceptor
removal rate. In our case the acceptor removal rate has to be identified with the removal
rate of electrically active boron and should be strongly correlated with the introduction
rate of boron related defects, which can be extracted from TSC measurement by Eq.[6.20]
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Figure 6.9: Arrhenius plot k; versus 1/(kgT’). The k; values were evaluated according to
Eq. for the temperature interval from 130°C to 190°C. For comparison
the data of L. F. Makarenko et al. [I53] derived from diodes with an initial
doping of [B] & 8 x 10" cm™ and O. V. Feklisova et al. [155] evaluated from
diodes with a doping of [B] & 3.5 x 10! cm™3 are also presented in the figure.

The most likely created defect is the B;O; defect complex [86], [20] taking into account
that in our silicon material the oxygen concentration is much larger compared to the
carbon and boron content ([O;] > [Cq], [Bg]). The introduction rate of the B;O; defect is
plotted in Fig. as function of the initial doping concentration Ny . Included in the
figure are the introduction rates reported previously on EPI silicon by employing TSC
measurements [I56] and DLTS experiments [22], [I57], [I58], all calculated by accounting
., (hardness factor of 0.62 for 23 GeV protons and of 0.0398 for 6 MeV electrons). It
can be observed that all TSC results, although are in very good agreement with each
other, give systematically lower values for the introduction rate of B;O; defect than the
DLTS results.

shown that the introduction rates start to decrease with increasing ®., above 10 ¢cm™

This is an expected result considering that previous experiments have
2
[22] which is the case for the presented TSC results. The depicted experimental data
show also that, among the different irradiating particles, the 6 MeV electrons lead to the
highest introduction rate of B;O; defect, a result in agreement with the already known
behaviour that low energy charged particles induce the formation of more point defects

than the hadrons [I8]. The observed increase with Neg ¢ is expected according to the
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Figure 6.10: Development of the B;O; introduction rate gg,o, as function of the initial dop-
ing density Neg, 0. Our introduction rates in the plot are mean values taken
from all isothermal annealing steps and the fluence value of 4.3 x 10'® cm—2
23 GeV protons. Included are data of the other team members and from
the literature, accounting for the hardness factors of the irradiation particle
(see text). The dashed line represents the defect kinetic model calculation
according to Eq. with parameters given in the text. The uncertainty in
the introduction rates resulted from this study is dominated by the uncer-
tainty of the fluence, which is of 7% for the irradiation facility at CERN.

initial acceptor removal rate gg (see above) but at higher Neg ¢ a saturation occurs. Such

a behaviour can be explained with the help of a simplified defect kinetics model [86], [21].

The dashed line in Fig. [6.10] represents the prediction of the kinetic model based on
Eq. and accounting for the average values of the g; and Cg determined in section B
for our EPI diodes of 250 Q - cm and 2 k{2 - cm resistivity, of g; = 6.14 cm™! and [C{] =
0.95% 10'® cm ™. Compared with the kinetic model presented in [86] which accounts for g;
= 1—3 cm™! obtained for high resistivity Cz material [I08], our g; value, determined for
EPI material, is 2-3 times larger. As can be seen from Fig. [6.10|the predicted introduction
rate increases with the initial doping concentration nearly linear up to about 3x 10 cm =3
and tends to saturation above some 1 x 10'® cm™3. Why the generation rate for LGAD

sensors which are much larger than expected by this model cannot be explained so far [2],

3.
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6.5 Conclusion

The boron-oxygen defect B;O; has been investigated in p-type epitaxial silicon diodes
with different resistivities and exposed to 23 GeV protons. For all diodes isothermal
annealing studies at 80 °C had been performed up to 120 min and for a 50 2 - cm diode
an isochronal annealing followed in order to get information on the annealing-out of the
B;O;. The macroscopic properties (current related damage parameter o(7ann, tann) and
Negr) were obtained from -V and C-V measurements. The a-values decrease with the
annealing time as expected and the change of Ng is quite small which correlates with the
nearly constant concentration of the B;O; defect. The properties of the B;O; defect were
studied by TSC measurements for different trap filling procedures (different 7p) and bias
voltages during the heating up period. The observed temperature shift of the B;O; peak
for different bias voltages is a clear indication for the so-called Poole-Frenkel effect. From
a detailed analysis of the B;O; TSC signal the defect parameter for the zero field activation
energy F,o, defect concentration N; and energy shift AFE, due to clustering were extracted
which are summarized in Table [6.3] These results for the different isothermal annealing
steps show that the activation energy slightly depends on the initial doping and AFE, is
very small between 0-3 meV. But the concentration extracted from diodes irradiated to
the same fluence depends strongly on the initial doping. Isochronal annealing studies were
performed for one 50 Q - cm diode irradiated to a fluence of ®o, = 4.3 x 10'* cm™2. The
concentration of B;O; (/V;) versus annealing temperature from TSC was used to determine
the activation energy for annealing-out of the B;O; being F4 = 1.35 eV and a frequency
factor of kg = 2.58 x 10" s~ was derived. On the other hand the increase of N.g at
temperatures above 150°C correlates with the annealing-out of B;O; where the change
of Neg is about two times the change of B;O;, indicating that all the B; resulted from
the dissociation of the B;O; donor defect goes back on substitutional sites, regaining the
acceptor character of the boron dopant. Finally, the generation rate of B;O; (gp,0,(Nef, 0))
is presented together with data of other groups and compared with a defect kinetics model
[86], [21]. It is shown that gp.o, increases with the initial doping up to some 1 x 10 cm ™3

and tends to saturation for higher values.

It should be mentioned that the acceptor removal coefficient ¢4 (see Eq. evaluated
from our B;O; introduction rates are comparable with data derived from irradiated p-type
sensors including HV-CMOS devices in a wide range of initial doping densities (see for
example reference [86] and cited literature therein). But the scattering of the data is quite
large despite the known difference between proton and neutron irradiated devices. On
the other hand macroscopic and first microscopic studies on radiation damaged LGADs
had resulted in much larger generation rates for boron related defects compared to our
results obtained for epitaxial material [2], [3], [86]. This problem has to be investigated

in further experiments.
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6.6.1 -V, C-V

6.6 Additional Materials

The I-V and C-V characteristics for the diodes presented in Table [6.1] after isothermal
annealing are shown in Fig. [6.11]and Fig. [6.12] respectively. The current before irradiation
was approximately 1 x 107'* A, and all curves are plotted using log-log scales.

In Fig. the slight changes in Viy and the decrease in leakage current with ¢,,, at
80°C can be observed. In Fig. the C—V curves for all diodes, except for EPI 12-74,

are identical. This is because Nog was dominated by [Bg] and [B;O;], which are stable at

80°C.
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Figure 6.11: Current-voltage characteristics for 4 diodes with different initial resistivity
irradiated with the same @, of 4.3 x 10" cm™2, and after different anneal-
ing steps at 80°C. (a) 12-74 - 2 kQ - cm, (b) 09-73 - 250 Q - cm, (c) 06-71
- 50 Q-cm and (d) 01-73 - 10 - cm. The red asterisks indicate the full
depletion voltages at which the current related damage parameter « is de-
termined. Measurement condition: 7" = 20°C, humidity < 10%.
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Figure 6.12: C-V characteristics for 4 diodes with different initial resistivity irradiated
with the same @, of 4.3 x 10" cm™2, and after different annealing steps at
80°C. (a) 12-74 - 2 kQ - cm, (b) 09-73 - 250 Q - cm, () 06-71 - 50 © - cm and
(d) 01-73 - 10 © - cm. Measurement condition: 7" = 20°C, freq = 10 kHz,
humidity < 10%, Vac = 0.5 V.
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Figures [6.13] and [6.14] show the I-V and C-V characteristics for other diodes after
isochronal annealing (steps see section . In Fig. |6.13] it can be observed that the

current decreases as T,,, increases. Fig. and Fig. show that Viq continu-
ously increases with increasing 7}, and similar behaviour can be found in Fig. and

Fig. [6.14

This behaviour indicates that the space charge density (Neg) of EPI 12-74

and 09-73 after irradiated with 23 GeV protons with a fluence ®¢ of 4.3 x 10"¥cm ™2, of
these diodes are not only dominated by [Bs| and [B;O;] but also affected by other defects,
such as E30K, H40K, and H140K+H152K. Changes in Ngg for EPI 06-71 are described in
section [6.4.3] The breakdown voltage shows a decrease with increasing Ty, in Fig. [6.13d]

which is due to the increase in N.g, leading to the enhancement of the electric field at the

same bias voltage.
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Figure 6.13: Current-voltage characteristics for 4 diodes with different initial resistivity
irradiated with the same ®., of 4.3 x 10" cm™2, and after different steps of
isochronal annealing from 100°C to 200°C. (a) 12-74 - 2 kQ - cm, (b) 09-73 -
250 Q- cm, (c) 06-71 - 50 2 - cm and (d) 01-73 - 10 © - cm. The red asterisks

indicate the full depletion voltages extracted from Fig. Measurement
condition: 7' = 20°C, humidity < 10%.
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Figure 6.14: C-V characteristics for 4 diodes with different initial resistivity irradiated
with the same @, of 4.3 x 10! cm™2, and after different steps of isochronal
annealing from 100 °C to 200°C. (a) 12-74 - 2k - cm, (b) 09-73 - 250 - cm,
(¢) 06-71 - 50 ©2-cm and (d) 01-73 - 10 Q- cm. Measurement condition:
T = 20°C, freq = 10 kHz, humidity < 10%, Vac = 0.5 V.

6.6.2 Frequency Dependent C'-V for EPI 12-74

The capacitance-voltage (C-V') measurements of EPI 12-74 diodes exhibited a frequency
dependence (see section . To investigate this effect, C-V curves were measured at
different frequencies after various annealing steps, and the results are shown in Fig. It
can be observed from Fig. that the capacitance-frequency dependence decreases with
increasing annealing temperature, indicating that the capacitance becomes less sensitive

to the measurement frequency after annealing. Possible reasons for this effect include:

1. The decrease in resistivity due to increasing Nog [65].

2. The effect of surface states, which is discussed in section
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C-V characteristics with different frequencies (230 Hz, 455 Hz, 1 kHz and
10 kHz) measured on EPI 12-74 irradiated with ®., = 4.3 x 10'* cm™2, and
after different annealing steps: (a) After 120 min at 80°C. (b) After 15 min
at 100°C. (c) After 15 min at 120°C. (d) After 15 min at 140°C. (e) After
15 min at 160°C. (f) After 15 min at 180°C. Measurement conditions can
be found in Fig. and Fig. [6.13]
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6.6.3 TSC Measurements
TSC Measurements with Different V},;,s and T

Figure shows the TSC spectra for diodes with varying resistivities and Tgy. It’s
interesting to note that, apart from the B;O; peak, all other peaks increase with an
increase in Tgy. For a more detailed analysis of the changes in peak amplitude with Tjy,
please refer to section[5.2.2] Moreover, the [B;O;] increases while the others decrease with

an increase in [By] (approximately Negp)-
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Figure 6.16: TSC spectra for different Ty of (a) 2 k2 - cm, (b) 250 2 - cm, (c¢) 50 Q- cm
and (d) 10 2 - cm diodes after 23 GeV proton irradiation with fluence value
P = 4.3 x 10" cm™2. Annealing steps can be found in the figures. Exper-
imental parameter of TSC: forward bias filling with Ig; = 1 mA. Vi, and
Tsn are indicated in the figures.

Figure 6.17] shows TSC spectra for diodes with varying resistivities and Vi.s. Fig-
ure [6.17a were measured with forward bias injection Ig; = 1 mA and different Vi,
values as indicated in the legend. Figure and Fig. were measured with majority
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Figure 6.17: (a) (b), (c) and (d) are the T'SC spectra with forward bias filling (/g = 1 mA)
different Vi,,s indicated in the legend (Absolute value) for diodes EPI 12-74,
EPI 09-73, EPI 06-71 and EPI 01-73. EPI 06-74, respectively. (e) and (f)
are TSC spectra with majority carriers filling (Vi = 0 V) and different Vs
indicated in the legend (Absolute value) for diodes EPI 06-71, EPI 01-73.
TSC parameters: Ti=10 K, others can be found in the figures.
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carrier injection, with Vi = 0 V and different Vj,;.s values as indicated in the legend.

TSC Spectra for Isothermal Annealing

In Fig. the TSC spectra with T, = 10 K measured on the diodes after isothermal
steps are presented. As can be seen, only the TSC spectra of E30K and H40K show
changes with t,,,. Compared to the results presented in Fig. , the changes in Neg (or
Via) of high resistivity materials (i.e., EPI 12-74 and EPI 09-73) are most likely caused
by the E30K and H40K defects.
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Figure 6.18: TSC spectra for (a) 2 k2 - cm, (b) 250 2 - cm, (¢) 50 2 - cm and (d) 10 © - cm
diodes after 23 GeV proton irradiation with the same fluence value indicated
in the figure, and after different isothermal annealing steps. Annealing steps

can be found in the legend. Experimental parameter of TSC: forward bias
filling with Ig; = 1 mA, Ti; = 10 K and Vi, indicated in the figure.
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Figure 6.19: TSC spectra for the diodes after different isochronal annealing steps indicated
in the figure. (a) and (b) are TSC with forward bias filling at Tg; = 10 K
and 30 K, respectively. Both are measured on EPI 09-73. (c) and (d) are
TSC with Vg = 10 V and 0 V at Ty = 10 K. Both are measured on EPI
06-71. (c¢) and (d) are TSC with Vg = 10 V and 0 V at Tz = 10 K. Both
are measured on EPI 01-73.
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TSC Spectra for Isochronal Annealing

The TSC spectra measured after isochronal annealing are presented in Fig. [6.19, As can
be seen here, the B;O; peak decreases when T,,, > 160 °C for the measured diodes. The
C;O; peak in the TSC spectra with Ts; = 100 °C shows stability for different T,,,. The

X-defect is stable with T,,, up to 180°C. In Fig. and Fig. [6.19b] the E30K peak

remains stable with isochronal annealing up to 200 °C.

Concentration of Different Defects in Different Diodes

The defect concentration as a function of T,,, is summarized in Fig.|6.20 The [B;O;] and
Neg for EPI 06-71 can be found in Fig. [6.§
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Defect concentration extracted from TSC spectra measured on the (a) EPI
12-74, (b) EPI 09-73, (¢) EPI 06-71 and (d) EPI 01-73 after different
isochronal annealing steps are presented. The parameters of TSC measure-

ment are shown in the legend.



6.6 Additional Materials

6.6.4 TS-Cap Measurements

The TS-Cap measurements were conducted on two low-resistivity diodes, namely EPI
06-72 (see Table [l and EPI 01-73. The measurements were performed at different bias
voltages (Viias), and the results are presented in Fig. for EPI 06-72 and Fig. [6.21b
for EPI 01-73.

In Fig. [6.2Ta], it can be observed that the emission of B;O; has a significant impact on
the capacitance (C') when Vi, is lower than the forward bias voltage (V44). This indicates
substantial changes in the depleted depth (W). Therefore, it is important to note that
the assumption of a constant W is not valid when Vi.s < Vig. The extracted defect
concentration in this study may introduce errors in this bias range.

For EPI 01-73, the changes in capacitance during the heating process are less than 2%.

Hence, the extracted defect concentration only introduces an error of approximately 2%

from the estimated W.
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Figure 6.21: (a) TS-Cap measurement on EPI 06-72 after isothermal annealing at 80°C
during .., = 120 min, the Vj,s during heating up indicated in the legend.
(b) TS-Cap measurement on EPI 01-73 after isochronal annealing at 100°C
during t,,, = 15 min, the Vj,;.s during heating up indicated in the legend.
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7 5.5 MeV Electron Irradiation

Note: This chapter is a copy of the published paper [159] with minor correc-
tions. The additional materials can be found after the conclusion.

Abstract: This study focuses on the properties of the B;O; (interstitial boron - in-
terstitial oxygen) and C;O; (interstitial Carbon - interstitial Oxygen) defect complexes
by 5.5 MeV electrons in low resistivity silicon. Two different types of diodes manufac-
tured on p-type epitaxial and Czochralski silicon with a resistivity of about 10 2-cm were
irradiated with fluence values between 1 x 10 cm™2 and 6 x 10® cm=2. Such diodes
cannot be fully depleted and thus the accurate evaluation of defect concentrations and
properties (activation energy, capture cross-section, concentration) from Thermally Stim-
ulated Currents (TSC) experiments alone is not possible. In this study, we demonstrate
that by performing Thermally Stimulated Capacitance (TS-Cap) experiments in similar
conditions to TSC measurements and developing theoretical models for simulating both
types of B;O; signals generated in TSC and TS-Cap measurements, accurate evaluations
can be performed. The changes of the position-dependent electric field, the effective
space charge density N.g profile as well as the occupation of the B;O; defect during the
electric field dependent electron emission, are simulated as a function of temperature.
The macroscopic properties (leakage current and N.g) extracted from current-voltage and

capacitance-voltage measurements at 20°C are also presented and discussed.

7.1 Motivation

In order to cope with extraordinary high particle rates up to 200 p—p collisions per bunch
crossing in High Luminosity Large Hadron Collider (HL-LHC) experiments, new types of
silicon sensors were developed e.g. Low Gain Avalanche Detectors (LGADs) [2] 3, [160],
and High Voltage CMOS devices (HV-CMOS) for inner tracking detectors [4, [5, 6l 7, [8].
Both types of sensors as well as the new pixel and strip devices will be manufactured
on boron doped (p-type) silicon. The degradation of the performance of these sensors is
due to the expected high radiation field. For instance, exposing the LGADs to a particle
radiation field leads to the reduction of the internal gain value with increasing fluence.
This degradation is caused by a deactivation of the active boron in the highly doped p-
type gain layer (about 5 x 101® cm™3), which leads to a reduction of the space charge and
consequently, a lowering of the electric field followed by a decrease in charge multiplication

in this layer.
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7 5.5 MeV Electron Irradiation

In general, the deactivation of the boron dopant is a process called boron removal. A
possible way to reduce boron removal is a co-implantation of carbon into the gain layer [3].
The assumed mechanism behind this effect is the competition between the displacement of
substitutional boron (Bg) and substitutional carbon (Cg) by primary silicon interstitials
(Sir) into interstitial positions (B;) and (C;), respectively. Both interstitial atoms are
mobile at room temperature and can react with different impurities, ending up e.g. in
the formation of B;O; or C;O; defects [15, 201 2], 22], 23], 24]. Although both defects have
donor states in the bandgap of silicon, the B;O; act as a trap for electrons and the C;O; as
hole trap. At room temperature (RT) the B;O; is positively charged and its concentration
affects the effective space charge density (Neg) while C;O; is in a neutral charge state with
no influence on Ngg. The C;O; defect has an energy level in the lower half of the bandgap
of silicon, with an activation energy of 0.36 eV and temperature dependent capture cross
sections for holes and electrons [24]. On the other hand, the B;O; defect is a coulombic
center having an energy level in the upper half of the silicon bandgap with activation
energy depending on the electric field, experimentally determined to be between 0.24 and
0.26 eV [23], and independent on temperature capture cross sections of 1 x 107'* cm? for
electrons and 1 x 1072 ¢m? for holes [15} 22].

The reactions with these defects are still under investigation and are of high relevance
for improving the radiation hardness of LGADs. In order to get more information about
the introduction of both defects and their interplay as well as a quantitative determination
of the boron removal rate, the main goal of this work is to accurately characterize the
radiation-induced defect complexes B;O; and C;0;, and evaluate the boron removal rate
in highly boron-doped silicon diodes with different carbon concentrations.

The investigated n™-p diodes were manufactured on 10 Q-cm p-type epitaxial silicon
(EPI) and Czochralski material (Cz), and exposed to high fluences of 5.5 MeV electrons
in the range of (1-6) x 10' cm™2. The radiation-induced defect complexes B;O; and C;0;
were investigated by means of the Thermally Stimulated Current technique (TSC). One
problem in the evaluation of the defect concentrations from the measured TSC spectra
arises from the fact that the irradiated low resistivity diodes can only be partially depleted
during the temperature scan, due to the limit of the maximal reverse voltage which can
be applied. That means, that the depleted volume is beforehand not known for the
temperature range of the charge emission of the defects. We show that this problem can
be overcome if in addition to TSC experiments Thermally Stimulated Capacitance (TS-
Cap) method is employed. This method allows the determination of the depleted volume
at any temperature.

The paper is structured as follows. In section the experimental details about the
used diodes manufactured on p-type epitaxial (EPI)- and Czochralski (Cz)-silicon, the ir-
radiation with 5.5 MeV electrons and the methods for the investigation of the macroscopic
and microscopic properties of the devices are presented. In section we provide the re-

sults of the current-voltage and capacitance-voltage measurements. Next, section [7.4]is
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7.2 Experimental Details

dedicated to TSC and TS-Cap experiments, data simulation and analyses, with a focus
on the boron-oxygen (B;O;) defect complex and its correlation with the boron removal

process.

7.2 Experimental Details

Table 7.1: Device information (* 1 MeV neutron equivalent fluence)

Label EPI-3 EPI-7 EPI-9 Cz-3 Cz-7
Negro (cm™3) 1.1 x 10"  1.1x10% 1.1x10% 1.05x10% 1.05x 10
Initial resistivity (€2 -cm) ~10 ~10 ~10 ~10 ~10

Electron fluence ®, (cm=2) 1 x 101% 4 x 101 6 x 101° 1 x 10% 4 x 101°
Fluence value @, (cm™2)* 3.98 x 1013 1.59 x 10 2.39 x 104 3.98 x 10'* 1.59 x 10

Area A (cm?) 0.0621 0.0621 0.0621 0.029 0.029
Thickness d (pum) 50 50 50 400 400
Carbon [Cy] (cm™®) 2 x 10% 2 x 10 2 x 10% 3 x 1016 3 x 1016
Oxygen [Og] (cm™3) 1.5x 1017 1.5 x 107 1.5 x 107 1.5x 10" 1.5 x 10%7

AR

-

(

(a) (b)

Figure 7.1: Overview of the diodes irradiated by 5.5 MeV electron. (a) Epitaxial, (b)
Czochralski.

All the investigated diodes are produced by the company — “Transistors” that belongs
to Integral (https://en.integral.by/). Five sets of n™-p silicon diodes with a deep diffusion
junction of 7.2 um depth were investigated [I6I]. Three of them (EPI-3, EPI-7, EPI-9)
are 50 pum thick epitaxial layers grown on a highly boron-doped Cz substrate of 525 um
thickness and resistivity of 0.006 €2-cm. Those three sets have the same boron content
of 1.1 x 10 cm™ in the epitaxial layer, corresponding to a resistivity of about 10 Q-cm.
The other two diodes (Cz-3, Cz-7. see Fig. were processed on p-type Cz silicon with
about the same resistivity of 10 Q2-cm and a thickness of about 400 um. Except for boron
the main impurities are oxygen and carbon. According to [21] the Cz and EPI diodes have

similar oxygen content, of ~1.5 x 10" cm ™3, while the carbon content differs, being in the
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range of 2-3 x 10 cm =3 and 1.5-2 x 10 cm ™2 in Cz and EPI, respectively. All diodes
have been manufactured without a guard ring structure [I61]. The distance between the
pad boundary and the chip edge is roughly 100 um for all diodes.

The irradiation with 5.5 MeV electrons was performed at room temperature using the
accelerator facility at Minsk. Since the range of 5.5 MeV electrons is much larger than the
thickness of the EPI- and the Cz-silicon the distribution of the radiation induced defects
is uniform throughout the whole bulk of the material. More detailed information can be
found in [124]. The achieved fluence values were in the range of (1-6) x 10'® cm~2. For
the calculation of the corresponding 1 MeV neutron equivalent values, a hardness factor
of 0.0398 was used according to the Non-lonizing Energy Loss (NIEL) data of I. Jun et
al. [162]. More detailed information of the investigated diodes is summarized in Table[7.1]

The macroscopic device performance of the investigated diodes was measured by means
of current-voltage (/-V') and capacitance-voltage (C-V') characteristics. The radiation
induced changes in the effective space charge density N.g and the full depletion voltage
Vtq were determined from C'-V measurements at 10 kHz. The capacitances were measured
with a LCR meter in parallel mode.

For the characterization of the radiation induced electrically active defects, the T'SC and
TS-Cap methods were used [11], [52], 130} 133, [134]. The experimental setup consists of a
closed cycle helium cryostat Model SRDK-205 (Sumitomo Heavy Industries, Ltd, Japan)
equipped with a temperature controller Model 340 (Lake Shore, US) and a Keithly 6517A
electrometer with a voltage source. For the TS-Cap a LCR meter 4263B from Hewlett
Packard is used. The experimental procedure consists of cooling down the sample under
zero bias to low temperatures (typically 10 K) where filling of the defects is performed for
30 s either by forward biasing of the diode (electron and hole injection by injecting 1 mA
forward current) or 0V filling (only majority carrier (hole) injection). Then, the diode is
reverse biased and a temperature scan is then recorded by measuring the diode current
(TSC) or capacitance (TS-Cap) during heating up the device with a constant rate of g =
0.183Ks™! [I1]. It should be mentioned here that the range of the reverse bias was chosen
that way that the current density was below the soft breakdown. For example for EPI-3
and Cz-3 Vias < 100 V. Isothermal annealing experiments were performed up to 120 min
at a temperature of 80°C for all irradiated diodes, with the subsequent evaluation of the

macroscopic and microscopic properties.

7.3 -V and C-V Measurements

In this section, the measured I-V and C-V characteristics of the irradiated sensors are
presented and discussed. As an example, in Fig. the I-V curves of all EPI- and
Cz-diodes irradiated with different fluences are shown. As it can be seen, for all diodes,
except EPI-9 irradiated to 6 x 10 cm™2, a so-called soft breakdown occurs at a certain

bias voltage. Such behaviour may have different reasons, e.g. the diodes have no guard
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7.3 I-V and C-V Measurements

ring limiting the current to the active pad size and excluding contributions from the outer
surface region or edge and/or the high electric field near to the n*-p junction triggers
trap assisted Poole Frenkel [16] or tunnelling effects [137]. Nevertheless, determining the
depleted depth w(V') from C-V characteristics (Fig. and and assuming that the
active area A is given by the n™-pad size, the depleted volume V., = A - w(V') has been
calculated and used for estimating the leakage current density j; = I/V, as a function of
the applied bias voltage shown in Fig.[7.2d] One would expect flat curves if edge effects
and soft breakdown could be neglected. However, a soft breakdown behaviour is observed
in all diodes, except EPI-9. According to Fig. m w is plotted as a function of vV,
in the vV range of (6-10) V%® (V between 36 V and 100 V), where the edge effects do
not contribute to the rise of the current, w is proportional to vV (except for the diode
Cz-7), a typical for the bulk generation current. An average current density J; was taken
in the voltage range from 50V to 100V, where, a small linear increase of the current is
recorded, due to the extension of the electric field in the lateral area of the electrodes in

the absence of grounded guard rings.

The average values J; of the current densities are plotted as function of the electron
fluence ®, in Fig. [7.3] showing an approximately linear increase. The current related

damage parameter «, given by:

AUy
AD,

had been evaluated to o = (3.2 +0.2) x 107" Aem™!. Such a small « value was also

a (7.1)

observed in previous experiments on 5.5 MeV electron damage induced in n-type sili-
con [I4] 163]. Accounting for the hardness factor of 0.0398 the current related damage
parameter becomes o = 0.8 x 10717 A cm ™!, being much smaller compared to the value
of « =4 x 107" Acm™! determined for hadron irradiation and an annealing of 80 min at
60°C (see e.g. [111, 164, [165]).

The C-V characteristics were measured for 4 different frequencies (230 Hz, 445 Hz, 1 kHz
and 10kHz). A slight frequency dependence is observed and the related explanation can
be found in reference [65] 67]. The relative deviations measured at 200 V between the

values measured at frequencies of 230 Hz and 10kHz are below 4% for all the samples.

The effective space charge density profile Neg(w(V')) and the depletion depth w(V') were
extracted from the 10 kHz C-V curves (see Fig. [7.2b]) according to Eq. and Eq. [7.3}

2
NealV) = s djcn jav (72)
€€, A
w(V) = o) (7.3)

Where C' is the measured capacitance, ¢, is the permittivity of vacuum, e, the relative

permittivity of silicon (11.9), qo is the elementary charge, A is the active pad area. Fig-
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Figure 7.2: (a) Current-voltage characteristics of the 10 Q-cm diodes, irradiated with
5.5MeV electrons ®, = 1, 4, 6 x 10 cm~2. Measurements conditions:
T = 20°C, humidity < 10%. (b) C-V characteristics and (c) Depleted Depth
vs V'V of the same 10 2-cm diodes presented (a). Measurements conditions:
Vac = 0.5 V. Frequency = 10 kHz. (d) Density of leakage current (j;) versus
bias voltage V.
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Figure 7.3: Average current density J; vs. electron fluence (details see text).

ure [7.4] presents the calculated Neg(w(V')) profiles for the EPI- and Cz-diodes, irradiated

with different fluences.

With increasing fluence, the profiles of N.g are shifting to lower values, a fact that
is expected mainly due to the deactivation of the initial boron concentration caused by
irradiation, the so-called boron removal effect. Of course, some hole traps e.g. H140K
and H152K will also affect the space charge density Neg but their concentrations are
much smaller compared to the concentration of the B;O; defect ([H140K + H152K] ~
2.5 x 10% em™ and [B;0Oy] ~ 4.5 x 10!* ecm ™ in EPI-9).

The isothermal annealing behaviour of the generation current density J; at 80°C is de-
picted in Fig. The observed changes with annealing time are much smaller compared
to the ones observed for a 23 GeV proton irradiated 10 Q-cm EPI-diode, which are also
included in Fig. [7.5([23].

Due to the significant affection by lateral effect especially in Cz diodes, it is deserved
to mention the error in the extracted N.g and j;. In this work, the lateral effect was
estimated by the difference on j; as shown in Fig. [7.2d] under the assumption that the
lateral effect in EPI diodes can be neglected. Thus, for applied bias voltages of 100 V
and 200 V, the error will rise from 0.7% up to 36% for Cz-3 and from 5% to 49% for
Cz-7, respectively. The Vi = 100 V corresponds to depleted depths of about 11 pum
and 14 um for the diode Cz-3 and Cz-7, respectively. Only the J; values from EPI-diodes
were used to extract o. Thus the error for the J; was estimated from the bias interval
for averaging and resulted in a value of 3%. This introduces an uncertainty of 5% in the

obtained « value.
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Figure 7.4: N.g profile of the diodes irradiated with different fluences. The data were
evaluated from C-V measurements (Fig. [7.2b)) at room temperature by using

Eq. and Eq.[7.3]

7.4 Results from TSC and TS-Cap Measurements

The Thermally Stimulated measurement techniques were used to investigate the defect
complexes induced by irradiation with 5.5 MeV electrons, especially the boron-oxygen
(B;O;) and the carbon-oxygen (C;0O;) defects in the EPI- and Cz-materials. Figure
shows the TSC spectra measured on all diodes (EPI- and Cz-samples) irradiated with
different fluences after injecting both electrons and holes (1 mA forward injection) at
10 K. Figure [7.6b| presents the spectra of the same diodes after filling the traps only
with holes by cooling the sample to 10 K under 0 V. As can be seen here, the dominant
TSC signal occurs at about 150 K and is attributed to the carbon-oxygen (C;0;) defect
complex. The C;0O; signal height in Cz-diodes is much larger compared to the EPI-diodes
at the same fluence, due to the higher concentration of carbon in Cz silicon (see Table[7.1)).
While Fig. shows only the TSC peaks corresponding to hole traps, Fig. reveals
also the ones corresponding to electron traps which can be filled by a forward current
injection. As it can be seen in Fig. there is a dominant peak in the temperature
range between 90 K and 100 K that is not even traced in the spectra depicted in Fig.
corresponding to hole traps only. This dominant peak corresponds to an electron trap,
increases with increasing fluence, shows a dependence on the electric field in the sensor,
the so-called Poole-Frenkel effect [135, 130}, [16] as well as a dependence on the impurity
content (boron, oxygen, carbon) in the material [I5] 21, 20, TOT] and thus, it is attributed
to the B;O; defect complex. Also, theoretical calculations support this identification [I0T].
Because the diodes cannot always be fully depleted during the temperature scan and for

a better comparison of the different spectra, the measured currents shown in Fig.
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Figure 7.5: J; versus. annealing times at 80 °C. The data for 23 GeV proton irradiation
correspond to a 10 Q-cm resistivity EPI-diodes with A = 0.06927 cm?, and
have similar Ngg and d to electron irradiated EPI-diodes.

and had been normalized to the active depleted volume (Viqi(V.T) = A - w(V,T)).
The w(V,T) values were extracted from the corresponding T'S-Cap measurements.

The TS-Cap data are presented in Fig. and Fig. [7.6d| corresponding to the TSC
spectra shown in Fig. and Fig. [7.6D] respectively. For the case of forward current
injection the TS-Cap measurements show a drop of the capacitance values in the tem-
perature range of the B;O; emission. This correlates with the change of the B;O; defect
charge state, being neutral when occupied with an electron at temperatures before the
emission starts and positively charged after the electron is thermally emitted. This leads
to a change of the space charge density to a less negative value, corresponding to an
increase in the space charge width and consequently to the drop of the capacitance men-
tioned above. On the other hand, the increase of the capacitance in the range of the C;0;
emission (Fig. [7.6d)) is due to the change of the charge state of the C;O; from positive
(occupied by holes) to the neutral state after the holes emission. Thus, the space charge
density changes from less negative to more negative leading to a decrease in the space
charge width w(V,T) and an increase of the capacitance at the given bias voltage. In
both cases, the defect concentration can be determined despite the fact that the detector
is not fully depleted, as the TS-Cap data can be used to determine the depletion depth
at any temperature (see section 4.1.). Further, it is known that the B,O; is a coulombic
center [I5], TOT] and thus the electron emission from this defect is governed by the Poole-
Frenkel effect, manifesting in a shift of the T'SC peak position to lower temperatures with
increasing bias voltage. A related shift is then also observed in the T'S-Cap curves (see
e.g. Fig. .

A quantitative evaluation of defect concentrations from TSC spectra of not fully de-
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Figure 7.6: (a) TSC Spectra after trap filling by forward current injection and (b) after

110

filling with majority carriers (holes). Both types of spectra are measured on

EPI-(EPI-3, 7, 9) and Cz-diodes (Cz-3, 7) after irradiation with 5.5 MeV elec-
trons, fluences of ®, = 1, 4, 6 x 10'® cm~2. The applied bias voltages are

indicated in the legends and each diode current is normalized to their indi-

vidual depleted volume (normalization factor 1/(A-w)), A = active pad area,
w(V,T) = depleted depth. (c) and (d) are the TS-Cap measurements cor-

responding to figures (a) and (b), respectively. The capacitance values are

normalized to the pad area of each diode.
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Figure 7.7: Temperature shift of the B;O; TSC peak in the case of EPI-7 diode (P, =
4 x 10 ecm™2) for different bias voltages (top) and the corresponding shifts
of the TS-Cap curves (bottom). The shifts are indicated by vertical lines
between the TSC peak maxima and the turning point of the TS-Cap curves.

pleted diodes is only possible if the changes of the depleted depth in the corresponding

temperature ranges are known. This issue will be discussed in the following section.

7.4.1 Evaluation of Concentrations in Case of Partially Depleted

Sensors

The TSC method and evaluation of defect properties are described in detail in numerous
publications [T11, (52], 130} 133], 134]. In our case of not fully depleted devices and the traps
homogeneously distributed in the bulk, the current for emission from an isolated electron

trap I$¢-(7T) with the concentration n.(7p), is:

) o),
e oT) = qoAny(Th) /0 e ) (T.a)d (7.4)
B,
en = Op-Umn- Neo-exp <_kBT) (7.5)
E/
= oty Ny exp (5 ) (76)

(1) = exp (—% / (enlT) 4 ep(T) dT') &

To



7 5.5 MeV Electron Irradiation

where T is the measured temperature, w(7") the depleted depth at temperature 7', z is
the coordinate of the depth in the depleted region, e, and e, are the emission rates for
electrons and holes, respectively, No and Ny are the density of states in the conduction
band and valence band, respectively. The activation energy for electrons is £, = Ec — E;
and for holes E! = E; — Ey, where F; is the energy level of the electron traps and
Ecy the conduction and valence band edge, respectively. oy, is the cross section for
electrons and holes, vy, ,, is the thermal velocity for electrons and holes. kp is the
Boltzmann constant, f(7") describes the fraction of the defects occupied by electrons
at temperature T, [ is the heating rate and n,(Tp) is the density of defects that are
filled with electrons at Ty. The Ng, Ny, v, values were taken from [I0I] (Noy =

N\ 3/2
2.540933 x 10" x (;—COV> (%)3/2). Eq. [7.4] defines the total current which accounts
for the conduction and the displacement currents [I30]. When f(7') and e,(7) are not

position dependent the Eq.[7.4] can be simplified to:
1
rsc(l) = 5 a0 A w(l)-eu(T) m(To) - f(T) (7.8)

In the investigated p-type diodes, the B;O; defect, on which this study is focusing, is
detected in a TSC experiment only if electrons can be injected at low temperature. This is
done by forward biasing the diodes at 10 K injecting both electrons and holes. According
to [22] the capture cross section for holes of the B;O; defect is neglectable compared with
the capture cross section of electrons and thus, n; is equal to the defect concentration
Ny, and e, can be neglected. Thus, the B;O; defect concentration can be determined by
integrating the TSC corresponding signal after filling with forward bias given by Eq.

and considering the depleted volume:

_ 2 T Iggo(T) o 2 e

where jis. is the thermally stimulated current density, T, and T, are the temperature of
the start and the end of the electron emission of the defect, respectively. It should be
mentioned here that Eq. is only valid if the defect concentration and the emission rate
are position independent. For the investigated irradiated diodes, three different situations

have to be considered when evaluating the B;O; concentration:

(i) At the lowest fluence of 1 x 10 cm™2 the diodes EPI-3 and Cz-3 are partially
depleted before and after emission of the defect for all the applied bias voltages. As it
can be observed in Fig. the capacitance stays nearly constant, i.e. also the depletion
depth w(T') is constant in the temperature range of interest. Therefore, Eq. can be
simplified to:

2 Te e (T) 2_@
N, = 2 [ s g 2:Q 1
! /Ts A-w d qoAw (7.10)
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7.4 Results from TSC and TS-Cap Measurements

Where w can be extracted from TS-Cap data as an average value in the range T to T..

(ii) The sensor is partially depleted before emission and fully depleted after emission.
This holds for the device EPI-9, which was irradiated to ®, = 6 x 10> cm~2. In this case,
the concentration can be evaluated from the TSC spectrum only if w(T) is extracted from
TS-Cap measurements.

(iii) Similar to case (i), the sensors are partially depleted before and after emission, but
C(T) or w(T) shows visible changes in the temperature range where the electron emission
from the defect takes place(see Fig. and for the diodes EPI-7 and Cz-7). In this
case, the corresponding defect concentration can be directly extracted from the TS-Cap
measurement as described in the following.

For high defect concentration where the change in the occupancy of the defects due
to the thermal emission of captured electrons or holes leads to measurable variations of
the capacitance with increasing temperature, the T'S-Cap method can be used to extract
the defect concentration. For the B;O; defect the T'S-Cap can be described, in the 1-D
approach, by the following equations:

€0, A
C(T) = w(T) (7.11)
with
5 2606, (V + Vi)
) = NG 2
where
(1) = No— Ny - (1= f(T)) (7.13)

Here C(T') is the capacitance of the device at temperature 7" and for a given bias voltage
V', Vi is the build-in voltage, which is negligible compared to the applied bias voltage V.
The term Ny in Eq. denotes the absolute N.g value before the start of the electron
emission of B;O;, i.e when all defect centers are neutral and their contribution to the
effective space charge concentration is 0. The second term in Eq. accounts for the
donor character of the B;O; defect, becoming positively charged after thermal emission of
captured electrons and thus leading to a progressive reduction of Ny with increasing the
temperature until the electron emission from the defect ends. Assuming no other defects

with similar emission rates are present, [B;O;] is given by:

2¢p€, V 1 1
[BiOi] = ” (wQ(TS>—w2(Te)> (7.14)

Here w(T) is extracted from Eq. and T and T, are the temperatures before and after
the electron emission from B;O;, respectively.
In Fig. the B;O; and the C;O; concentrations extracted from the TSC and TS-
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7 5.5 MeV Electron Irradiation

Cap measurements as a function of the 5.5MeV electron fluence @, are plotted for EPI-
and Cz-materials. They were extracted by Eq. in the temperature range 80-105 K
for [B;O;] and 120-155 K for [C;O;]. Included are also the Ny values for both materials
as extracted from C-V measurements performed at room temperature. Assuming the
boron removal rate R = [(ANeg)/(APeq)|, values of 2.18 cm™! and 3.7 cm™! can be
extracted by linear fitting of the curves in Fig. for Cz and EPI, respectively. The
difference of 41% between the Cz and the EPI rates is attributed to the different amounts
of carbon content in both materials as given in Table For the EPI-diodes the change
of Neg with fluence is roughly a factor 2 larger compared with the increase of the B;0;
concentration. This can be explained by the boron removal process, i.e. the negatively
charged substitutional boron By is transformed into a positively charged B;O;" defect (B7
— B;O;"). For the Cz-material this cannot be stated due to the strong non-uniform profile
of the space charge density (see Fig. [8.4). The introduction rates gp,0, = [B;iO;]/Peq and
g0, =[Ci04]/Peq were extracted from the linear increase with fluence, and are plotted
in Fig. as a function of the carbon content in the EPI- and Cz-diodes. It is obvious
that the generation rate of the B;O; is much lower for the material with the higher carbon
content. On the other hand, the increase of the C;O; generation rate with increasing
carbon content is an indication for the beneficial effect the carbon impurity in reducing
the creation of B;O;. This dependence on the carbon concentration has led to the approach

of carbon co-implantation into the gain layer of LGADs in order to improve their radiation

hardness [3].
1e15 _ 5
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Figure 7.8: (a) Dependence of the effective doping density Neg, B;O; and C,O; defect
concentration on the 5.5 MeV electrons fluence for EPI- and Cz- diodes. The
Neg values were extracted from Fig. in the bias range of 1-100 V and 1-
20 V for EPI and Cz diodes, respectively. (b) Variation of ¢gp,0, and g¢,0, as a
function of the Carbon content for EPI- and Cz- diodes. Included is the gp,0,
value after irradiating a 10 Q-cm EPI diode with 23 GeV protons at ®.q =
4.3 x 10" cm™3.
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7.4 Results from TSC and TS-Cap Measurements

Included in Fig. is also the introduction rate of B;O; for an EPI-diode with the
same Neg o and irradiated with the same ®, of 23 GeV protons as the irradiation with
5.5MeV electrons. As it can be seen, the generation rate of B;O; defect after 5.5 MeV
electron irradiation is about a factor 1.6 larger than the value determined after irradiation
with 23 GeV protons.

In principle, both TSC and TS-Cap are performed with V. where the lateral effect is
not significant. However, the obtained concentrations strongly depend on the integration
ranges of the TSC spectra or the selection of Ty and T,. Thus, in this work, the error of
the extracted B;O; concentrations is given by varying 7 from 75 K to 80 K. The obtained
errors for EPI-3, 7, 9 are 5%, 8% and 9%, for Cz-3 and 7 are 5% and 6%, respectively. The
slightly increasing errors are caused by the overlapping peak at the low temperature tail
possibly related to the X-defect. The estimated error of the Nog value shown in Fig.
are due to the selected interval of averaging the data (see Fig. . They are about 3%
for all EPI diodes and 5% for Cz-3. For Cz-7 the estimated error is 20% due to the

non-uniform profile.

7.4.2 Simulation of TSC and TS-Cap Data for the B;0; Defect

Compared to the TSC and DLTS methods the TS-Cap technique is rarely used to get in-
formation about radiation induced defects. However, when high concentrations of defects
are involved, the method delivers important information on the changes in the depletion
depth during a temperature scan from 10 K up to room temperature, which can be used,
via developing simulation models, to determine the defect type (capturing electrons or
holes) and trapping parameters (activation energy, capture cross section of the emitted
charge) as well as its concentration. In our simulations the following assumptions are

made:

e Lateral effects are neglected.
e The device is partially depleted in the temperature range of interest.

e The series resistance of the non-depleted part of the device can be neglected.

Because the B;O; is a coulombic trap center, the emission rate e, is not anymore a
constant quantity with respect to the applied bias voltage, but field dependent. By
accounting for the 3-D Poole-Frenkel effect, the emission rate can be expressed by [135],
136, [16]:

() = ena)- | () @ 0= 14D+ (7.15

where
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Q0|E| do
= 2= 2 7.16
7 weoe, kT ( )

and e, o denotes the field independent emission rate with the so-called zero field acti-
vation energy F, = L. ]E | is the electric field in the sensor bulk and depends on the
position x in the depleted zone. According to the reference [136], the Poole-Frenkel effect
is given by the electrostatic energy of an electron which is attracted to a single charged
positive ion under the influence of a uniform applied electric field (see Fig. . In the
diodes, especially highly doped ones, such an assumption might not be fully valid, since
the electric field distribution is not uniform. Thus, in this paper, we introduce a parame-
ter £ to modify the force between the positively charged ion and the electron. Therefore,

the v value is modified to:

QOlﬁ‘ do
= . 7.17
=6 nege, kT ( )
In this case the Eq. has to be revised to:
Neg(T,x) = No — [BiOy] - (1 = (T, 2)) (7.18)

Furthermore, the electric field distribution E(T,z) in the depleted bulk of the diodes is

calculated from the corresponding Poisson equation:

!

ff(T7 l‘)
dx €0Er

€

dE(T, - N,

( ) _ % (7.19)
The electric field F, the occupation fraction f and the N;H are temperature and position
dependent. For coulombic centers, the emission rate e?/ has to be used for calculating

the occupation fraction defined in Eq. [7.7]

Considering the involved set of equations, an analytical solution for simulating the TSC
and TS-Cap measurements will be extremely complicated. Therefore, the finite element
method is used for simulating the experimental data. The details are presented in the
section [[.4.3]

In the following part, the simulation results and comparison with the corresponding
TS-Cap and TSC measurements will be presented for two devices, both annealed for 2 h
at 80 °C after irradiation: the electron irradiated sample EPI-7 (see Table [7.1)) and a 50
Q-cm p-type diode irradiated with ®., = 4.3 x 10'* cm™2 23 GeV protons for which more
detailed information can be found in reference [23]. The measurement parameter for both
diodes is the same, i.e. V05 = -100 V, heating rate § = 0.183 K/s and the frequency for
the capacitance measurement f = 10 kHz.

All parameters, the fixed and the adjusted ones, used for the simulations of both diodes
are summarized in Table [7.2] For the presented data, the details about Ny can be found
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Figure 7.9: Simulation results of the B;O; generating signals in EPI-7 diode: (a) TS-Cap,
comparison with experiment; (b) density of TSC signal, comparison with the
measured spectra; (c¢) and (d) the electric field distribution and the Ny profile,
respectively, for different temperatures, from 80 K to 110 K, in steps of 5 K.
All simulations and given experimental data correspond to a reverse bias of
100 V applied during TS-Cap and TSC temperature scans.

Table 7.2: Parameters of simulation. Adjusted parameters are indicated by *. The E(T, x
represents the position and temperature dependent electric field and < E(T') >
is the average electric field in the diodes

Methods TS-Cap  TSC TS-Cap TSC TS-Cap TSC
Irradiation Proton Proton Electron Electron Electron Electron
Assumption E(T,z) E(T,z) E(T,z) ET,x) <ET)> <ET)>
Nego (10 cm™3) 1.1 1.1 5.1 5.1 5.1 5.1
[B;Oi] (10" cm™3)* 3.5 3.3 23 16 23 16
Eq. (eV)* 0.265 0.273 0.258 0.258 0.284 0.284
o, (1071 cm?) 1.05 1.05 1.05 1.05 1.05 1.05
Area A (cm?) 0.06927 0.06927  0.0621  0.0.0621  0.0.0621 0.0.0621
&* 0.85 0.85 0.5 0.5 1 1
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Figure 7.10: Simulation results of the B;O; generating signals in a 50 Q-cm EPI diode
irradiated with 23 GeV protons up to ®eq = 4.3 x 10'* cm™2: (a) TS-Cap,
comparison with experiment; (b) density of TSC signal, comparison with the
measured spectra; (c¢) and (d) the electric field distribution and the doping
profile, respectively, for different temperatures, from 80 K to 110 K, in steps
of 5 K. All simulations and given experimental data correspond to a reverse
bias of 100 V applied during TS-Cap and TSC temperature scans.
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7.4 Results from TSC and TS-Cap Measurements

in the Appendix. In order to reproduce the TS-Cap measurement (see Fig. and
Fig. , the [B;O;] was extracted via Eq. . For getting a better fit to the data, the
[B;O;] for the simulation of the TSC spectrum (see Fig. and Fig. [7.10b]) is adjusted.
The [B;0O;] extracted from the TSC spectrum by integration from 80 K to 105 K is about
13 % larger compared to the value used for the simulation. This difference is due to
the low temperature tail in the spectrum which was not reproduced in the simulation.
The significant difference of [B;O;] between T'S-Cap and TSC is caused by some unknown
effect.

In principle, the E,g is known with value in between 0.27-0.28 eV [23] with fixed o,, =
1.05 x 10~ cm?. However, in this work, for matching the data the essential adjustment
was applied for different measurements. The difference of E,q between TSC and T'S-Cap
measurements for proton irradiated diode is due to the difference in the temperature of
the peak maximum T},., in the TSC spectrum and the temperature of the turning point
in the TS-Cap curve. The related effect is still unknown. The difference of F,y between
the proton and electron irradiated devices might be caused by the different production
technology of both devices, the diode with a guard ring (p irradiated) and the other one
without. The explanation can be proved by comparing the results from the EPI-diode
irradiated with protons ([23]). This diode has roughly the same E,y as the one presented
in Table for proton irradiation. Another possible effect, which might be responsible
for the difference of the E,y values, could be that the proton irradiation introduces a
clustering of the B;O; defects, leading to a change of the TSC peak shape [107].

The difference in E,o between the two different electric field distributions (linear elec-
tric field E(z) and homogeneous electric field distribution < E(7") >) is 26 meV (~10%).
The reason for this difference can be understood by the fact that the emission rate
eP! (T, E(z), E4) depends exponentially on the electric field distribution. At a specific
temperature 7', the emission rate is enhancing with F/(z) and is decreasing when increas-
ing the F,o values. Thus, for the same bias voltage, the values of E(T, ) in the case of
linear field distribution and of the average electric field < E(7T) > coincide only in the
middle of the depleted width, in the front region of the junction E(T,z) being larger than
< FE(T) > and in the back side smaller. Consequently, the same measured TSC signal
can be reproduced in both cases if in the calculation of the emission rates the values of
E. and £ are smaller for a linear distribution of the electric field than for the constant,
average one. This has with respect to the emission rate to be compensated by a lower
Eo or a lower £ value compared to the constant field case in order to reproduce the same
measured TSC signal.

The other adjusted parameter is the defined £. Due to the fact that by using Eq.[7.16]the
experimental data could not be reproduced this constant £ was introduced for modifying
the field dependence in the Poole-Frenkel effect.

The simulation results for the EPI-7 diode are displayed in Fig. m (a-d). In order to
reproduce the TS-Cap measurement (Fig. the B;O; concentration was extracted via
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7 5.5 MeV Electron Irradiation

the Eq. the £ value for the Poole-Frenkel effect was set to & = 0.5 and the zero-
field activation energy E,o = 0.258 eV. With the same values for ¢ and E,, parameters
but a lower B;O; concentration, the TSC signal could be reproduced in the temperature
range between 90 K and 105 K. The low temperature tail, which cannot be described by
the simulation, is most probably due to the so-called X-defect (see Fig. |7.6a] and [7.6b)).

Contrary to the TSC case, where the charge emission from the X defect can be separated

from that of the B;O; defect, in T'S-Cap measurements the contributions of both defects
cannot be separated. Therefore, the concentration extracted from the TS-Cap curve is

larger compared to the value derived from the TSC spectrum.

Included in Fig. and are also the results from simulations which use the
position independent average electric field < E(T) > = Vjias/w(T) where w(T) is given
by:

25057" %ias

wil) = QONéﬁf(T)

(7.20)

Here N.4(T) is constant over the depth of the diode and given by Eq. where f(T)
is calculated with the average electric field < E(T") > of the previous temperature step.
For this case, the value ¢ = 1 and a higher zero-field activation energy of E,y = 0.284 eV

is needed in the simulation, in order to get the best fit to the experimental data.

In Fig. and the electric field distribution and the N.g profiles as a function
of the depleted depth are plotted for temperatures between 80 K and 110 K in steps of
5 K. As it can be seen in Fig. [7.9¢, with increasing the temperature, the maximal value
of E(Ty,z = 0) decreases and the depleted depth increases. This corresponds to the
development of the effective space charge density Néﬂc(Tk, x) for the different temperature
steps as shown in Fig. [7.9d] Further, the distribution of the electric field shows a constant
gradient before and after the B;O; emission (below 85 K and above 100 K) and position
dependent gradients during emission of the B;O; in the range between 85 K and 100 K.
This is due to the non-uniform distributed space charge density resulting from the field

dependent emission from the defect energy level.

Similar simulations have been performed for the 23 GeV proton irradiated diode and
the results are presented in Fig. As it can be seen, the simulation of the T'S-Cap
signal, shown in Fig. is in excellent agreement with the measured data. In this
case, the parameters from the measured C(T') curve, by using the same procedure as for
the electron irradiated diode, are £ = 0.85, E, o = 0.265 eV and [B;O;] = 3.5 x 10" cm 3.
In Fig. the corresponding TSC data and simulated spectra are given. Also in
this case the simulation reproduces the data very well, but compared with the TS-Cap
simulations, the best agreement is found for slightly different E,, and [B;O;] values,
of E,p = 0.273 eV and [B;O;] = 3.3 x 10'® cm™>. The & value is the same for both
simulations. The distributions of the electric field and the N.g profiles are plotted in
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7.4 Results from TSC and TS-Cap Measurements

Fig.[7.10d and [7.10d| for temperatures between 80 K and 110 K in steps of 5 K. In this case,

the maximal electric field F(Ty,x = 0) also decreases with increasing the temperature

while the depleted region depth increases. The main difference to the electron irradiated

device is the lower field strength in the bulk.

7.4.3 Finite Element Method
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Figure 7.11: (a) Schematic of finite elements approach applied for describing the field
dependent B;O; emission in TS measurements. The band gap structure has
been divided into n layers by blue lines. (b) simulation procedure.

In this section, the simulation procedure for the TS-Cap and the TSC spectra of the
B;O; defect will be described. The simulations are performed by using Python software.
The bulk of the sensor is divided into n sufficient thin layers of a thickness j= = d/n, where
d is the thickness of the EPI- or Cz-silicon (see Fig. |7.11a))). The index 7 in Fig.
runs from 0 to n and the boundary between the depleted and the non-depleted region is
labelled my. The index k indicates the temperature step T and varies between 0 (the
start temperature 7p) and f (the final temperature 7).

As the emission rate of the B;O; defect is governed by the 3-D Poole-Frenkel effect
(Eq. Eq. and Eq. the applied electric field distribution F(7’, x) has to be
calculated via the Poisson equation (Eq. for a known effective space charge density
N.4(T,z) (Eq.[7.18). Considering the finite element method mentioned above, the Poisson

equation can be written as:

. quelsz,k,z‘ ﬂ

Eriti— By = (7.21)
)
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7 5.5 MeV Electron Irradiation

Considering the boundary condition between the depleted and the non-depleted region

the Ej; is given by (according to Eq. [7.21)):

By = %_que% 4 0Ny d (7.23)
o A S S '

where the index j is used to sum N’ g ; for layer ¢ from 0 to the boundary or the indicated
layer i. Further, the applied bias voltage Vj,;,s is given by the sum of all electric field steps

E}; up to the temperature dependent my, value, as given by:

mg d
Viias = Z Ek:,z' : ﬁ (724)

This equation (Eq. [7.24) is then used to calculate my by rising my from 0 up to the
value that fulfils Eq. Thus for the description of Eq. [7.24], the only unknown
parameter for obtain the Ej; is Ne'ff,kji. In Eq. m N,

(S

i Cal be obtained by f;, which

in finite elements method can be written to:

k
AT;
friri = exp <— > #%m’) (7.25)
§=0

where the index j was used to sum the emission rate from temperature T; to the 7). And
the Eq. can be changed to:

’

Negri = No — [BiOi] - (1 = frs) (7.26)

Considering the 3-D Poole Frenkel effect, the emission rate can be written to:

E,
o= aanion ()

(7.27)

1 1
— | (€™ (ya + 1)) + 5
(vzﬂ)( (ma+ 1)) + 5

[@| Bkl qo
=& — . 7.28
T, 5 TEQE kBTk ( )

2

with

For the electron capture cross section we used the value of ¢, = 1.05 x 107'* cm
determined experimentally in [22]. The zero field activation energy of the B;O; defect,
E.o, was previously determined to be between 0.271 eV and 0.288 eV for silicon diodes with
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resistivities varying from 50 Q-cm to 2 kQ2-cm and irradiated with 23 GeV protons [23].
E, values were tuned for getting the best fit between simulated and measured data, and
all parameters used in the simulation are given in Table . The concentration [B;O;]
used for TS-Cap simulation was extracted from the TS-Cap measurement according to
Eq.

The initial conditions for T}, N /ﬁ‘,k,m eﬁfm, fri, n and the applied bias voltage Vias

€

are: Tp = 40 K, Ne'fmi (No) as extracted from TS-Cap at 80 K, 63';{071» =0, foa=1,n=
1000 and Vjies = -100 V. Then, it is obtained that for initial (Ty = 40 K) electric field
distribution Ey; linear decreases from 1.2 x 10° and 5.8 x 10* to 0 V/cm for 5.5 MeV
electrons with ®, = 4 x 10" cm™2 and 23 GeV protons @, = 6.91 x 10" cm ™2 irradiation,
respectively. And it was also given that the mg is equal to 320 and 690 for electrons and
protons irradiation, respectively. Such values were extracted from Eq. and Eq. [7.24]
Next, these values were used to calculate the emission rate eﬁ’fu, f1,; and Néml’i (Eq.
, with which the distribution of the electric field F;; and m, are calculated. This
step by step calculation continues until the final temperature T is reached. Also, the
temperature dependent depletion depth is calculated according to w(Ty) = my -d/n. The
selected T, must be higher than the temperature of the end of emission, which in this
work T, = 120 K was chosen for simulation. The TSC values at T}, can also be calculated

according to:

my - d

¢ J d

Ifscr = qu[BiOi]Zw(Tk)'eZ{k,j'ka'ﬁ (7.29)
=0

Considering the depleted depth extracted from the TS-Cap measurements, the TSC spec-

trum was also simulated and compared with the measured data.

7.5 Conclusion

In this work investigations of radiation damage of silicon diodes manufactured on p-type
EPI- and Cz-material with a resistivity of about 10 Q2-cm and exposed to 5.5 MeV elec-
trons of different fluence values (1 x 10, 4 x 1015, 6 x 10! cm™2) have been performed.
The macroscopic properties of the devices, the leakage current density J; and N.g, were
obtained from /-V and C-V measurements. The microscopic properties of the B;O; and
C;0O; defects were studied using the TSC and TS-Cap methods and the results are dis-
cussed in connection with boron removal process observed in macroscopic measurements.

The main results obtained in this study are:

a) The density of leakage current J; increases linearly with the achieved fluence and
the corresponding current related damage parameter is determined to be a = 3.2 x
1071 A/em. Such a small value was also reported for n-type silicon diodes after

irradiation with 5.5MeV electrons [163]. Compared with hadron irradiation, the
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124

obtained « parameter is much smaller, indicating that the increase of the leakage
current caused by low energy electrons is substantially less than that caused by
hadrons. Also, the change of J; with annealing time at 80 °C is strongly suppressed
compared with hadron irradiated devices indicating that the irradiation with low

energy electrons creates less current generation centers and more stable defects.

The N.g decreases nearly linear with increasing fluence and remains stable during

the isothermal annealing at 80 °C, in agreement with the thermal stability of the

B;O; defect [165].

The development of B;O; and C;O; defects with fluence is linear, however, with
different introduction rates for EPI and Cz materials, due to the different carbon
content in the two materials (more in Cz than in EPI) and the competing reactions
between boron and carbon interstitials with abundant oxygen interstitials in silicon.
Thus, while the introduction rate of B;O; is much smaller in Cz than in EPI material,
of 0.63 cm™! compared with 1.75 cm™!, the opposite is happening for C;O;. Similar
behaviour was also reported in the RD50 collaboration program [21, 86].

The formation of B;O; defect is the main cause for the change seen in N.g after
irradiation with 5.5 MeV electrons. This was nicely evidenced in EPI diodes where
the homogeneous boron doping profile allowed accurate evaluations. Thus, by com-

I resulted from C-V measurements with

paring the boron removal rate of 3.7 cm™
that of 3.5 cm™! resulted by accounting twice the value of B;O; introduction rate

due to the donor character of the defect, a good agreement is obtained.

The TS-Cap technique proved to be a valuable complementary to the TSC tool in
order to accurately characterize the radiation induced defects in highly irradiated
and partially depleted silicon sensors. This is especially important in the case of low
resistivity diodes when the total depletion of the device in TSC measurements cannot
be achieved or the depletion depth cannot be kept constant during the temperature
scan. However, TS-Cap allows the evaluation of defect concentrations only if the

defects are well isolated in the silicon bandgap, not overlap with other defects.

The temperature dependence of the thermally stimulated capacitance at constant
bias voltage and of the corresponding TSC spectra, for a 5.5 MeV electron and a
23 GeV proton irradiated devices were simulated in the temperature range of the
B;O; defect emission. For reproducing the TS-Cap and TSC data the Poole-Frenkel
effect was accounted and modified by a subunitar factor £ and small variations in
the defect’s zero-field activation energy. Different & and E,, values resulted from
simulating the experimental data measured on differently damaged silicon diodes,
an aspect that has to be further studied in more detail. Presently, we justify these

adjustments by the fact that the Poole-Frenkel theory was not developed for position
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dependent electric fields as existing in diodes and more pronounced in low resistivity
ones, but for constant field around the defect. In the absence of a proper Poole-
Frenkel theory for accounting the position dependent electric field in diodes, the
adjustments were made for describing as good as possible both B;O; current and
capacitance signals. In addition, when accounting for the electric field dependent
electron emission from B;O; defect, the simulated electric field distributions E (7, z)
for the temperature range where the B;O; defect discharges, between 80 K and
110 K, show position dependent gradients, corresponding to the position dependent

effective space charge densities N_ (T, x).
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7.6 Additional Materials

7.6.1 Forward Bias Filling vs Vbias

In general, the extracted [B;O;] from TSC and TS-Cap measurements with forward bias
filling should be consistent, regardless of the applied Vi.s. However, it is important to
consider the influence of lateral effects and the non-uniform distribution of [B;O;] in Cz
diodes. As shown in Fig. [7.12] which displays the TSC and TS-Cap measurements with
different Vj;,s values conducted on EPI-7 and Cz-7, an evident increase in the B;O; peak

amplitude and a change in the depleted depth caused by B;O; emission can be observed

as the V¢ increases.
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Figure 7.12: (a) and (b) are the TSC spectra with forward bias filling (Isy = 1 mA)
different Vj,;,s indicated in the legend for diodes EPI-7 and Cz-7, respectively.
(c) and (d) are the corresponding TS-Cap measurements for (a) and (b)

respectively.

The extracted [B;O;] values obtained from the measurements shown in Fig. [7.12] using

Eq. are presented in Fig. [7.13] These measurements were performed prior to anneal-
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ing, and it was observed that [BiOi| remained stable after isothermal annealing at 80°C.
In the case of Cz-7, it was found that the lateral effect significantly influenced the current
when Vi.s exceeded 100V, as shown in Fig. . Therefore, the [B;O;] values extracted

from measurements with Vj;,s of 100 V were used in this study.
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Figure 7.13: [B;0;] extracted from (a) EPI and (b) Cz diodes before annealing, the radi-
ation detail can be found in Table

7.6.2 TS-Cap with Different Frequency
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Figure 7.14: TS-Cap measurement with different frequencies indicated in the legend. T'S-
Cap parameters: Forward bias filling with Ig;=1 mA, Tx;=10 K.

In order to understand the frequency-dependency of TS-Cap measurements, the T'S-
Cap with different frequencies (1 kHz, 10 kHz, and 100 kHz) were presented for the
diode irradiation with the highest fluence, i.e. EPI-9, in Fig. [7.14 As can be seen here,
frequency-dependency is not observed. In this work, all the T'S-Cap measurements are

performed with frequencies of 100 kHz.
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7.6.3 Majority Carrier Filling vs Vbias

In this study, TSC and TS-Cap techniques with majority carrier filling were employed
to investigate the radiation-induced C;O; defect. However, it was observed that the Nqg
decreases as the fluence increases in the investigated diodes. This behaviour poses chal-
lenges when performing majority carrier filling in diodes irradiated at different fluence
levels. The main challenge arises from the increase in leakage current with the Vs,
which impacts the accuracy of the extracted defect concentration, particularly for defects

appearing in the high-temperature range such as C;0O;.
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Figure 7.15: (a) and (b) are the TSC spectra with majority carrier filling (Vg = 0 V)
different V},;,s indicated in the legend for diodes EPI-3 and Cz-3, respectively.
(c) and (d) are the corresponding TS-Cap measurements for (a) and (b)
respectively.

Figure depicts the majority carrier filling TSC and TS-Cap measurements with
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varying Vii.s. It is evident from the figure that the leakage current or noise substantially
increases in the C;O; peak as the applied bias voltage (Vias) increases. Consequently, to

extract the concentration of C;O; in this study, a fixed bias voltage of Vi.s = 20 V was

employed.
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Figure 7.16: (a) and (b) are the TSC spectra with majority carrier filling (Vay = 0 V)
different V},;,s indicated in the legend for diodes EPI-7 and Cz-7, respectively.
(c) and (d) are the corresponding TS-Cap measurements for (a) and (b)
respectively.

The increase in leakage current with Vi,.s is also observed in EPI-7 and Cz-7 diodes, as
shown in Fig. [7.16, However, its impact on the maximum of the C;O; peak is relatively
small, less than 10%. In addition to the effect of leakage current, the presence of H40K
and X-defects discussed in chapter [6] is also observed in this group of diodes. The results
for the X-defect in EPI-3 can be found in Fig. [7.15al It can be concluded that these
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two defects decrease with increasing [Cg] by comparing the results between EPI- and
Cz-diodes.
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8 UCo ~-ray Irradiation

Note: This chapter is a copy of the published paper [166] with minor correc-
tions. The additional materials can be found after the conclusion.

Abstract: In this work, the effects of ®°Co v-ray irradiation on high resistivity p-type
diodes have been investigated. The diodes were exposed to dose values of 0.1, 0.2, 1,
and 2 MGy. Both macroscopic (I-V, C-V') and microscopic (Thermally Stimulated Cur-
rent (T'SC)) measurements were conducted to characterize the radiation-induced changes.
The investigated diodes were manufactured on high resistivity p-type Float Zone (FZ) sil-
icon and were further classified into two types based on the isolation technique between
the pad and guard ring: p-stop and p-spray. After irradiation, the macroscopic results of
current-voltage and capacitance-voltage measurements were obtained and compared with
existing literature data. Additionally, the microscopic measurements focused on the de-
velopment of the concentration of different radiation-induced defects, including the boron
interstitial and oxygen interstitial (B;O;) complex, the carbon interstitial and oxygen
interstitial C;O; defect, the H40K, and the so-called I}.

To investigate the thermal stability of induced defects in the bulk, isochronal annealing
studies were performed in the temperature range of 80°C to 300°C. These annealing
processes were carried out on diodes irradiated with doses of 1 and 2 MGy and the corre-
sponding TSC spectra were analysed. Furthermore, in order to investigate the unexpected
results observed in the C-V measurements after irradiation with high dose values, the
surface conductance between the pad and guard ring was measured as a function of both

dose and annealing temperature.

8.1 Motivation

In High Luminosity Large Hadron Collider (HL-LHC) experiments, strip and pixel silicon
sensors in the inner tracking detectors have to cope with extraordinarily high particle
rates of up to 200 p—p collisions per bunch crossing. New types of sensors to be used
for this purpose, started to be developed. They are manufactured on boron doped (p-
type) silicon and have different structures, from the simplest p-i-n diode to devices which
amplifies the signals and have better time resolution, as e.g. the Low Gain Avalanche
Detectors (LGADs) [2, B]. The degradation in the performance of these sensors is caused
by the generation of electrically active radiation-induced defects. For instance, the charged
defects at room temperature (e.g. E30K, B;O;, H140K, H152K and Ip) [15] 16, 17, 18]
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cause changes of the space charge density (Neg). Vacancy related traps such as V, and
Vs [19] lead to the degradation of charge collection efficiency (CCE) and an increase
of dark current. In general, the radiation-induced defects can be classified according to
their size: point defects, up to 2-3 atoms size, or more extended ones, also known as
cluster-related defects. All the radiation-induced defects contribute to the degradation of
silicon sensors and can be characterized using spectroscopic techniques such as Deep Level
Transient Spectroscopy (DLTS), for low defect concentration, and Thermally Stimulated
Current (TSC) after high levels of irradiation when DLTS does not work anymore. During
a temperature scan, both, point and cluster-related defects are contributing to the signals
observed in TSC and DLTS measurements. Detecting and analyzing the combined effects
of these defects pose a challenge for these techniques.

The main radiation damage effect seen in p-type silicon sensors is the deactivation of
the boron dopant. Thus, the atoms of substitutional Boron (Bg) may switch the sites with
interstitial silicon (Si;) created during radiation via a Watkins replacement mechanism [20)]
and transform in boron interstitial (B;), losing its acceptor character. The B; atoms mi-
grate in the crystal and react with interstitial oxygen, found in abundance in silicon,
leading to the formation of B;O; complex. Another possible acceptor removal mechanism
in p-type silicon considers the interaction between the negatively charged acceptor dopant
(B for boron-doped silicon) and the positively charged Si; atoms forming the B-Si; com-
plex [167, 168]. The boron removal effect induced by 23 GeV protons, 5.5 MeV electrons
and 1 MeV neutrons was investigated in the framework of the CERN-RD50 ” Acceptor
removal project” [22] 23] 160, 169, 170]. This effect can also be introduced by high-energy
photons i.e. ®*Co y-rays. While hadrons can produce both point and cluster-related de-
fects, y-rays introduce only point defects [11], [I71]. In this work, n*-p diodes irradiated
with %9Co y-rays are investigated. This means that the changes in the macroscopic prop-
erties of silicon sensors, as determined from Current-Voltage (/-V')/Capacitance-Voltage
(C-V) characteristics are attributed to point defects only.

The paper is structured as follows. Section includes information on the fabrication
of the investigated diodes, irradiation details and measurement procedures. In section (8.3
the results of the macroscopic (I-V /C-V') and microscopic (TSC) investigations, on as-
irradiated and annealed samples, are presented and discussed. The conclusions of this

work are presented in section [8.4]

8.2 Experimental Details

The study was performed on 12 p-type silicon diodes which were designed for upgrading
the planar pixel sensors in the Compact Muon Solenoid (CMS) inner tracker for HL-LHC
at CERN. These diodes were manufactured by Hamamatsu Photonics K. K. (HPK), and
were processed on, so-called, FDB150 (float zone Si-Si direct bonded) wafers, obtained by

bonding together two wafers: a high resistivity float zone (FZ) wafer and a low resistivity
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Figure 8.1: (a) Wafer layout of a 6-inch HPK wafer with p-stop isolation. The figure is
taken from [I72]. (b) Overview of F150P-1, the value of 1 mm between two
lines on the right side. (c) Side view of p-stop diodes. (d) Side view of p-spray
diodes. (e) Schematic representation of the electrical setup used for I-V /C-V
measurements. (f) Schematic representation of the electrical circuit used for
measuring the surface current.

Keithley 6517B (I-V)

handle one, produced with the Czochralski (Cz) method. The FZ wafer is thinned down
to an active thickness of 150 wm and after processing the pixel sensors, diodes and other

test structures, the handle wafer is thinned down to 50 pwm, resulting in a total thickness
of 200 um-see Fig. [8.1d and Fig. [R.1d|
The initial boron doping of the FZ bulk is Nego = 3.5 x 10'? em™®, corresponding to

a resistivity of about 4 k{2 - cm. Besides boron, the main impurity in the bulk is oxygen,
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having a concentration of about 1 x 10! cm™ [I73]. The backside Cz material has a
boron content of 1 x 10 em™3. According to the design of the isolation between the pad
and guard ring structure, there are two types of diodes: with p-stop (FDB150P, simplified
to F150P in this work)and p-spray (FDB150Y, simplified to F150Y in this work). The
pad and guard ring are isolated by a thin (4 um) boron-implanted region on the surface
in the case of p-stop, while p-spray is a boron implant across the full wafer surface before
the processing of the sensors-see Fig. and Fig. The active area of the diodes is
0.25 cm?. More details can be found in [173, 172].

The 12 diodes were divided into four groups, each containing two p-stop type and one
p-spray type diode. The proposed dose values for %°Co ~ irradiation of each of the groups
were 0.1, 0.2, 1 and 2 MGy. The irradiation was performed using the °°Co Panoramic
Irradiation facility at Rudjer Boskovic Institute [125]. Considering the radiation flux and
exposure time, the following dose values were achieved: 94+0.96, 18943.9, 924427 and
1861+56 kGy. The investigated diodes and the achieved irradiation doses are given in
Table Rl

The electrical performance of the diodes was measured by means of -V and C-V
characteristics at 20 £+ 0.01°C. For all the diodes, the space charge density (Neg) and
the depleted depth w(V') were determined from C—V measurements corresponding to a
frequency of 500 kHz, and an AC voltage of 500 mV. The electrical circuit for measuring
I[-V /C-V characteristics is depicted in Fig.|8.1e, The current flow between the pad and
the guarding was measured using the circuit given in Fig. [8.1ff The radiation-induced
electrically active defects were investigated by means of the TSC technique. Details of
the experimental setup can be found in [23| 11, 133| [52]. In this work, the trap filling was
performed at different filling temperatures (Tg; = 10-100 K, in steps of 10 K) by injection
of a forward current (Ig;) produced by a forward bias of Vg = 10 V for 30 s. For Ty
= 10 K, the Iz < 1 mA and shows negligible dependence on the dose and the type of
isolation. For Ty > 20 K, all the Ig; roughly equal to 1mA. The TSC spectra were then
recorded for different reverse biases Vi;as applied to the sample (-100 to -300 V in steps
of 50 V) during heating up the samples with a constant heating rate of 3 = 0.183 Ks™'.
Isochronal annealing experiments were conducted using a/Thermo SCIENTIFIC oven with

air as the annealing atmosphere.

8.3 Results and Discussion

8.3.1 As-irradiated devices

In Fig. are given the I-V and the 1/C*-V curves of all p-spray diodes irradiated
to different dose values. Included are also the data for the F150Y-8 diode before being
irradiated. The N depth profile was determined from C-V measurements,considering
the following relations for Neg(w(V')) and the depletion depth w(V):
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Table 8.1: Device information

p-stop(label) F150P-1 F150P-3  F150P-5  F150P-8
p-stop(label) F150P-2  F150P-4  F150P-7  F150P-9
p-spray (label) F150Y-1  F150Y-2 F150Y-5 F150Y-8
Initial resistivity Nego (cm™2) 3.5 x 10" 3.5 x 102 3.5 x 10 3.5 x 10"
Initial resistivity (k€2 -cm) ~4 ~4 ~4 ~4
Dose value (kGy) 9440.96 189439 924427 1861456
Area A (cm?) 0.25 0.25 0.25 0.25
Geometric thickness D (pum) 200 200 200 200
Active thickness d (pm) 150 150 150 150

Oxygen concentration [O] (em™3) ~1 x 1017 ~1 x 10} ~1 x 10Y"  ~1 x 10'7
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Figure 8.2: (a) Current-voltage (I-V') characteristics of p-spray diodes irradiated to differ-
ent dose values (see legend). (b) Capacitance-voltage (1/C?-V') characteristics
for the same diodes as in (a) for a frequency f = 500 kHz and V¢ = 500 mV.
Included in (a) and (b) are data for one diode before irradiation. Measurement

condition: T = 20°C, humidity < 10 %.
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Figure 8.3: (a) Density of leakage current (j4) versus bias voltage V', which developed from
Fig. and [8.2b (b) Average current density J; vs. Dose value (details see
text).

2
Neg(V) = eoer A2qo d(1/C?)/dV (8.1)
€0, A
w(V) = 50 (8.2)

where C' is the measured capacitance, ¢y is the permittivity of vacuum, €, the relative
permittivity of silicon (11.9), qo is the elementary charge, A is the active pad area. Con-
sidering the voltage dependence of the depletion depth (Eq. the current density j; (V')
can be calculated from the measured -V curves according to ju(V) = I(V)/(A-w(V)).
The results are shown in Fig. for the different dose values applied to the correspond-
ing p-spray diodes. Average current densities J; as taken from ju(V') data, in the 100 V
and 150 V voltage range for Vi,;., are plotted in Fig. [8.3b] as a function of the dose, for
both, p-stop and p-spray diodes. The data achieved for n-type oxygen-enriched DOFZ
diodes, taken from reference [174], are also included. As can be observed in Fig. [8.3D] all

the presented results are nearly identical.

For the current density J; of the p-spray type diodes, an error of 1% was estimated.
This includes the uncertainty of the measured current and the depleted volume extracted
from the C-V data. The corresponding value for the p-stop diodes was estimated to be
2%. The definition of current-related damage parameters « can also be applied to y-ray

damage with dose value (D):

_ A
 AD

According to Eq. the «., value for the p-spray diodes is estimated to be ., =

(8.3)

Qy
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5.09 x 1072 A/(Gy - cm®) with an error of 4.4%. The value for the p-stop diodes is 5.07 x
1072 A/(Gy - cmg) with an error of 5.4%. The errors are dominated by the uncertainties
of the dose values (see Table . Figure presents the extracted N.g profiles for p-
spray diodes, different irradiation dose values. With increasing the dose, the profiles are
shifted to lower Ngg values. Such behaviour is expected due to the deactivation of the
initial boron concentration caused by irradiation, the so-called acceptor removal effect

[22, 23, (160, (169, [170].
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Figure 8.4: N g profile of the diodes for different dose values. The data were evaluated
from C-V measurements by using Eq. and Eq.[8.2]

It should be mentioned here that the C—V measurements were also performed for differ-
ent frequencies (230 Hz, 455 Hz, 1kHz, 10kHz, 100 kHz, 200 kHz, 400 kHz, 500 kHz) and a
frequency dependence was observed only for p-stop diodes. This aspect will be discussed
later in the section B.3.3 “Surface effects”.

In order to investigate the radiation-induced defect complexes by %°Co y-rays in the high
resistivity FZ diodes, the TSC method is used. Figure and show TSC spectra
of p-stop and p-spray diodes irradiated to different dose values, respectively. All spectra
in Fig. |8.5] were measured on fully depleted sensors (Vias = —200 V, Vi, = —50 V)
over the entire TSC temperature range. As can be seen in Fig. |8.5] several peaks are
induced after irradiation and increase with dose. Some of these traps corresponded to
the previously detected radiation induced defect complexes H40K [I7, I75], VO [24],
B;O; [15], C,O; [11L, 24] and Vs [19]. A TSC peak, similar to the one labelled as I} in
Fig. 8.5 has been reported as Ip defect in previous studies and associated with V5,0
complex, a defect predominantly generated via a second order process in oxygen-lean
material, thermally stable up to 350°C and with a strong impact on both, the leakage
current and Neg [I8, 163, 100, [176]. However, the trapping parameters determined for
the I}, defect are different compared with of Ip defect - see Table [8.2] Accordingly, also
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8 9 Co y-ray Irradiation

the impact of the I}, defect on both leakage current and Neg are negligible. By comparing
Fig. and Fig. [8.5b, it can be observed that some of the peaks observed in the p-spray
diodes are smaller compared to those recorded in the p-stop ones (H40K, E50K, VO and
C;O;). This might be due to the different filling of the defects at 10 K. As demonstrated
in Fig. |8.5¢ most peaks show a strong dependence on the filling temperature, except the
B;O; and I} traps. Previous studies have shown that for the C;O; defect an extremely
strong dependence on the filling temperature (T§y;) exists and thus, suggesting a multi-
phonon capture process [11, [12]. To get the full defect concentration TSC measurements

with different Tgy (from 20-100 K in steps of 10 K) were performed.
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Figure 8.5: (a) TSC Spectra for p-stop diodes after trap filling by forward current (Vi =
10 V) injection at 10 K and (b) for p-spray diodes. Both spectra are measured
on the diodes after irradiation with *°Co-v to dose values given in the legend.
The heating up bias voltages Vjias = -200 V. (¢) TSC Spectra after same
filling processing but with different T';; for diode F150Y-5. (d) Example of
reproducing a TSC spectrum by fitting the different peaks.

As can be seen in Fig. [8.5¢, an increase of the peak height with increasing Tg), is not

only observed for the C;0O; defect but also for the H40K, VO and the V5 defect complexes.
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Only the B;O; and I}, have the same peak maximum for different 7§);. The abrupt increase
in the B;O; peak after filling at 90 K is attributed to the higher and not constant heating
rate at the initial stage of the temperature ramp. In the fully depleted diodes, the general
formula of thermally stimulated current IS¢ (T) or I%g-(T) for a single electron or hole
trap is given by [11, 2] 130 133, [134]:

1
Irsc(T) = 5 W A-d en(T) - ne(Tya) - f (1) (8.4)
1
Ise(T) = 5 o A-d-en(T) - pi(Trm) - f(T) (8.5)
E,
€np = Onyp - Vthnp  Noyv - exp (— kBT) (8.6)

50y = (=5 [ fealt) + et ar) 87
8 Jr,

where T is the measured temperature, d is the fully depleted depth. e, and e, are the
emission rates for electrons and holes. wy,,, and N¢ yare the thermal velocity of elec-
trons/holes and the density of states in the conduction/valence band, respectively, both
taken from [59]. The activation energy is defined as £, = Ec — E, or E, = E, — Ey
according to the type of emitted charge, electrons or holes, respectively, with E; being
the energy level of the trap and E¢ the conduction/valence band edges. The o,,,, terms
stand for the capture cross-section of electrons/holes, kp is the Boltzmann constant and
the f(T) function is the defect occupancy at temperature 7. The n, (1) and pi(Tru)
terms represent the density of defects that are filled with electrons or holes after injection
at temperature Tgy. The considered trapping parameters are given in Table [8.2] and kept
fixed in the peak fitting procedure.

Table 8.2: The trapping parameters of the detected defects. An example of how much
these defects contribute to the change in N.g and J; at RT is given for F150Y-

d.
label H40K E50K VO BiOi CiOi VQ 11*3
s 5 | R 7| 122] [24)  [1I]  This work
o, (1071 cm?) 4.3 - - 1x107° 0.94 - 0.02
o, (107% cm?) - 5.4 6.1 10.5 - 1.5 7.1
Ev-by Eo-BEy Ec-BEy Ec-Fy E-Ey Eo-E, Ec-E,
E, (eV) 0.108 011  0.16 0.26 0.37  0.43 0.52

For describing the leakage current, I~ measured at temperatures 7' > 230K, the

following equation is used [I77]:

Wy

Irc = x-T?-exp (_k:B_T) (8.8)
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where the x and 0E are free parameters in the fitting procedure. The extracted values are
achieved from fits to the data in the temperature ranges from 230 K to 250 K at Vi =
-200 V, which are included in Table [8.3] For both parameters, the errors were estimated
to be below 1%.

Table 8.3: Extracted fit parameters for the leakage current LC (Vi = -200 V) by using

Eq.B.§

F150P-1 F150P-3 F150P-7 F150P-8

p-stop x (A/K)  0.0021  0.0204  0.1273  0.4415
p-stop 6E (eV)  0.6594  0.7103  0.7103  0.7196

F150Y-1 F150Y-2 F150Y-5 F150Y-8

p-spray x (A/K)  0.0005  0.0037  0.1260  0.2002
p-spray 65 (eV)  0.6410  0.6744  0.7103  0.7103

The concentrations of defects were determined by fitting the measured TSC peaks
using the equations Eq. B.48.7. An example of fitting a TSC spectrum is presented in
Fig. for a p-spray diode irradiated with a dose of 94 kGy. The dependence of the
C;0O; concentration ([C;0;]) on the filling temperature Tgy is shown in Fig. . As it can
be observed, [C;O;] initially increases with T, and saturates at Ty > 60 K. To describe
the Thy dependence of [C;O;] the following equation is used [111, 12] 178]:

1

1+a-exp (@%m)

n(Trin) = Noppser + Ni X (8.9)

The offset value is caused by the background current. N, is the total C;O; concentration
[CiO], and a is a constant. FEj is the activation energy for non-radiative multi-phonon

capture of a charge carrier, accounting for the temperature dependence of the capture

E,
kTyi

n-Cn

v where n and p
P

cross sections [I78]. The term a - exp ( ) is given by the ratio
are the concentrations of free electrons and holes under forward bias injection and ¢, , are
the capture coefficients of the corresponding charge carriers.

The parameters obtained for fitting the C;O; data in Fig. are: a = (1.18 £
0.03) x107%, E; = (13.2 &+ 0.2) meV, Nyfser = (6.1 £ 0.5) x10"* em™, and N, =
(2.5 + 0.1) x10' cm™3. The fitted result is plotted in Fig. together with the ex-
perimental data. We also included a calculated curve using the values of @ = 10~ and
Es = 37.3 meV given in a previous study on neutron irradiated diodes [I1], considering
the same values of Nyfrser and Ny as in our data fit. The different @ and E; values in
our fit compared with those from Moll [TT] might be explained by the potential barriers
surrounding the clustered regions induced by neutron irradiation, which can slow down
the carriers capturing process [179] [180].

The increase with dose in the concentration of the TSC detected defects on the p-spray

140



8.3 Results and Discussion

13

I

:?'— 10 ‘T"— 10
£ £
L O,
S ——— s &
= - 9 13 -7
g 12 / / ’ § 10 ”/ 2
10 7 < e e
! ] ¥ "
I Q
/ 3 10"
! o
f
11 > /
10 7 o
4
VAR 10"
» p-spray, 94 kGy
— Fit, 94 kGy
--- ref[13], 94 kGy
10" ‘1010 T 4
0 20 40 60 80 100 120 10
Ty [K] Dose [kGy]
(a) (b)

Figure 8.6: (a) [C;O;] vs Thn, which included the data, our fits and literature value. The
data of [C;0O;] are extracted from TSC spectra e.g. Fig. [8.5¢, The fit results

are given by fitting using Eq. . (b) Defect concentration vs Dose value
included all observed defects.

diode is shown in Fig. Worth noting is that among all the defects, only the Ipx
defect does not have a linear dependence on Dose, but a quadratic one (slope ~ 2 in
Fig. as previously reported for the Ip defect, a radiation-induced defect formed via
a second order process. Considering the definition of the introduction rate g = AAJI\;t, the
rates for y-ray irradiation were extracted from the linear fits to the data (see Fig. 8.6b)

and are summarized in Table [8.4]

Table 8.4: Introduction rates gp
Defect H40K E50K VO BiOi CiOi Vz

gp (em™3-Gy™") 52x10° 1.1x10* 65x 105 25x10° 1.9x 107 1.0 x 10

It should be mentioned here that the errors in the extracted defect concentrations are

caused by different reasons:

a) The fitting procedure of the peak maxima leads to about 2% error in the determined

defect concentration.

b) Errors of about 3% are estimated for calculating the n;(7%y)/N; fraction of filled de-
fects at low temperature by forward current injection, due to the filling temperature
dependence of in the case of H40K, C;O; and V5.

c¢) The noise of the TSC signal contributes to an error in the determined defect con-

centration of about 2%.

Assuming all errors to be uncorrelated, the total error on the defect concentration is below

5%.
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8.3.2 Annealing studies

Two p-stop diodes, F150P-7 and F150P-8, and one p-spray diode F150Y-8 have been
subjected to annealing experiments and the changes in the macroscopic and microscopic
properties of these diodes have been studied. Isochronal annealing experiments have
been performed for 15 min at different temperatures, between 100 °C and 300°C. The
temperature was increased in steps of 10°C for annealing up to 200°C and in steps of
20°C in the higher temperature range. The annealing behaviour of the reverse current
at -300 V is plotted in Fig. for the three annealed irradiated diodes. As can be
seen, while the change of the leakage current for T,,, < 200°C is very small, it becomes
significant for higher temperatures for all the diodes. A sudden increase of the leakage
current takes place in the 200°C-260°C temperature range, being followed by a sharp

decrease for higher temperatures. The reason for this sudden change is not clear yet.
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Figure 8.7: (a) The development of leakage current measured at room temperature and
V = -300 V with annealing temperature. (d) Extracted Neg from C—V mea-
surement at room temperature as a function of annealing temperature.

The development of Nqg with annealing temperature is presented in Fig. The given
Neg data represents the average values determined from the Neg(w) profiles in the 60 pm
and 100 ym depth range. Between 150 °C and 200 °C the Ngg increases, recovering most of
the initial doping value of not-irradiated devices 3.5 x 102 cm ™3, e.g. 98% for F150P-7 and
95% for F150Y-8. This recovery of the acceptor doping is related to the dissociation of the
B;O; defect which anneals out in the 150 °C-200 °C temperature range [15, 20}, 18T] [155].

The TSC spectra recorded on the diode F150P-8 after annealing at different temper-
atures are given in Fig. and Fig. As it can be seen while H40K anneals out
at 120°C, B;O; and I, * defects starts to anneal at 160 °C and are disappearing after the
treatment at 200 °C. Worth noting is the significantly lower thermal stability of the I, *
defect compared with the previously reported one for the I, defect in [I76]. Thus, al-

though both defects show a quadratic dose dependence, there are significant differences
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between them concerning trapping parameters (see Table [8.2)) and thermal stability, indi-
cating that they are different structural point defects. The dominant C;O; defect is stable
in all the studied temperature ranges.
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Figure 8.8: (a) TSC spectra for diode F150P-8 after isochronal annealing from 100°C to
200°C. (b) TSC spectra for diode F150P-8 after isochronal annealing from
200°C to 300°C. Measurement details for (a) and (b): Trap filling by forward
current (Igy = 1 mA) injection at Ty = 30 K. The diode was irradiated
with %°Co-vy to a dose value of about D = 2 MGy, and the heating bias
voltage was Viias = -300 V. (¢) Evolution of the defect concentration in diode
F150P-7 as a function of annealing temperature Tp,,. (d) Evolution of the
defect concentration in diodes F150P-8 and F150Y-8 as a function of annealing
temperature T,,,. Both (¢) and (d) are determined from TSC measurements
in the temperature range of 70 K to 110 K.

A further interesting observation is, that the decrease in the concentration of B;O;
and I} defects are accompanied by the formation of another center (defectl) of which
concentration is growing up to about 200°C (see Fig. [8.8a). After dissociation of B;O;
defect, boron atom return on the substitutional site (Bs) and is recovering its acceptor

character. This process is reflected in an increase of N.g with twice the amount of the
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dissociated B;O; donor. For the p-spray diode, the variation in the N.g given in Fig. [8.8b|is
[ANg] = 7.25 x 10" em™ (between 140 °C and 200 °C). The total amount of dissociated
B;O; defect for the same sample is [B;O;] = 3.5 x 101 em ™2 (see Fig. [8.8d)), almost a half of
[AN.g|. Because the initial Boron doping is mostly restored during the dissociation of B;O;
defect and considering the concentration of the newly formed de fect1 (of 4.2 x 101! cm™3),
we conclude that the Boron atom cannot be part of defectl.

The defectl is stable up to about 240°C (see Fig. |8.8b)) when starts to transform in
defect2 up to the limit of the used oven (300°C). The variation in defect concentration
is given in Fig. and Fig. B8d From TSC experiments with different applied bias
voltages, no change in the position of the peak is found for defects 1 and 2. Also, no
change in the N.g values are determined during the annealing transformations occurring
between 200°C and 300°C. This indicates that both defects (1 and 2) are in a neutral
charge state at room temperature. In addition, experiments for 0 V filling at Tx; = 20 K
and 40 K were performed. The defects 1 and 2 are both detected in this way (see Fig. ,

evidencing that they are acting as traps for holes.

40 60 80 100 120 140 160 180 200
T(K)

Figure 8.9: 0 V injection performed on diode F150P-8 after isochronal annealing at Ty,
= 300°C. Measurement details: Tg; = 20 and 40 K.

8.3.3 Surface effect

Contrary to the investigated p-spray diodes, the p-stop devices after high dose values
(1 MGy and 2 MGy) show a frequency dependence of the C—V characteristics, an impor-

tant source of errors when estimating N.g depth profiles. This was shown previously for
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Figure 8.10: (a) Current measured on the pad with varies bias on the guard from -1 V to
1 V for p-stop diodes with different irradiation dose values, Vi.ac = -10 V.
(b) Conductance developed with bias on the backside while grounding the
guard ring. (c) The development of G with dose, Vi, = -10 V.
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Figure 8.11: (a) Development of surface conductance with T, at backside applied -10 V.

(b) Capacitance value when applied V = -50 V vs frequency developed with
annealing.

the 230 Hz ~ 10 kHz frequency range [182]. As we will show further, the phenomena be-
came more pronounced after high annealing temperatures. Also, the [-V characteristics
change their behaviour, e.g. the pad current at low bias voltages became approximately
zero while the current of the guard ring became large at zero voltage and decreases with
increasing bias voltage. However, the same behaviours do not appear on the p-spray
diodes. These findings led to the speculation that surface effects occurring between the
guard ring and the pad area might be responsible for the above mentioned observations.
In order to study such surface effects, the standard -V setup was slightly modified com-
pared to Fig.[8.1d and Fig.[8.1dl While the guard ring was connected to the ground via a
voltage source, the pad was connected to a current meter. In addition, a second voltage
source was connected to the backside of the diode (reverse bias Vi, ). With this setup,
the current flow between the guard ring and the pad could be measured by varying the
voltage of the guard ring in the range from -1 V to +1 V. At the same time, a reverse
voltage was applied on the backside. As an example, Fig. presents such surface [-V

curves at a constant Vi,g = 10 V for several p-stop diodes irradiated to different dose
values.

The slope of the surface current in the linear range (-0.5 V to +0.5 V) provides the
surface conductance G, given by:

dl
G = — 8.10
v (8.10)
Figure demonstrates the dependence of the conductance G versus Vi.qa. The de-
crease of G with increasing Vi, indicates a decrease in the charge carrier concentration
near the surface. For Vj,4 > 50 V the diode F150P-5 irradiated to 0.924 MGy becomes

fully depleted. The dose dependence of the surface conductance is plotted in Fig. [8.10d],
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for both, p-stop and p-spray diodes. There is more than one order of magnitude differ-
ence between the GG values in the two types of diodes. This indicates that a much larger
interface trap concentration exists in the p-stop diodes compared to the p-spray ones.

Isochronal annealing studies were performed for two p-stop diodes (F150P-7 (0.924 MGy),
F150P-8 (1.861 MGy)) and one p-spray diode (F150Y-8 (1.861 MGy)).

The dependence of G on the annealing temperature Ty, is shown in Fig. R.11al For
the 924 kGy irradiated diodes, the changes in G are observed first as an increase for
annealing up to 120°C and 150 °C, respectively, followed by a rapid decrease with in-
creasing Ton,. At the same time, the conductance of the p-stop sample is much larger
than that of the p-spray one. On the other hand, in the highly irradiated p-stop device,
G increases up to about 120 °C and stays thereafter nearly constant up to the end of the
annealing experimental, at the temperature of 300°C. A frequency dependence in C—V
measurements is only observed if G is larger than 3 x 107¢ or 2 x 1076 A/V at Viger =
10 or 50 V, respectively. The frequency dependencies of the capacitance measured after
annealing at different temperatures on F150P-7 p-stop diode are shown in Fig. in
the 230 Hz to 500 kHz frequency range. The capacitance values are taken for a reverse
bias of 50 V, which is slightly below the full depletion voltage. As can be seen, the max-
imal capacitance value is observed for T,,, = 140°C and a frequency of 1 kHz. From
160 °C on, the frequency dependence vanishes, in accordance with the corresponding very
low conductance shown in Fig. B.I1al It is worth noting that, above 100 kHz, the ca-
pacitance is constant for all the annealing temperatures. Measuring the capacitance in
such a frequency-independent range is considered to be a safe procedure for performing
the C-V measurements and extracting further the Ngg profiles. Under this assumption,
the errors for all capacitance values at 500 kHz are below 4% for p-stop diodes with dose
values below 1 MGy. Due to the conductance after 1.861 MGy doses, the capacitance of
p-stop is not reliable anymore after annealing.

The errors in the determined N.g in Fig. |8.7b| caused by averaging range are around
1% (varying average ranges in between 60 wm and 120 pm). The main errors of Neg are
from the frequency-dependent C—V measurements, which will be discussed in detail in
subsection 8.3.3

Figure demonstrates the dependence of the conductance G versus Vi.a. The
decrease of G with increasing V}.a means that the free charge carrier concentration near
to the surface becomes smaller. For Vi, > 50 V the diode F150P-5 irradiated to 1 MGy
becomes fully depleted. The dose dependence of the surface conductance is plotted in
Fig. for the p-stop as well as for the p-spray diodes. The difference between both
types of diodes is more than one order of magnitude, indicating a much larger interface
trap concentration in the p-stop diodes compared to the p-spray ones. An explanation
of this difference cannot be given so far. Isochronal annealing studies were performed
for two p-stop diodes (F150P-7 (1 MGy), F150P-8 (2 MGy)) and one p-spray diode
(F150Y-8 (2 MGy)). In Fig. the dependence of G on the annealing temperature
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Tonn is shown. For the diodes F150P-7 and F150Y-8 an increase up to 120°C or 150°C
is observed, followed by a rapid decrease with increasing T,,,. On the other hand, the
highly irradiated p-stop device increases up to about 170°C and stays thereafter nearly
constant up to 300°C. It is also obvious that the conductance of the p-stop sample is
much larger compared to the p-spray one.

Finally, in Fig. the frequency dependence of the capacitance from 230 Hz to
500 kHz is shown for the p-stop diode F150P-7 for different annealing temperatures. The
capacitance values are taken at a bias voltage of -50 V, which is a bit below total depletion.
As can be seen, the maximal capacitance value is observed for T,,, = 140°C and a
frequency of 1 kHz. Already at 160 °C the frequency dependence vanished corresponding
with the very low conductance value in Fig. Above 100 kHz the capacitance
is constant for all annealing steps. In general, when the capacitance is constant with
changing frequency, which is assumed as a corrected value. Thus, the errors for C-V
from surface current are given by the difference between 100 kHz and 500 kHz. Under
this assumption, the errors for all capacitance values at 500 kHz are below 4% for p-stop
diodes with dose values below 1 MGy. For D = 2 MGy, the capacitance of p-stop is not
reliable after annealing. For C-V before annealing, the errors caused by the surface effect

can be ignored if using the capacitance at 230 Hz.

8.4 Conclusion

The radiation damage of two types of silicon diodes (p-spray and p-stop), manufactured
on p-type Fz-material, with a resistivity of about 4 kQecm and exposed to ®°Co ~-ray at
different dose values (0.1 MGy, 0.2 MGy, 1 MGy, and 2 MGy) was investigated in this
study. -V and C-V measurements were employed for studying the radiation-induced
changes in the densities of leakage current (J;) and effective space charge (Neg). The
results showed that with increasing the dose, N.g decreases while J; linearly increases,
the latter exhibiting a similar trend to that of oxygen enriched n-type silicon irradiated
with %9Co ~-ray. In order to identify the «v-induced traps in the bulk of the samples, TSC
measurements were performed on irradiated p-type diodes. The TSC spectra revealed the
presence of defects, including H40K, VO, B;O;, C;O;, V3, and the newly detected I};. The
results showed that all the concentrations of defects increased linearly with dose except
the I} that shows a quadratic dose dependence. The process of multi-phonon capture
of holes by the C;O; defect was investigated by analyzing the corresponding TSC peak
obtained after the filling of the defect was performed at different temperatures. The
obtained results differ from those determined after irradiation with 1 MeV neutrons of n-
type silicon diode, the capturing process on the C;O; defect being faster after irradiation
with y-rays. This is explained considering that there are additional potential barriers
surrounding the disordered (clustered) regions produced by hadron which slow down the

charge transport in the diodes.
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8.4 Conclusion

To gain a better understanding of the defects’ thermal stability, kinetics and their
impact on the device properties, isochronal annealing experiments were performed in the
100°C-300°C temperature range. The TSC experiments revealed that C;O; complex is
thermally stable up to the end of the isochronal annealing, performed up to 300°C in
our study. In contrast, the other radiation-induced defects change their concentrations
during the thermal treatment. Thus, H40K anneals out at 120°C while B;O; and I}
start to anneal out after annealing at 140 °C and the devices are recovering most of their
initial doping. Two unidentified traps are detected to form during the annealing, labelled
as defectl and defect2. defectl is forming during the treatment in the 140°C-200°C
temperature range and transforms into defect2 after annealing at higher temperatures.
Both defects were found to be hole traps and neutral charged at room temperature.

The results of the macroscopic measurements showed that the density of leakage current
(J4) measured in full depletion conditions (at V' = -300 V) remains stable for annealing
temperatures up to 200 °C, indicating that none of the annealed out defects has an in-
fluence on the measured current. In the 200°C-300°C temperature range of annealing,
Jy increases up to 260°C and then decreases. No evidence for bulk defects responsible
for such behaviour was detected in TSC experiments. Variations of N.g were observed
only in the 150 °C-200 °C temperature annealing range, where the dissociation of the B;0;
defect occurs and N.g increases because the initial removed substitutional Boron is recov-
ered. Depending on the isolation technique used for the fabrication of the two types of
investigated diodes, different frequency dependences were evidenced, according not only
to the irradiation dose but also to the isolation technique used for separating the pad
from the guard ring. To further investigate this phenomenon, surface conductance (G)
measurements were performed on different samples. The frequency dependence in C-V
measurements is only observed if G was large than 3x 107% or 2x 1075 A/V at Viua = 10
or 50 V, respectively. This is not the case for most of the irradiated p-spray diodes, apart
from this highest dose of 1861 kGy after annealing at high temperature. For irradiated
p-stop diodes, the value of GG is consistently above this limit, but it can be decreased by
annealing for D value below 1 MGy (F150P-7).
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8.5 Additional Materials

8.5.1 /-V, C-V Before Irradiation

The -V and C-V characteristics of diodes before irradiation are shown in Fig.[8.12} The
current values measured before irradiation are around nA. Figure shows that the

C-V values are identical for all investigated diodes.
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Figure 8.12: (a), (b) and (c) are current-voltage (I-V') characteristics of about 4 kQ-cm
diodes before irradiation. (d) C—V characteristics of about 4 kQ-cm diodes
before irradiation. The measurements corresponding to diodes were indicated
in the legends. Measurements condition: 7" = 20°C, humidity < 10%, Vac
= 0.5 V and freq = 10 kHz.

8.5.2 /-V, C-V After lrradiation

The I-V and C-V characteristics of irradiated diodes are shown in Fig|8.13] The results
presented in Fig. for p-stop diodes are similar to those presented in section (8.3

for p-stop diodes. However, the frequency-dependent C-V measurements only appeared
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Figure 8.13: I-V and C-V characteristics of about 4 k2-cm diodes after irradiation. (a)
and (b) are the I-V for all p-stop diodes as indicated in legends. (c) and (d)
are the C—V for all p-stop diodes as indicated in legends. The investigated
diodes irradiated with %°Co-ray with D &~ 0.1, 0.2, 1, 2 MGy. (e) and (f) are
the C—V with different freq performed F150P-9 and F150Y-8 after irradiation
with D ~ 2 MGy. Measurements condition: 7" = 20°C, humidity < 10%,
Vac = 0.5V, freq = 230 Hz for (c) and (d). The frequencies of (e) and (f)
are indicated in the legends.
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on p-stop diodes, and not on p-spray diodes, after being irradiated with °Co ~-rays at a
dose of 2 MGy, as shown in Fig. [8.13¢ and [8:131]
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Figure 8.14: Nt profile of p-stop diodes irradiation with different D values. The data
were evaluated from C-V measurements by using Eq. and Eq. (a)
F150P-1, 3, 5 and 8. (b) F150P-2, 4, 7 and 9.

Table 8.5: Vig and N.g before and after irradiation

p-stop(label) F150P-1  F150P-3  F150P-5  F150P-8
Via before irrad (V) 53.1 £08 52808 52307 51.8=x0.7
Viq after irrad (V) 52704 520+0.7 463 +£05 40.1+0.7

Ng before irrad (10" cm™3) 3.53 + 0.02 3.54 + 0.02 3.53 + 0.01 3.50 + 0.04
Nog after irrad (102 em™3) 342 £ 0.07 3.32 4+ 0.13 3.00 + 0.14 2.59 4+ 0.21

p-stop(label) F150P-2 F150P-4 F150P-7 F150P-9
Via before irrad (V) 53.1 £0.8 522 +£08 522£08 52908
Viq after irrad (V) 529 £06 51.1+08 463 +£08 40.2+0.6

Neg before irrad (102 em™3) 3.55 + 0.02 3.54 + 0.01 3.53 + 0.01 3.55 &+ 0.02
Neg after irrad (102 em™)  3.43 £ 0.08 3.37 £ 0.17 3.00 + 0.09 2.61 + 0.17

p-spray (label) F150Y-1 F150Y-2 F150Y-5 F150Y-8
Via before irrad (V) 53.9+05 53705 523£05 53.0=£0.5
Vi after irrad (V) 53.4 £ 0.6 526+ 0.6 459+ 0.7 387+ 0.8

N before irrad (102 em™) 3.52 4 0.02 3.51 + 0.01 3.52 £ 0.02 3.52 £ 0.02
Neg after irrad (102 em™)  3.37 £ 0.03 3.31 +0.04 2.99 + 0.06 2.50 + 0.06

Fig. presents the extracted Ng profiles for all p-stop diodes after irradiation. With
increasing D, the profiles are shifted to lower values similar to results measured on p-spray

diodes. The obtained Viq and N.g were summarized in Table [8.5]
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8.5.3 Annealing Studies on [-V, C-V

In addition to isochronal annealing, isothermal annealing was also performed on F150P-5
at 80°C. The annealing times for measurements were 10, 30, 60, 90, 120, 240, 480, 975,
1920, and 3840 min.
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Figure 8.15: I-V characteristics for isothermal and isochronal annealing. (a) I-V curves of
different isothermal annealing steps for diode F150P-5. I-V characteristics
for different isochronal annealing steps were presented in (b) F150P-7, (c)
F150P-8 and (d) F150Y-8.

The I-V characteristics for isothermal and isochronal annealing are presented in Fig.|8.15
The figure shows that lower current values (I < 1x 107 A) appeared for V values below
specific thresholds, which depend on the dose and annealing steps. These thresholds,
denoted as Viaise, correspond to the points where the current suddenly increases, such as
V =3V (30 min@80°C) and 5 V (90 min@80°C) in Fig. The changes in V.. are
due to variations in the surface conductance GG. Higher G values increase the likelihood

of current flowing to the guard ring instead of the pad, resulting in lower current values
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for a given V. This observation can be further supported by comparing it with Fig.
and Fig. B.17]

The C—V characteristics for isothermal and isochronal annealing are presented in Fig.|8.16
Due to the high G value for F150P-8 (see Fig. , the C-V measurements are not reli-
able anymore. The changes in C-V for different annealing steps are negligible for F150P-5
under isothermal annealing. The measurements after isochronal annealing are presented
in Fig. [R.16D] and [8.16c, which are used to extract N.g as presented in Fig. [8.7b
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Figure 8.16: C-V characteristics for isothermal and isochronal annealing. (a) C-V curves
of different isothermal annealing steps for diode F150P-5. C-V characteristics
for different isochronal annealing steps were presented in (b) F150P-7 and (c)
F150Y-8. freq = 500 kHz for (a)-(c). (d) C-V measurement with different
frequencies on F150P-8 after isochronal annealing step 15min@160 °C.

8.5.4 Surface State

The evolution of G during isothermal annealing at 80°C is presented in Fig. 817 It

can be seen that GG initially increased with annealing time up to a maximum value after
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975 min, and then slightly decreased. This observation differs from the results reported
in [89].
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Figure 8.17: The development of G with annealing time t,,, for F150P-5 after 3840 min
annealing at 80°C, Vjpac = -10 V.

8.5.5 [B;0;] and Ngg vs Dose

The relationship between the development of [B;O;] and Neg with respect to the fluence

D is shown in Fig. [8.18 It can be observed that the decrease in Ng is approximately
twice the increase in [B;0;].
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Figure 8.18: Evolution of the [B;O;] and N.g as a function of dose value D.
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8 9 Co y-ray Irradiation

8.5.6 [C;O;] vs Tg for Different D Value

Figure shows the dependence of the C;O; concentration ([C;O;]) on the filling tem-
perature (Tg;). As can be seen, [C;O;] initially increases with T';; and saturates at Ty >
60 K for dose values of 94 and 189 kGy. It increases to 80 K for a dose of 924 kGy.

In Fig. the curves calculated by feedback parameters were plotted together with

the data, including the curve calculated by using parameters a and E given by [11].
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Figure 8.19: [C;O;] vs Tgy extracted from TSC spectra with different Tgy. (a), (b) and
(c) are the results extracted from the diodes irradiated by y-ray with D =
0.1, 0.2, and 1 MGy, respectively. (d) The comparison between the data of
[C;Os] vs Thn (F150P-2, F150P-4 and F150P-7) and the calculation by using
feedback parameters a and FEj, including also the curve obtained by using

parameters a and Fy given by [11].
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8.5.7 TSC for Isothermal Annealing

8.5 Additional Materials

Fig. [R.20a] and [8.20H] present TSC spectra for diode F150P-5 at different ¢,,,. It can be

seen that H40K and E50K decrease with increasing t.,, and are eliminated when t,,, >

240 min. The VO peak shows a decrease only for TSC measurements with Tg; < 40K,
and the maximum value of VO is stable with t,,,. B;O;, C;O;, and V, are stable with
tann- [H40K], [ES0K], and [Ip#| are summarized in Fig. for different ¢,,, at 80°C,
while [B;O;], [C;O;], and [V3] are presented in Fig. as a function of t,,,. Comparing
with the results presented in section [8.5.3] it can be concluded that the changes of H40K,

E50K, and Ip*x do not contribute to macroscopic properties.
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Figure 8.20: TSC spectra for diode F150P-5 after isothermal annealing at 80°C. (a) fan
= 10 to 120 min (b) tan = 240 to 3840 min. Measurement details for (a)
and (b): Forward current (Igy = 1 mA), Tsy = 10 K, Vias = -200 V. (¢) The
development of [H40K], [E50K] and [Ip*] with ¢,,,. (d) The development of
[CiOi], [Vg] and [BIOI] with tann-
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8 9 Co y-ray Irradiation

8.5.8 TSC for Isochronal Annealing
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Figure 8.21: TSC spectra for diode after isochronal annealing from 100°C to 300°C. (a)
From 100 °C to 200°C and (b) From 200°C to 300°C for F150P-7. (c¢) From
100°C to 190°C and (d) From 190°C to 300°C for F150Y-8. Measurement
details: Trap filling by forward current (Igy = 1 mA) injection at T = 30 K,
Viias = -200 V.

Figure shows TSC spectra for F150P-7 and F150Y-8 after isochronal annealing at
different temperatures, which are similar to F150P-8. The defect concentrations extracted

for B;O;, peak 1, and peak 2 were plotted as a function of T,,, in Fig. 8.8

Measurements for Peak 1 and 2

As mentioned in section [6.4], E, can depend on the electric field if the defect is charged
after emission. To investigate this, we performed TSC measurements with different Vs
for F150P-7 and F150P-8 after isochronal annealing at 170°C and 300°C, respectively.
The TSC spectra with varying Vj,;.s were presented in Fig. [8.25al and [8.25b| for F150P-7
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and F150P-8, respectively. As shown, except for B;O;, the Poole-Frenkel effect did not

appear in other defects.
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Figure 8.22: (a) and (b) TSC spectra with forward bias injection, followed by heating
up under different Vi, indicated in legends. (a) F150P-7 after isochronal
annealing at T,,, = 170°C. (b) F150P-8 after isochronal annealing at T,
= 300°C.
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Figure 8.23: Light injection performed on diode F150P-8 after isochronal annealing at
Tonn = 300°C. Measurement details: Illumination time tg; = 120, 240 and
480 s, Viias = -200 V.

The light injection was performed on the diode F150Y-8 after 300°C annealing. For
this, a 520 nm wavelength light was used to illuminate the front side (n+) of an over-
depleted diode at Tx; = 30 K. Since the absorption length of 520 nm light is roughly
1 pm [131) 132], it can be assumed that only holes are injected into the bulk of reverse
biased illuminated diode. The result can be found in Fig. [3.23
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8 9 Co y-ray Irradiation

[CiOi], [V2] and [l,%] vs Tann

The extracted [C;Os], [Va], and [I,*] on F150P-7 were plotted as a function of T, in
Fig. 8.24] Here, the [C;O;] and [Vs] were obtained from TSC measurements with Tg =
100 K. As can be seen, both the C;O; and V5 are stable up to 300 °C.
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Figure 8.24: Evolution of the defect concentration in diode F150P-7 as a function of an-
nealing temperature T,,,.

onp for lpx

In this work, o, , were determined by DLTS measurement as shown in Fig. [8.25]
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Figure 8.25: (a) Pulse Width forward injection (for determining o,,). (b) Pulse Width for
determining the o, using a double pulse sequence: 1st with 20 ps forward
injection with 1 V followed by a second one with -0.1 V of different duration.
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9 Summary and Outlook

9.1 Summary

Silicon sensors for future particle physics and photon science detectors need to be resistant
to radiation. For p-type sensors one of the main effects caused by radiation damage is the
removal of substitutional boron, leading to a decrease of the initial doping concentration.
The aim of this thesis was the systematic and detailed investigation of the boron removal
effect in p-type silicon diodes. The boron removal effect had been introduced in detail
in the previous chapters, which mainly involved the reduction of space charge density
Neg and is a dominant effect at lower irradiation fluence value. To investigate the boron
removal effect in silicon sensors, the p-type silicon diodes containing EPI, Cz and FZ were
investigated in detail after exposure to three different radiation sources (23 GeV protons,
5.5 MeV and ®Co ~-ray). The work of this thesis was presented following the radiation
sources:

In the first irradiation campaign, diodes of different resistivity were exposed to 23 GeV

~2. Within this group, it was investigated

protons, with a fluence of ®, = 7 x 10'* c¢m
that the diodes with the same carbon concentration [Cg] of 2 x 10'® cm™ and oxygen
concentration [O;] of 1 x 107 em™3, but different boron doping concentrations [Bg] of

6.24 x 10'2, 4.53 x 10'3, 1.97 x 10", and 1.37 x 10 cm™3.

In a second campaign was exposed to 5.5 MeV electrons, with a fluence ranging from
d, =1x 10" cm™2 to .- = 6 x 10* cm~2. In this campaign, it was investigated that
the diodes with the same boron doping concentration [B] of 1.37 x 10'® cm™ and oxygen
concentration [O;] of 1.5 x 10'7 em™3, but different carbon concentrations [Cy] of 2 x 10
(EPI-diodes) and 3 x 10'% (Cz-diodes) cm 3.

In a third campaign, high resistivity FZ silicon diodes were exposed to °Co gamma-ray
irradiation, with doses ranging from D = 0.1 MGy to D = 2 MGy. Within this campaign,
it was investigated that the diodes with the same boron doping concentration [Bg] of
3.5 x 10" ¢cm™3, carbon concentration [Cy] of 2 x 10'® cm™2, and oxygen concentration
[O4] of 1 x 10! cm™3.

Both macroscopic and microscopic measurements were performed to study the effects

of irradiation on these diodes.
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9 Summary and Outlook

9.1.1 Macroscopic Properties

The macroscopic properties are the properties contributed by all electrically active mi-

croscopic defects at specific temperatures (normally around room temperature).

Space Charge Density at Room Temperature (Boron Removal Effect)

The observed decreases in N.g with increasing fluence or dose were consistent across all
irradiated diodes, indicating a common trend. This decrease is mainly attributed to the
boron removal effect. However, it should be noted that this assumption does not hold for
two high-resistivity EPI-diodes with resistivities of 2 k{2 - cm and 250 €2 - cm, which were
irradiated with 23 GeV protons, as shown in Fig. [6.20

In these particular diodes, most of the initial boron concentration ([Bs]) was removed,
which suggests that other factors contribute to the observed changes in N.g. The irradi-
ation with hadrons in these cases induced the formation of cluster-related defects, which
also influences the space charge density (Neg).

Except for the two high-resistivity EPI-diodes mentioned earlier, several conclusions

can be drawn from the overall analysis of the results:

a) The change of Neg is quite small after isothermal annealing at 80°C for different

annealing time t,,,, which correlates with the nearly constant concentration of the
B;0O; defect.

b) For 23 GeV proton irradiation, the increase of Neg at temperatures above 150°C
correlates with the annealing-out of B;O; where the change of N is about two times
the change of B;0;, indicating that most the B; resulted from the dissociation of the
B;O; donor defect returns to substitutional sites, regaining the acceptor character

of the boron dopant.

c) For 5.5 MeV electron and ®°Co v-ray irradiation, the N.g decreases nearly linear with
increasing fluence ®,, or dose D. By comparing the boron removal rate resulting
from C-V measurements with the result by accounting twice the value of the B;0;
introduction rate gp.o, due to the donor character of the defect, a good agreement

is obtained.

d) In the case of 5.5 MeV electron irradiation on Cz- and EPI-diodes, a significant
decrease in Neg was observed in EPI-diodes compared to Cz-diodes, despite being
irradiated with the same fluence. This difference can be attributed to the higher
carbon concentration in Cz-diodes, which leads to a reduction in [B;O;]. The pres-
ence of higher carbon levels influences the boron removal process, thereby affecting

the space charge density.

e) For ®Co 4-ray irradiation, the isochronal annealing shows similar behaviour on

N.g compared to 23 GeV proton irradiation. However, N.g returns back to 98%
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for a dose of 1 MGy and 95% for a dose of 2 MGy of the initial value of about
3.5 x 102 ecm™? after an annealing temperature of T,,, > 200 °C. This few percents
difference at T,,, > 200 °C might be due to the fact that some of the boron atoms
after dissociation of the B;O; will form other boron related defects like the B;Cs.

Leakage Current

The increase in leakage current is caused by the increase in the concentration of the deep
generation center after irradiation. While the boron removal effect is not responsible for
the observed increases in leakage current after irradiation, some interesting results from

the I-V measurements are observed:

a) Compared with 23 GeV proton irradiation, the obtained current-related damage
parameter « is much smaller in 5.5 MeV electron irradiation, indicating that the
increase of the leakage current caused by low energy electrons is substantially less
than that caused by hadrons. Also, the change of the mean value of current den-
sity Jy with annealing time at 80°C is strongly suppressed compared with hadron
irradiated devices indicating that the irradiation with low energy electrons creates

less current generation centers and more stable defects

b) For p-type FZ-diodes with %°Co ~-ray irradiation, J; linearly increased with dose

and exhibited a trend similar to that of n-type silicon enriched with oxygen.

9.1.2 Microscopic Defects
The B;0; defect

The main focus of this work is on the defect B;O;, which is an electron trap with a positive
charge at room temperature. It was found that B;O; predominantly contributes to the
changes in Ng for all investigated diodes, except for the 2 k2 - cm and 250 €2 - cm diodes
irradiated with 23 GeV protons.

In addition to these general observations, several other important informations about

B;O; were obtained following different irradiation experiments:

a) For 23 GeV proton irradiation, the zero field activation energy E,o ~ 0.27 eV of the
B;O; was evaluated by using the 3-D Poole Frenkel effect. The generation rate of
B;O; (gB,0,(Nett, 0)) is presented together with data of other groups and compared
with a defect kinetics model [21], [86]. It is shown that gp.o, increases with the

initial doping up to some 1 x 10'* cm™ and tends to saturation for higher values.

b) For 5.5 MeV electron irradiation, the T'S-Cap method was used on non-fully depleted
diodes to extract [B;O;]. The introduction rate of B;O; is much smaller in Cz than

in EPI material, of 0.63 cm™! compared with 1.75 cm™!, the opposite is happening
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for C;O;. This can be explained by the higher carbon concentration in Cz-diodes
compare to EPI-diodes. Also, a 2 times large B;O; introduction rate was obtained

compared to 23 GeV proton irradiation.

c¢) For ®Co 7-ray irradiation, during isochronal annealing and with the decrease of
the B;O; a new defect with a lower temperature of the peak maximum (defect 1)
is forming and growing up to about 200°C. For temperatures higher than 200°C
defect 1 is stable up to about 250°C and during the decay a further defect 2 is
formed and grows up to the limit of the used oven (300°C). The defect 2 might be
assigned to the B;Cq defect.

The C;0; defect

The boron removal effect is strongly influenced by the presence of carbon in the mate-
rial, which mainly forms the defect C;O; a well-known hole trap and neutral at room
temperature.

After irradiation of EPI-diodes with 23 GeV protons it was observed that the concen-
trations of [C;O;] decreases from 4.2 x 10" em™ to 2.8 x 10'® em™ with an increase of
the corresponding initial boron concentration from 6.24 x 10'? cm=3 to 1.37 x 10 cm™3.

For the diodes with same resistivity irradiated by 5.5 MeV electrons with same the
fluence value, the less [C;O;] was observed on EPI diodes with carbon concentration of
2 x 10% ecm ™3 comparing to the Cz diodes with carbon concentration of 3 x 106 cm™3.

These observations indicate an opposite trend compared to the development of [B;O;]

with respect to [Cg] and [Bg]. This is the reason why carbon co-implantation can enhance

the radiation hardness of LGADs.

Electron Traps
Besides B;0;, other electron traps were also observed after irradiation, including:

a) E30K (E, = Ec — 0.079 eV, 0, = 1.68 x 1071 cm™2), which was observed in the
23 GeV proton-irradiated diodes. This defect exhibits a clear Poole-Frenkel effect,
suggesting a positive charge at room temperature and its possible involvement in

the annealing-related changes in N.g for T,,, < 150°C.

b) E50K (E, = Ec — 0.11 eV, 0, = 5.4 x 107 ¢cm™2) was exclusively observed in

60Co 7-ray irradiated diodes, and its concentration was found to be very small.

c) VO (E, = E¢ —0.16 eV, 0, = 6.1 x 1075 cm~2), which was observed only in high

resistivity diodes after irradiation, but did not contribute to the changes in Ngg.

d) V,/° (E, = Ec — 0.429 eV, 0, = 1.5 x 1015 cm~2), which was observed only in
diodes with resistivity higher than 10 €2 - cm after irradiation, and did not contribute

to the changes in Ng.
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Hole Traps

Besides the C;0;, some other hole traps were also observed after irradiation.

a) H40K (E, = Ey + 0.11 eV, 0, = 4.3 x 107'* ¢cm™?) was observed in all lower
boron-doped diodes, such as 2 k2-cm (EPI 12-74) and 250 §2-cm (EPI 09-73),
after 23GeV proton irradiation, as well as in all ®°Co gamma-ray-irradiated diodes.
This defect exhibited a decrease in concentration during isothermal annealing at

80°C, and its contribution to N.g was not observed.

b) H140K (E, = Ey+0.36 eV, 0, = 2.5x107'° cm™?) and H152K (E, = Ey+0.42 eV,
o, = 2.3 x 107! cm™?) were exclusively observed in the 23 GeV proton-irradiated
diodes. These defects are negatively charged at RT and exhibit the Poole-Frankel
effect, which means they contribute to Neg. However, only in the 2 k2 - cm EPI
12-74 diode, their concentrations is comparable to [B;O;]. It is possible that for

higher fluences, they may play a more significant role.

9.2 Qutlook

0.2.1 Question

All questions had been mentioned in chapter [6f8, The main two questions in this work

are related to 1) TSC measurement and 2) The electrical properties of some defects.

TSC Method

As discussed in chapter [5], the measured currents during heating up include conduction,
displacement, and diffusion currents. In the TSC method, the focus is on the conduction
and diffusion currents, as they are the dominant contributions. This assumption is valid
for diodes that are fully depleted during the heating up.

For diodes that cannot be fully depleted, this work takes into account the error in the
extracted defect concentration by considering the depleted layer. However, it is important
to note that the equation used for this correction is only applicable when the space charge
density changes are homogeneously distributed in the bulk during heating up, and it does
not account for the diffusion current. Furthermore, in diodes with thicker non-depleted
regions, negative currents can be observed [183].

Consequently, the critical question for TSC measurement is how the electrically active

defects in the depleted and non-depleted regions contributed to the TSC signal.

Defects

The main focus of this work is to investigate boron-related defects and their impact on

the space charge density in the semiconductor material. One of the prominent boron-
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related defects studied is B;O;, which has been found to have a strong influence on the
space charge density. However, there are other defects, such as the X-defect, defect 1,
and defect 2, which are still uncertain whether these defects are directly related to boron

or if they have any boron-related origin.

9.2.2 New Project in the Frame of the RD50 Collaboration

To improve the radiation hardness of LGADs (Low-Gain Avalanche Diodes), institutions
in the RD50 Collaboration: the National Institute of Materials Physics (NIMP), European
Organization for Nuclear Research (CERN), Forschungsinstitut fiir Mikrosensorik GmbH
(CiS), Jozef Stefan Institute (JSI), Universitdt Hamburg (UHH), Instituto Nazionale di
Fisica Nucleare (INFN-Torino), and Vilnius University, has proposed further investigation
on the acceptor removal effect.

The main objective of this project is to gain a better understanding of the acceptor
removal effect and to develop parameterizations for different levels of B, C, and O im-
purities and irradiation fluences. The goal is to find suitable defect engineering solutions
that can enhance the radiation hardness of the gain layers in LGADs.

In this project, diodes with resistivity ranging from 15 to 1.5 2 - cm will be investigated.
Additionally, the compensation for substitutional phosphorus impurities will also be in-
cluded in the investigation. By studying the acceptor removal effect and its relationship
with impurity content, irradiation fluences, and compensation techniques, this project
aims to provide valuable insights and guidelines for optimizing the design and fabrication
of radiation-hard LGADs.
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Appendix A: Chapter [0

Detailed information about other diodes can be found in Table [ including the EPI 06-
72 diodes which are identical to the EPI 06-71 diodes in terms of resistivity, area, and
thickness, and were irradiated with the same fluence of 23 GeV protons. The EPI 06-73
and 06-74 diodes have similar physical and geometric parameters to the EPI 06-71 and
06-72 diodes but were irradiated with different fluences. The investigation also included
a Czochralski silicon diode (Cz 03-300).

The extracted values of Viy and N.g were summarized in Table [2] before annealing
including the diodes presented in Table [6.1] and Table [T, where the included N.g is the

mean value in the ranges presented in Fig. [6.2b]

Table 1: Device information (* 1 MeV neutron equivalent fluence)

Label EPI 06-72 EPI 06-73 EPI 06-74  Cz 03-300
Negro (cm™3) 1.97 x 101 1.97 x 10*  1.97 x 10 1.05 x 104
Initial resistivity (€2 -cm) ~50 ~50 ~50 ~250

Proton fluence ®, (cm™2) 7 x 10" 5x 10%3 5 x 1013 7 x 10"

Fluence value @, (cm™2)* 4.3 x 10 25x 10" 25x 10" 4.3 x 10"
Area A (cm?) 0.06927 0.06927 0.06927 0.06927

Thickness d (pm) 50 50 50 350

Table 2: Viq and N.g before and after irradiation

label EPI 12-74 EPI 09-73 EPI 06-71 EPI 01-73
Viq before irrad (V) ~ 10 ~ 76.0 ~ 330 -

Via after irrad (V) 44+£03 181 +£0.8 166.7 £ 6.0 -
Nego (1012 cm™3) 6.24 45.3 197 1370
Ng after irrad (102 em™3)  2.01 & 0.7 10.8 £1 101.8 £6 1010 £ 10
label EPI 06-72 EPI 06-73 EPI 06-74  Cz 03-300
Via before irrad (V) ~ 330 ~ 330 ~ 330 -

Viq after irrad (V) 1721+ 4 2719 £ 17 300.1 £ 12 -
Nego (1012 cm™3) 197 197 197 105

Ny after irrad (102 cm™3) 102.6 & 2.5 162.1 £ 10 1794+ 7 823+ 1.5
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