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Abstract

Non Jonizing Energy Loss (NIEL) in the sensor bulk is a limiting factor for the
lifetime of silicon detectors. In this work, the proton-energy dependent bulk-
damage is studied in n- and p-type silicon pad diodes. The samples are thin
(200 um thick), and oxygen enriched (bulk material types: MCz, standard or deep-
diffused FZ). Irradiations are performed with 23 MeV, 188 MeV and 23 GeV pro-
tons; the 1 MeV neutron equivalent fluence assumes selected values in the range
[0.1,3]-10'* cm 2.

In reverse bias, Current-Voltage (IV) and Capacitance-Voltage (CV) measure-
ments are performed to electrically characterise the samples; in forward bias,
IV and CV measurements point out the transition from lifetime to relaxation-
like semiconductor after irradiation. By means of Thermally Stimulated Current
(TSC) measurements, 13 bulk defects have been found after proton irradiation.
Firstly, TSC spectra are analysed to obtain defect concentrations after defect fill-
ing at the conventional temperature T z;;; =10 K. Secondly, temperature dependent
capture coefficients of bulk defects are explained, according to the multi-phonon
process, from the analysis of TSC measurements at higher filling temperatures
(T iy < 130 K). Thirdly, a new method based on the SRH statistics and accounting
for cluster-induced shift in activation energy is proposed; it allows to fully char-
acterise bulk defects (in terms of activation energy, concentration and majority
capture cross-section) and to distinguish between point- and cluster-like defects.
A correlation is noted between the leakage current and the concentration of three
deep defects (namely the V,, V3 and H(220K) defects), for all the investigated
bulk materials and types, and after all the considered proton energies and flu-
ences. At least five defects are found to be responsible for the space charge, with
positive contributions from the E(30K) and B;O; defects, or negative contributions
from three deep acceptors H(116K), H(140K) and H(152K).
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Kurzfassung

Der nicht ionisierende Energieverlust (NIEL) im Sensorsubstrat ist ein limitieren-
der Faktor fiir die Lebensdauer von Siliziumdetektoren. In dieser Arbeit werden
Kristalldefekte in Abhéngigkeit von der Protonenenergie in n- und p-dotierten
Flichendioden untersucht. Die Dioden sind diinn (200 um dick) und mit Sauer-
stoff angereichert (Substratmaterial: MCz, Standard oder tief diffundiertes FZ).
Die Bestrahlungen wurden mit Protonen von 23 MeV, 188 MeV und 23 GeV mit
Teilchenfluenzen (1 MeV Neutronendquivalent) im Bereich von [0.1, 3]-1 0" cm—2
durchgefiihrt.

Zur elektrischen Charakterisierung der Dioden wurden in Sperrrichtung Strom-
Spannungs (IV) und Kapazitits-Spannungs (CV) Messungen durchgefiihrt; in
Durchlassrichtung zeigen IV- und CV-Messungen den Ubergang von lifetime zu
relaxation-artigem Halbleiter nach der Bestrahlung.

Mit Hilfe von Thermally Stimulated Current (TSC) Messungen wurden nach Pro-
tonenbestrahlung 13 Kristalldefekte gefunden.

Zuerst werden TSC-Spektren analysiert, um Defektkonzentrationen nach der De-
fektfiillung bei der konventionellen Temperatur von T;;; =10 K zu erhalten.
Danach werden temperaturabhéngige Einfangskoeffizienten von Kristalldefekten
nach dem Multi-Phonon-Prozess aus der Analyse von TSC-Messungen bei hheren
Fiilltemperaturen (Ty;; < 130 K) bestimmt. Zuletzt wird eine neue Methode
auf Basis der Shockley-Read-Hall-Statistik unter Beriicksichtigung der cluster-
induzierten Verschiebung der Aktivierungsenergie vorgeschlagen. Sie erlaubt es,
Kristalldefekte in Bezug auf Aktivierungsenergie, Konzentration sowie Wirkungs-
querschnitte der Majoritdtsladungstriager vollstindig zu charakterisieren und zwis-
chen punkt- und clusterdhnlichen Defekten zu unterscheiden.

Es ist eine Korrelation zwischen dem Leckstrom und der Konzentration von drei
tiefen Defekten (dem V5, V3 und H(220K)) fiir alle untersuchten Substratmateri-

iX



X Kurzfassung

alen und -typen und fiir alle betrachteten Protonenergien und -fluenzen festgestellt
worden. Mindestens fiinf Defekte sind fiir die Raumladung verantwortlich, mit
positiven Beitriagen aus den E(30K) und B;O; Defekten sowie negativen Beitré-
gen von drei tiefen Akzeptoren H(116K), H(140K) und H(152K).



Introduction

“Every effect of particles or radiation can be used as a working principle for a
particle detector”, was once said by Prof. Dr. Claus Grupen.

The building block of a silicon sensor is: a p-n junction operated in reverse bias.
The working principle is: electron-hole pairs creation by ionization or direct ex-
citation; as a result, charge carriers induce a current in the electrodes, as long as
they drift in the electric field and reach a biasing contact.

However, it should be kept in mind that there is a price to be paid: intense particle
beams strongly affect properties and performance of irradiated particle detectors.
This is particularly true for silicon sensors exposed to hadron beams, for which
the leakage current is increased, the electric field is severely altered and the effi-
ciency in charge collection is significantly reduced.

In the past, most of the investigations were performed regarding the bulk damage
of silicon sensors after electron, photon and neutron irradiations. In particular,
data and knowledge of proton-induced bulk-damage in silicon are quite limited,
especially in p-type sensors. Therefore, this work investigates the proton-energy
dependent damage in n- and p-type silicon pad diodes, after irradiation with pro-
tons of 23 MeV, 188 MeV and 23 GeV. The 1 MeV neutron equivalent fluence
assumes selected values in the range [0.1, 3]-10'* cm~2. The silicon pad diodes
are 200 um thick and oxygen enriched (the bulk materials are: MCz, standard or
deep-diffused FZ).

Three type of measurements are performed: Current - Voltage (IV(T)) and Ca-
pacitance - Voltage (CV(f,T)) measurements in order to electrically characterized
the samples; Thermally Stimulated Current (TSC) measurements are performed
to characterize the proton-induced bulk defects. In addition, IV and CV mea-
surements under forward bias identify the possible transition from lifetime- to
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2 Introduction

relaxation-like semiconductor after irradiation.

The thesis work is structured in two parts:

Part I - Literature overview:

Chapter [1] deals with fundamental properties and working principles of silicon
sensors which are widely used as particle detectors in many research fields. Chap-
ter 2l summarizes the history of silicon sensors, and provide representative exam-
ples of silicon sensors exposed to proton beams: in space experiments, in High
Energy Physics, and for Proton Therapy.

The topic of proton-induced bulk damage in silicons sensors is addressed in Chap-
ter 3, summarizing the interactions of protons in silicon according to the proton
energy, and quantifying the bulk damage according to the NIEL hypothesis or in
terms of DPA units. The statistics of recombination and generation of holes and
electrons through defect levels is reviewed according to the Shockley-Read-Hall
(SRH) model. The impact of bulk defects on fundamental sensor properties, and
their evolution with annealing, is then presented with focus on the leakage current,
space charge distribution and charge collection efficiency.

Part II - Experimental results:

Chapter 4] deals with the irradiation conditions with 23 MeV, 188 MeV and 23
GeV protons, with highlights on the newly irradiations performed with 188 MeV
protons. The irradiated MCz, standard and deep-diffused FZ pad diodes are stud-
ied with three experimental techniques: IV(T)/CV(f,T) and TSC. The correspond-
ing results are described in Chapter [5and Chapter [6] respectively. Firstly, from
IV(T) characteristics in reverse bias it is demonstrated that leakage current is pro-
portional to the neutron equivalent fluence, for all the investigated proton ener-
gies, bulk materials, and annealing. Secondly, CV characteristics in reverse bias
are analyzed with the new “initial rise method”. In addition, the activation en-
ergy of a main deep donor in p-type material is derived from the frequency- and
temperature-dependent capacitance characteristics. Type inversion from n- to p-
type is noted for deep-diffused FZ after exposure to 23 MeV or 188 MeV protons
with fluences of 7 -10'3 cm™2. (No deep-diffused FZ diodes are available for
the present study). In addition, IV and CV measurements are also performed in
forward bias for a physical insight about relaxation-like semiconductors after ir-
radiation: ohmic IV curves at the maximum resistivity, and a negative diffusion
capacitance, respectively.

Thirdly, at least 13 bulk defects are detected by means of TSC measurements
in all the proton-irradiated samples. The very same bulk defects are found after
irradiation with various proton energies, bulk materials and type, a part for the
B;O; defect which is responsible for the boron removal in p-type sensors. Bulk
material, proton energy, fluence and annealing dependences are discussed. Three
methods are implemented in Python to analyze TSC spectra:

a) With Ty;; =10 K and forward injection, i.e. the conventional approach of the
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last decades, to calculate defect concentrations;

b) With Tz;; =10 K and light illumination, with an occupation-dependent activa-
tion energy for cluster defects. This new approach to the analysis of TSC spectra
is based on the SRH statistics and allows to fully characterize bulk defects (i.e.
in terms of activation energy, concentration and majority capture cross-section).
Moreover, it allows to distinguish between point- and cluster-like defects;

¢) With defect filling at higher temperatures (10 K < T ;; < 130 K), and account-
ing for the temperature-dependent capture coefficients according to the multi-
phonon process.

Following the results from chapter 5 and chapter 6, the relation between bulk de-
fects and sensors properties are given in Chapter [7t

e From IV vs. TSC measurements, regarding the leakage current;

e From CV (at low frequency and low temperature) vs. TSC measurements,
regarding the space charge contributions;

e From C(f,T) at low bias to extract the activation energy of the dominant
deep donor in p-type sensors after proton irradiation.

The main defects with impact on the leakage current and the space charge con-
centration are simulated in TCAD, in order to suggest a set of (six) relevant bulk
defects for further development of a radiation damage model based on measured
bulk defects.






Part I

Literature overview






Fundamental properties of silicon sensors

Silicon was discovered by the Swedish chemist Jons Jacob Berzelius in 1824, and
since nearly forty years it is the material of choice for a variety of solid state
devices and in many ditferent physics fields [1]. About 98% percent of all semi-
conductor devices are in fact fabricated with silicon, such as integrated circuits,
microprocessors and memory chips [2].

This chapter summarizes the fundamental properties of silicon in equilibrium, i.e.
when no external forces such as voltage, electric or magnetic fields, nor tempera-
ture gradients are applied. Firstly, the case of pure silicon with no impurity atoms
nor defects will be described in section[I.1. Secondly, the properties of extrinsic
silicon (with specific impurity atoms) will be introduced in section|1.2 in order to
understand the basic device structure of silicon sensors (subs.[L.3).

The wide use of silicon as a detection medium is due to its striking performance
both for position and energy determination (section[L.4), and highly benefits from
the fast development of the technology for integrated circuits [3,|4].

1.1 Intrinsic silicon

This section deals with the basic properties of intrinsic silicon, i.e. a pure single-
crystal material with no impurities nor lattice defects (subs. [LI.1). In crystalline
materials, outer-shell atomic levels exhibit an energy band structure (subs. [.1.2)).
It is important to note that for an intrinsic semiconductor, the concentration of
electrons in the conduction band is equal to the concentration of the holes in the
valence band (subs. [LI.3). The electrical conductivity is entirely dependent on
thermally generated carriers. Properties and effects of radiation-induced defects
in the crystal lattice will be discussed in chapter 3] since crystal damage is the
main concern for the silicon sensor’s longevity.

7



8 Fundamentals properties of silicon sensors

1.1.1 Crystal structure

Silicon is the second most abundant element (after oxygen) in the Earth’s crust [5],
making up 27% of the lithosphere by mass [6]. Silicon has three stable isotopes
(*®Si, 2Si and *°Si), with relative abundances of 92.23%, 4.67% and 3.10%, re-
spectively [7]. Silicon naturally occurs in the form of silicon dioxide (quartz), or
more complex compounds (silicates). The “pure” silicon element can be industri-
ally produced either in the amorphous or crystalline form, the latter one having a
well-structured periodic arrangement of atoms.

The primitive cell of a silicon crystal is shown in fig. such building block
(with cube side ag =5.431 A) can be repeated in all the three dimension to form
the overall crystal lattice. Each atom is covalently bonded to four other atoms
in a tetrahedral configuration, also known as sp3-hybridization, with an angle
between the atom bonds of 109.5°. The periodic arrangement of silicon atoms
results in two interpenetrating face-centered-cubic (fcc) Bravais lattices, one dis-
placed from the other by a translation of 9(1,1,1) along a body diagonal: atoms
are located at each corner, at the center of the cube and additionally on each face
plane. Such structure can be described with just two basis atoms located at (0,0,0)

(a) (b)

Figure 1.1: Primitive cells in a silicon crystal: (a) the crystallographic unit cell (a
cube with edge length ap =5.431A), and (b) its reciprocal lattice in the momentum
space (Wigner-Seitz cell). Figures taken from [8] and [9], respectively.
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and at (1,1, 1), and three basis vectors:

1
o, az==21{1]. (1.1)
1

ao ao
_— a = —

2 1 2

a) =

The lattice is invariant under translations involving lattice vectors of the form:
Rijk:ia|+jaz+ka3. (1.2)

The most important symmetry points and lines are shown in tab. In crystal-
lography, the Miller indices are usually exploited to represent a crystal direction
[hkl] perpendicular to a crystal plane (hkl). In fig. [L.2] the three main planes
in a cubic crystal are shown. The crystal orientation deeply affects the mechan-
ical, physical, chemical and electronic properties of crystalline materials. The
orientation-dependent properties have an impact also on the device fabrication, as
summarized in table Alternatively, it is possible to visualize a primitive cell in
the reciprocal lattice of the momentum space. This is for example the case of the
so-called Wigner-Seitz cell, which is obtained by drawing a line from one refer-
ence lattice point (I' = (0,0,0), depicted in fig. to all its nearest neighbors,
together with the perpendicular bisector planes for each of the lines. The volume
enclosed by these planes is the Wigner-Seitz-cell; for silicon, it has the shape of
a truncated octahedron. In the reciprocal space, the unit cell corresponding to the
Wigner-Seitz cell is called Brillouin zone (see fig. [I.1(b)).

Point name | Point coordinates | Axis name | Axis coordinates |
X A <1,0,0>
22(+1,0,0)
21
%(07:&170)
7(0707i1)
L A <1,1,1>
a1l 1 1
k7, E7,£7)
K > <1.1.0>
2 (42 43.0)
20,42, 43)
om0 3 3
§<i1707i1)

Table 1.1: Symmetry axis and points in a Wigner-Seitz cell.
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N

X (100) X (110) X (111)

Figure 1.2: Miller indices representative for the three main planes in a cubic
crystal: (a) (100), (b) (110), and (c) (111).

| Factor | <100> | <110> [ <111>
Grown-crystal quality G P E
Growth-rate E A G
Crystal production cost E P E
Mechanical strength G G E

Table 1.2: Practical comparison of silicon wafers with different orientation
(E=excellent, G=good, A=acceptable, P=poor). Summarized from [10Q].

The basis vectors in the reciprocal lattice are obtained from the relation b; -a; =
210, as follows:

1 1 1
2 2 2

bi=1]. »=""(=1|. p,==(1]. @3
ao \ 4 ao \ 4 ao \ _4

General reciprocal lattice vectors can be expressed in the form:
Gyun = [by +mby + nbs. (1.4)

The reciprocal lattice (with just one atom per primitive cell) allows to derive an
approximate solution of the Schrodinger equation in a crystal, as if one-electron
was in a spherically symmetric crystal potential (see next section [1.1.2).

1.1.2 Energy bands

The spatial periodicity of a lattice is responsible for the establishment of the so-
called energy bands. In fact, it is well known that electrons in an isolated atom
can only possess discrete energy levels. If many atoms are brought together at
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distances comparable to the orbital radius, the wave-functions of the orbiting elec-
trons start to overlap. This overlapping is then responsible for the introduction of
hybrid quantized energy levels, which split into two different levels because of the
mutual interaction of the two atoms. In crystalline solids, the overall number of
split levels can be considered as a quasi-continuum of energy states, better known
as a band.

More precisely, the rules of quantum mechanics have to be applied to the case of
a periodic crystal. In principle, the full Hamiltonian of the crystal should contain
not only the one-electron potentials (for the electrons-atomic nuclei interactions),
but also pair potentials (for the electron-electron interactions). In reality, an ef-
fective one-electron potential U (r) can be exploited to simplify the case, if all the
electrons are assumed to be independent [11]. Therefore, for a lattice-periodic
Hamiltonian satisfying the condition A (r +R) = H(r) (for all vectors of the Bra-
vais lattice), the Bloch’s theorem provides the one-electron wave function:

Wk = X T (1), (1.5)

where uk (r+R) = uk(r) is a lattice-periodic function. The corresponding ener-
gies E, (k) are continuous function in the Bloch vector k, for each band index n,
and constitute the energy bands. Bloch vectors are restricted to the first Brillouin
zone and can also be applied to non-electronic excitations such as phonons.

It is relevant to note that a completely filled band does not contribute to conduc-
tion (electrons can not move anywhere else); whereas electrons are free to move
in a partially filled band, so that a current flow can be established.

Three types of bands can be outlined:

e Valence band, generally made up of occupied molecular orbitals, thus the
electrons are tightly bound to the lattice atoms. The highest energy level is
called Ey;

e Conduction band, generally made up of empty molecular orbitals, so that
electrons are free to move. These electrons actually contribute to the con-
ductivity of the material. The lowest energy level is called Ec;

e “Forbidden” band without energy levels. Since it is localized between the
valence and the conduction band, the energy difference is called energy gap
(Eg =Ev—E¢).

Fig.[L.3|shows the energy bands E, (k) for silicon which has E, =1.12 eV at room
temperature and under normal atmospheric pressure [9]. In particular, the I" line
points out that the top of the valence band and the bottom of the conduction band
do not occur at the same K. Therefore, in addition to the energy E,, there must be
a transition in the momentum space, i.e. phonon needs to be exchanged with the
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Energy (eV)

L [111] r [100} X
Wave vector

Figure 1.3: Simplified band structure of silicon [9].

lattice to satisfy the k conservation. For this reason silicon is said to be an indirect
band gap semiconductor; the dominant recombination process is a transition via
localized energy states in the forbidden energy bandgap [9], as it will be described
in detail in chapter 3l According to the value of the energy gap E, solid-state
materials can be classified at least in three different categories:

1. Insulators (E; > 4 eV): the valence band is fully occupied and separated
from the conduction band by a large energy gap. The thermal energy at
300 K (~25 meV) is definitely not enough to excite the electron from the
valence to the conduction band;

2. Conductors (no Eg): conduction and valence bands overlap, therefore there
is no energy gap. Even at low temperatures electrons can be easily excited
to the conduction band. Thermally excited electrons can jump into the con-
duction band thus contributing to a current flow if an electric field is applied;

3. Semiconductors (E; ~1 €V): at 0 K a semiconductor is primarily an insu-
lator. At room temperature, the valence band is nearly filled, whereas the
conduction band is nearly empty. Given the small E,, even a slight tempera-
ture increase or an optical excitation is sufficient to promote electrons from
the valence to the conduction band.

I'E, is temperature dependent, see subs.[[.2.1]
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Section [[.1.3l deals with the properties of intrinsic silicon that is pure silicon with
no impurity atoms nor lattice defects, which will be later presented in chapter 3l
All the mentioned properties are considered to be independent of time and not
affected by any external force (such as voltage, electric field, magnetic field or
temperature gradients). The detailed band structure is simplified and grouped into
just two distinct bands: the valence and the conduction bands.

1.1.3 Intrinsic charge carrier concentrations

At any temperature above 0 K there is a finite probability that an electron in a
semiconductor lattice is promoted to the conduction band, leaving behind a “hole”
(positively charged). Electrons and holes are two distinct types of mobile carriers,
with opposite electrical charge. Their contributions to the charge flow (i.e. the
current) are related to the number of electrons in the conduction band and the
number of holes in the valence band, respectively.

The distribution (with respect to energy) of electrons in the conduction band is
given by the density of allowed quantum states in the conduction band times the
probability fr(E) that a state is occupied by an electron [12]:

n(E) = gc(E)fr(E). (1.6)

The density of states g.(E) in the conduction band is:

“ o (E—E
ma/2m(E—Ec) e B s B (1.7)

2h

gc(E) =

where 7 the reduced Planck constant (5 =1.0546-10"2* eV -s) and m}; is the “effec-
tive mass” of an electron in a crystal. At thermal equilibrium and at the absolute
temperature 7', the probability that a state with energy E is occupied by an electron
can be described with the Fermi-Dirac statistics:

fr(E) :%7 (1.8)

1—|—eTTF

where kg is the Boltzmann constant (kg =8.617-107> eV/K). The Fermi energy
EFr is defined as an energy level that has a probability of 50% of being filled with
electrons, notwithstanding the possibility of residing in the forbidden gap.
Likewise, the total number of holes in the valence band is given by the density
of allowed quantum states in the valence band multiplied by the probability that a
state is not occupied by an electron:

p(E) =gv(E)[1 - fr(E)], (1.9
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with the density of states gy (E) in the valence band given by:

my,y /2my(Ey — E)
gv(E) = 3 while E < Ey, (1.10)
Teh

where m, is the effective hole mass.
The Fermi energy does not need to correspond to an allowed energy; in an intrin-
sic semiconductor at T>0 K, EF is approximately halfway between Ec and Ey
(fig. [L4). In fact, the thermal energy is sufficient to promote an electron to the
conduction band: such creation of electron-hole pairs implies that the number of
electrons in the conduction band is equal to the number of holes in the valence
band. If the electron and hole effective masses were equal, then g.(E) and g, (E)
would be symmetrical functions about the midgap energy (the energy midway be-
tween Ec and Ey). Therefore, the Fermi energy must be at the midgap energy in
order to obtain equal electron and hole concentrations. Since the effective masses
of the electrons and hole are not exactly equal, g.(E) and g,(E) are not exactly
symmetrical about the midgap energy. This is the reason why the Fermi level for
an intrinsic semiconductor is slightly shifted from the midgap energy, resulting
in equal electron and hole concentrations. The thermal-equilibrium concentration
of electrons ny may be found by assuming that the Fermi energy remains within
the forbidden-energy bandgap and by integrating equation[L.6 over the conduction
band energy B

mo= [ go(E)fr(E)dE. (111

If Ec — Ep >> kT, then it is also true that E — Er >> kT for the electrons in the
conduction band (E > E¢). The Fermi probability function can be thus reduced to
the Maxwell-Boltzmann approximation:

1 [=(E—EF)]
JrE)=——F3-~e T . (1.12)
1+e %7
The thermal-equilibrium density of electrons in the conduction band ng is now:
= 4m(2m)3/? [-(E-Ep)
ny = (+")-s/E—EC~e T dE. (1.13)
Ec
A variable change from 7 tomn = E ;f simplifies the integral calculation to:
A(2mikT)3%  [-(ec-£r)] [
no:(mh+).e T / nl/ze’”dn. (1.14)
0

2The upper limit of integration should be the top of the allowed conduction band energy. How-
ever, it is correct to replace it with oo because the Fermi probability function rapidly approaches
zero with increasing energy, as indicated in fig.[T.4]
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1

SEMHE) = n(E)

\ 2(E)
E. Area = ny
‘ \ electron
% concentration
;1
'\ fr(E)

N I S

\|

\l
\ | a®a — fE) = p)

i \
4,(E) \

Area = p,
hole concentration

fr(E) =0 fHE) =1

Figure 1.4: Density of states functions, Fermi-Dirac probability function, and
electron and hole concentration if Er is near the midgap energy [13].

Remembering that [;°1!/2e Mdn = 1\/m, the eq.[L.14becomes:

* 3/2 (g
no =2 (M) (et (1.15)

h2

The thermal-equilibrium electron concentration in the conduction band is usually

expressed as:
[-(Ec—EF)]

ng=Nce T | (1.16)
being N the effective density of states function in the conduction band:
2mmkT \*2
NC:Q(LZ; ) _ (1.17)

Similar calculations can be performed to find out the thermal-equilibrium concen-
tration of holes in the valence band p:

[-(Ep—Ey)]

po=Nye F (1.18)
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being Ny the effective density of state function in the valence band:

2mmskT 2/

where N¢ and Ny are constant for a given semiconductor material at a fixed tem-
perature; they are both of the order of 10'® cm~3 for silicon at T=300 K [12].

The fact that electron and hole concentrations are equal for an intrinsic semicon-
ductor (ng = pg = n;) can be exploited to calculate the position of the intrinsic

Fermi-level Ef;:
[~ (Ec—EFi)] [~ (EFi—Ev)]

Nce kT = Nye kT . (1.20)
Taking the natural log of both sides of eq. .20l and solving for Ef; provides:

1 1 Ny
Eri = —(E E —kTln| — ). 1.21
Fi 2( c+ V)+2 H<NC) (1.21)

Alternatively, the definitions of N¢ and Ny provide another expression for Er;:

E-—l(E +E)—|—3le m; (1.22)
Fz—2 C 1% 4 n e .

n

The first term is exactly the midgap energy Ejnjggqp- If the electron and hole ef-
fective masses were equal, then the intrinsic Fermi level would be exactly in the
middle of the bandgap. Since m), # m;, the intrinsic Fermi level shifts away from
the band with the larger density of states.

For the sake of brevity, just a unique intrinsic carrier concentration »; is usually
adopted:

n? =nopo = NCNVe% — NeNye # (1.23)
Two important conclusions can be drawn: firstly, the intrinsic carrier concentra-
tion is strongly dependent on the temperature (doubling about every 11°C); sec-
ondly, n; =~ 10'% cm™3 at 7 =300 K [9], whereas the volume density of atoms in
silicon is roughly of the order of 10?? atoms/m?. This means that only 1 out of
10'2 silicon atoms is ionized [14].

1.2 Extrinsic silicon

Since the number of thermally generated carriers are generally very small in in-
trinsic silicon at room temperature, a much larger number can be introduced by
replacing a silicon atom with either (see fig. [L.3)):
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e A donor, i.e. a group V element (e.g. phosphorus or arsenic), resulting
in more electrons in the conduction band. E.-E; is the donor ionization

energy;

e An acceptor i.e. a group III element (e.g. boron), resulting in extra holes in
the valence band. E,-E, is the acceptor ionization energy.

Donor impurity atoms “donate” the extra valence electrons to the conduction
band, providing excess electrons to the intrinsic semiconductor. These electrons
in excess increase in turn the electron carrier concentration of silicon, which is
therefore labeled as n-type. Similarly, acceptor impurities “accept” electrons from
valence band. The excess of holes increase the hole carrier concentration, which
is labeled as p-type. Therefore, four types of charged species in a doped (or extrin-

Ec// ////// : “ _ DONOR 7 7 ’ Ee

o ®@®000006 TONS

ACCEPTOR__, -—
Ey — IONS eeeeeeeeeo/v

Figure 1.5: Shallow energy levels for (left) n-type silicon with positive ionized
donors, and (right) p-type silicon with negative ionized acceptors [15].

sic) semiconductor have to be taken into account: electrons, holes, positive donor
ions, and negative acceptor ions. Their densities are represented by the symbols
n, p, N; and N,, respectively.

In extrinsic silicon the Fermi level has to be adjusted to guarantee the charge neu-
trality. If the temperature is higher than the ionization temperature of the joint
impurities, most of the donors and acceptors are ionized, and the following ap-
proximation for the neutrality condition holds [9]:

n+N, = p+N,. (1.24)

It is therefore possible express the concentration of electrons in the conduction

band and the concentration of holes in the valence band as follows:
(

. §(Nd N+\/Nd )+4n)
e n-type silicon: )
_ﬁwﬁ
P= W N
(2 e
.. n=7 %N,
e p-type silicon: |
P=5 N, Nd—l—\/N Nd) —|—4n
\
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If the number of dopants in silicon are substantially larger than the intrinsic con-
centration n;, the position of the Fermi level in extrinsic semiconductor is:

Ng—N, >>n; N,
e n-type: — n~N; and Ec—Er =k Tln(—c>,
yp {Nd SN, d Cc—LF B N,

N, — Ny >> n; M
e p-type: — p~N, and Er—Ey =k Tln(—V>.
p-typ { N, >> N, 4 a F vV = KB N,
In n-type material, the Fermi level is located in the upper half of the bandgap,
whereas in p-type materials it is located in the lower half of the bandgap. It has
to be mentioned that a semiconductor can be doped with both donors and accep-
tors; the resulting free charge carrier concentration is then called effective doping

concentration N, :
Nesr=NJ —N, . (1.25)

The impact of proton irradiation on N, sy will be presented in the dedicated theory
chapter 3] and the results from measurements of macroscopic sensor parameters
will be shown in chapter [l for Si sensors with various bulk materials.

Nowadays, many different silicon sensors can be produced, but, despite their dif-
ferences, they all rely on the same basic structure and operating principle: the
asymmetric p*n junction, operated under reverse bias (section [L.3)).

1.2.1 Low temperatures

The case of low temperature will be of importance in chapter |6l Let’s consider
for example the case of n-type bulk material: at very low temperature, most of the
donor atoms can be still occupied by electrons, and Er > E;. This phenomenon
is called freeze-out, for all the fifth electrons are bound to the original donor. As a
result, the carrier concentration is significantly less than the dopant concentration:

1/2
o (NCNd) o~ (Ec—Eq) /24T (1.26)

2

The Fermi level is also dependent on the temperature: fig. shows the Fermi
level Ef as a function of the absolute temperature 7" and for different doping
concentrations (N; and N, for n- and p-type silicon, respectively). At low temper-
ature, the Fermi level is near the band edges of silicon.

In addition, the energy gap E, of silicon is temperature dependent too, and de-
creases as the temperature is increased [16]:

o- T2

“Tih (1.27)

Eg(T) = Eg(())
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being E,(0) =1.1602 eV, o, =(4.940.2)-10* eV/K~! and Be =(655+49) K.
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Figure 1.6: Fermi level as a function of temperature and doping [13].

1.3 The p™n-junction as building block

Doped semiconductors can be exploited as particle detectors if particles deposit
their energy in a carrier-free active volume, and the resulting signal is read out at
the edges of such volume. This can be accomplished with a reverse-biased p*-n
junction (i.e. a single crystal doped with both acceptor and donor atoms).

When a p-type and a n-type semiconductor are joined together, a p*n-junction is
formed (fig. [L7(a)). The Fermi level has to be constant all along the junction,
so there should be a band bending across the junction to maintain the equilib-
rium. The bending results from the diffusion of free electrons from the n-type
side (where they are “in excess”), to the p-side of the junction, and vice versa for
the holes. The migration of carriers creates a potential barrier that contrasts fur-
ther diffusion of electrons and holes, until a dynamic equilibrium is established.
The so-called built-in potential, i.e. the electrostatic potential corresponding to
the potential barrier is given by

kT . N4Np

Vi = —In ,
bi q nl2

(1.28)
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Figure 1.7: Schematic representation of a p™n junction in the abrupt junction
approximation: (a) charge density, (b) electric field strength and (c) electron po-
tential energy [17].

where n; is the intrinsic carrier density, ¢ is the electronic charge, N4(Np) is the
acceptor (donor) concentration, respectively. Eq. clearly points out that the
built-in potential strongly depends on the doping concentration. Typical values of
N4 =10 cm~3 and Np =10'2 cm—3 would lead to a V,; =0.458 V, so V}; is in the
order of few hundreds mV.

A linear electric field (fig.[L7Z(b)) distribution is the solution of the Poisson’s equa-
tion applied to an abrupt p* n junction, under the boundary condition E(x = W) =
0:

. N
id T Eser - Esko — E() =12 ow), (1.29)

_ D) _ pa _ GoNesy
Ex=W)=-Lp(x=W)=0 €si€0

where € and €g; are the permittivity of vacuum (8.854-10~'* F/cm) and the di-
electric constant for silicon (11.9 [9]), respectively. The maximum of the E-field

3 The transition region between the n- and p-type parts is so sharp that the variation in impurity
concentration can be considered a single discontinuous change.
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occurs at the metallurgical junction. The consequent potential shows a parabolic
dependence as a function of the distance x (fig.[[.7Z(c)):

1 goNesr 2
D(x) = —- 2 (v _w 1.
()= =3 goge W) (1.30)

where x, and x, are the widths of the depletion zone on the n- and p-side, respec-
tively; W is the total width of the depletion region:

2eg;€0Vpi N, + N,
W:xp-l-xn:\/ sifoVbi Nat g (1.31)

q0 NyNgy

Since the expression p™n junction denotes a higher doping density in the p-side
with respect to the n-side (N, >> N;), the following approximation can be per-

formed:
2€5;€0Vhi
W o, ~e | 50700 (1.32)
gNg4

Typical values for N, =10'® cm—3, N; =10'? cm 3 and V;,; =500 mV would imply
that W is only 25 ym [[18]. Such thickness can be increased by applying an external
reverse bias V,,; (of the same sign of Vj,;):

d _ _lqueff -W 2 2ec:€
{ N S - ) = W(Vex) = L + (Vi + Vexr). (1.33)

(I)(x - O) - Vbi + Vext q0|N€ff|
A typical value for N,¢s in the order of 10'2 cm™3 would lead to a more useful
depletion thickness of hundreds of um for the n-side, by applying an external volt-
age of V,; =100 V [18].
The usefulness of the p*-n junction will become clear for the various silicon sen-
sors presented in chapter 2} moreover, in chapter 4] the basic principles will be
applied in order to derive two main physical quantities generally measured for
understanding device and material characteristics: the junction current and capac-
itance (see section [3.4)).
The present chapter ends with subs. [[L4] featuring the most important advantages
of extrinsic silicon for particle detection.

1.4 Silicon for particle detection

In many different physics fields, several features make extrinsic silicon a useful
material for particle detection:
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9.

. The small energy band gap (1.12 eV at T=300 K), which allows MIPH to

produce a large number of charge carriers N, j,. The typical signal charge is
3.5 fC (22000 electrons) for MIPs traversing 300 um of silicon;

. The moderate band gap with respect to the thermal energy at room temper-

ature (25.9 meV) allows operation at room temperature; therefore cooling
is only necessary in ultra-low noise applications [19];

. . .. . A .
The high intrinsic energy resolution S=:

AE =2.35 Q, (1.34)
E E
where E is the energy of the impinging particle, F' the Fano factor (0.1 for
silicon). The average energy w required to create an electron-hole pair is
just 3.6 eV for silicon, whereas ~30 eV or even ~300 eV are necessary for
most of the gaseous detectors and scintillators, respectively;

. The possibility of achieving high position resolution (below 10 um), by

segmenting a p*n junction into many small regions;

The high charge mobility that enables fast collection times (of typically 10-
20 ns for 300 um thick sensors [20]);

. The good mechanical stability and at the same time the low Z number,

a characteristic especially important for tracking sensors, where multiple
scattering has to be minimized;

. The possibility of growing Si-based layers (e.g. SiO, and Si,N3) for surface

passivation;

. The possible integration with readout electronics given the identical mate-

rial involved;

The large scale availability at relatively low cost.

The use of fully depleted sensors based on the p™n junctions as described in sec-
tion is probably one of the most common, mainly thanks to the favorable
detection efficiency and the high sensitivity to MIPs. Furthermore, such device
structure (replicated in linear arrays or in two-dimensional matrices of p™n junc-
tions) requires a relatively small number of processing steps and guarantees the

4 A Minimum Ionizing Particle is a particle whose average energy loss rate in matter is close
to the minimum.
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high quality of the final product. To measure the position of the incident parti-
cle, the area of the p* region is usually segmented into many small regions (strip
or pixel) which are separately read out. The position resolution depends on the
strip spacing and the read-out method. As long as only digital information is used
(taking the center position of the strip as the measured coordinate) , the position
resolution can be calculated starting from:

1 2
A :—/ 20 =2 1.35
Ax) p —p/2x T (15

where p is the strip pitch. This means that the root-mean-square deviation from

the true coordinate is:

6r =1/ (Ax2) = 2. (1.36)

V12
Substantial improvements can be reached with analog readout, collecting charges
on more than one strip. The coordinate is found by interpolation, e.g. by the
center-of-gravity method. The expected resolution would then becomes:

14

o, ~ ——
*"7 SNR’

(1.37)
with SNR being the signal-to-noise ration of the system.

The alternative readout of the backside n™ contact electrode (as sketched in the
bottom part of fig. [L.8)), or another junction type like n™p might be an option in
harsh radiation environments, where the issue of type inversion (from n- to p-
type) arises after irradiation. Besides type inversion, trapping of charge carriers
by radiation-induced defects is an additional issue. Hence, different choices for
the bulk material are provided as representative examples in chapter2l The impact
of harsh radiation environments on the bulk properties and the sensor performance
will be then addressed in chapter[3l

>If effects of track inclination and charge diffusion are neglected.
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1t silicon

Figure 1.8: Typical layout of an AC coupled microstrip silicon detector (with n-
type bulk). Electron-hole pairs from the ionization of a crossing charged particle,
drift to the electrodes on the sensor planes in the presence of an electric field.
Holes are collected by the p™ strips, which are capacitively coupled to aluminum
readout strips. The intrinsic signal is shaped and amplified in the subsequent
readout electronics.



Highlights on silicon sensors
exposed to proton beams

Section briefly summarizes the development of high position resolution sili-
con detectors since the 1980s. After nearly four decades, there exist numerous
types of silicon sensors that are “variations on the original theme” to accomplish
the required position resolution, energy scale, time structure and signal. Silicon
detectors have found use in many fields of physical research, starting from inves-
tigations at the very large scale (> 10?8 m) of the Universe [21]. The PAMELA
satellite was choosen as a representative application of double sided silicon sen-
sors in space (section[2.2). On the other extreme (< 10~2° m), silicon sensors are
at the heart of many particle physics experiments; the CMS detector is the largest
largest silicon detector built so far, and it was chosen as an example involving
hybrid pixel sensors (section[2.3).

Many other research fields are benefiting from silicon sensors originally devel-
oped for nuclear physics and later especially for High Energy Physics (HEP): me-
chanical engineering, crystallography and medicine to name a few. In section[2.4,
the promising application of microstrip silicon sensors for proton Computed To-
mography is mentioned, which represents the “ultimate aspiration for radiothe-
rapy” [22]. Details are provided in the bibliography section; here the focus is on
the very silicon bulk and the proton field involved.

2.1 Milestones in the history of silicon sensors

In many different physics fields, ranging from high energy physics (HEP) to as-
troparticle physics, tracking particle trajectories plays a fundamental role. In fact,
all the information regarding e.g. the production point, the flight direction, the par-
ticle momentum (or the charge sign of the particle in the presence of a magnetic

25
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Figure 2.1: Main HEP (black circles) and space experiments (red squares) involv-
ing silicon sensors, showing the exponential growth of (a) the silicon area and (b)
the number of electronics channel as a function of time [21].

field) can be deduced from the accurate reconstruction of the particle trajectory.
Before the application of silicon detectors, typical tracking detectors were either
bubble chambers (in use until about 1984) or Multi-Wire Proportional Chambers
(MWPC, invented in 1968). However, bubble chambers had long dead-time (of
~1/20 s), and required time-consuming work by eye of “scanning (wo)men”. The
MWPCs were the first “electronic” detectors in the sense that the reconstruction
of tracks was performed by a computer, but resolution of about 100 ym.

In the early 1970s, the formulation of the Standard Model (SM) of particle physics
was finalized, predicting three generations of quarks and leptons [23],[24]. In
particular, particles containing heavy quarks were expected to decay quickly: B-
mesons (containing b-quarks) have lifetimes t; of ~1.6 ps, and D-mesons (con-
taining c-quarks) have lifetimes T, even shorter than 1 ps. The theoretical ex-
pectations were indeed challenging for that time, given the fact that a lifetime in
the order of 0.1 ps implies a flight path of only few tenths of um (ct. =30 um).
No sensor technology could yield such demanding position-resolution, particle-
separation and short dead-time.

The turning point in the history of position-sensitive detectors dates back to the
early 1980s, with the invention of the planar technology for the production of sil-
icon detectors [25]. Such technique allows the segmentation of a side of the p*n
junction. Signals from such “segments” can be exploited to determine the position
of the particle hit. The improvement from “macro-segments” to microstrips was
straightforward, and devoted to precise tracking and vertex reconstruction.

The crucial role of silicon sensors in many relevant space missions (section
and High Energy Physics experiments (HEP, section 2.3)) is impressively summa-
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p+ strip side

n+ strip side

Figure 2.2: Cross-sectional view of a DSSD. Each high resistivity n-type silicon
detector is segmented into microstrips on both sides: p™ strips on the junction side
(x-view), and n™ strips on the ohmic side (y-view). Each n™ strip is surrounded
by a floating p* implantation to be isolated from adjacent strips. Aluminum elec-
trodes are directly coupled on each strip with ohmic contacts [28].

rized in fig. 2.1l Both the detector area and the number of electronics channels
involved have been following an exponential growth during nearly three decades,
according to a version of Moore’s law [3]. It is worth noticing that space tele-
scopes such as AMS-02 (to investigate antimatter in cosmic rays and dark matter)
and GLAST (for gamma-ray astronomy) are now instrumented with as much Si-
area as in accelerator-based experiments.

2.2 Silicon sensors in space

In 1987, silicon strip detectors have been proposed for space experiments [26].
The replacement of gaseous detectors with silicon strip detectors indeed pro-
longed the lifetime of space missions, while shortening dead times (from ms to
us) for better investigation of transient astronomical events. For instance, the AG-
ILE Gamma-ray Imaging Detector (GRID) was characterized by a trigger based
exclusively on silicon detectors and the shortest ever dead time for gamma-rays
detection (< 200 us) [27].

2.2.1 The space mission PAMELA

Here we briefly outline the case of PAMELA [29], which represents a mirable
synthesis for typical Si-sensors in satellite-born experiments:

e A 0.43 T permanent magnet spectrometer, equipped with six planes of
Double-Sided Silicon Detectors (DSSD, fig. 2.2), providing two indepen-
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dent impact coordinates from a single plane, minimizing the multiple scat-
tering while maximizing the spatial resolution: (3.0£0.1) ym in the x view
while (11.540.6) um in the y view. The particle charge and rigidit up to
1.2 TV/c can be measured;

e A Si/W sampling electromagnetic calorimeter (ECAL), with 22 pairs of
single-sided silicon sensor planes (380 um thick) interleaved with 22 planes
of tungsten absorber plates (16.3X(). Two consecutive Si-layers are orthog-
onal, therefore 2D spatial information is achieved. An imaging calorimeter
distinguishes electrons and protons from their corresponding antiparticles
(see fig.[2.3), with a separation factor of the order of 10° and 90% efficiency
in selecting electrons and positrons above 10 GeV/c.

POSITRON

ANTIPROTON

TOF (S1)

TOPAC
TOF (52}

SIDEAC

Tracker

13m

TOF (S3)

Imaging
Calorimeter

54

NEUTRON
DETECTOR

Figure 2.3: Working principle of PAMELA: a Time Of Flight (TOF) apparatus
for the trigger signal, a magnetic spectrometer with anti-coincidence shield, and
the ECAL. In the bottom part, the scintillator plane (S4) and a neutron detector
provide information for not fully contained showers. The apparatus is 1.3 m high,
has a mass of 470 kg and an average power consumption of 355 W [30].

I'The rigidity of a particle is defined as R = cp/Ze, where p is the momentum, c the light speed,
Z the absolute charge and e the electron charge. The magnetic spectrometer actually measures the
deflection of the particle, which is defined as R™!.
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Figure 2.4: Fluxes of different particle species measured by PAMELA [32].

The PAMELA’s legacy regarding the physics of cosmic rays (origin, components,
acceleration and propagation) can be found in [31]. Hereby the focus will be re-
stricted to the proton component in the space radiation environment (see fig. 2.4).
First of all, the Galactic Cosmic Ray (GCR) background radiation permeates the
interplanetary space and approximately consists of 85% protons, 14% helium, and
1% heavier particles. Additionally, solar Particle Events (SPE) from fast coronal
mass ejections can occasionally cause much larger fluxes of particles, and espe-
cially high energy protons. Peak flux during an SPE may be two of five orders of
magnitude greater than the background, within hours of the event onset. Periods
of enhanced flux may last for days, with successive peaks due to multiple events
and enhancements during shock passage. Satellites can be exposed to fluxes of
particles (with E>10 MeV) up to 4-10* protons/cm?/sec/ster. The spectra of re-
markably large proton events are shown in fig. 2.5} in all cases, a steep decline is
present up to few hundreds of MeV proton energy [33].

Lower energy protons can be captured by the Earth’s magnetic field and trapped
into the pole-to-pole Van Allen belts. In particular, there is a region off the Brazil
coast where the radiation belts are closest to the Earth’s surface: the South At-
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Figure 2.5: Typical spectra during three extremely large solar proton events [@].

lantic Anomaly (SAA). In the SAA, the flux of protons can be up to 30 times
higher than at the equator [@]. The trapped radiation belts are not static [@]:
their altitude distribution and intensity are greatly dependent on solar activity and
prone to hourly, daily and seasonal changes. In addition, the magnetic field of the
Earth changes and may reverse itself in the course of geological times. Significant
proton fluxes with energies of hundreds of MeV are usually measured, as quanti-
fied in the previously mentioned fig. 2.4l

Besides low energy protons, it is worth mentioning the recent discovery of PeV
protons by the High Energy Stereoscopic System (HESS) [@]. The most likely
source is the supermassive black hole Sagittarius A* at the center of the the Milky
Way.

We conclude that device degradation in space is inevitable because of ionization
and displacement damage, but the actual issues arise from single-event effects
(SEEs, reversing the logic state of a memory element) or single event latch-up
(SEL, with dangerous high currents from intense charge trails). During passage
through the SAA, SEEs create such a high background that sensors are unusable.
Out in space, satellites are vulnerable too: protons degrade solar panel efficiency,
onboard electronic circuitry and increase the noise in star-tracking systems.
However, it is worth noticing that radiation damage to silicon detectors and read-
out chips in space is not a concern as it is actually for the accelerator-based ex-
periments such as at Tevatron or at LHC [IZII]. For instance, the total dose after
the 5 year GLAST mission is expected to be 10 Gy [@]. An actual challenging
radiation environment (with higher fluxes of more energetic protons) is the case
of CMS (section 2.3.T]).
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2.3 Silicon sensors for HEP

In the case of HEP experiments, the use of silicon for tracking was pioneered by
the NA-11 group at CERN [37], for tagging heavy flavor c-quarks, and measur-
ing lifetimes and masses of charm mesons (DY, D¥ and D). NA-11 employed
8 silicon detectors for a total active area of 24 cm? with 1200 strips (providing a
resolution of 4.5 um) [38]. On one hand, the small dimension of the active area
was remarkable, but on the other hand the ratio between the detector surface to the
nearby electronics surface was 1:300. It was clear that the miniaturization of the
read-out components was the only way for larger-scale systems. Such compact-
ness was achieved thanks to the Very-Large-Scale Integration (VLSI) electronics,
directly coupled to the strips with wire bonding [39]. VLSI chips had typically
up to 128 readout channels, with integrated pre-amplifier, shaper, pipeline and
multiplexer. One of the first application of the VLSI advancement is the Mark-II
experiment at SLC [40, 41], for the measurement of the B-meson lifetime. Small
silicon detectors (up to three layers) were dedicated to the vertexing, while outer
gaseous detectors were meant for tracking.

Meanwhile in Europe, all four experiments at the Large Electron Positron col-
lider (LEP) at CERN included silicon vertex detectors. The scientific goals were
the lifetime measurements and identification of c-quarks, b-quarks, and the tau-
lepton.

The use of stand-alone tracking with silicon sensors began during the second run
of the CDF detector at Tevatron [42, 43], for the discovery of the top quark. This
was the first time ever that a silicon detector was used at a hadron collider, with
unprecedented high collision rates, large number of tracks and radiation damage
for sensors and readout chips.

After many decades of R&D, silicon sensors are still placed at the heart of many
collider experiments around the world. The history of silicon sensors culminates
with the four main experiments of the Large Hadron Collider (LHC), at the Euro-
pean Organization for Nuclear Research (CERN). The storage ring has a circum-
ference of 26.7 km, hosting two separate proton-proton (or Pb-Pb ion) beams.
The LHC was designed for a center-of-mass energy of /s =14 TeV and a proton-
proton luminosity L =10** cm~2s~!. Four main detectors are located at specific
interaction points: ALICE [44] is investigating the quark-gluon plasma produced
in heavy ion collisions, while LHCb [45] is probing the current knowledge of
the SM through precise measurement of CP violation in b-hadrons and other rare
decays. ATLAS [46] and CMS [47] are multi-purpose detectors to study proton-
proton, proton-lead and lead-lead collisions at the TeV scale. The Compact Muon
Solenoid experiment (CMS, section tests the SM at the TeV scale and
searches for searches for physics beyond the SM; moreover, it thoroughly studies
the electroweak symmetry breaking and the top quark. With an active silicon area
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Figure 2.6: One quarter of the CMS tracker with pixel detector (in purple), and
strip sensors (single sided in red, double sided in blue) [48].

of more than 200 m?2, the CMS experiment relies on the largest silicon tracker in
the world (as of 2017).

2.3.1 The CMS Si-tracker for HL-LHC

The CMS experiment is 22 m long and has a diameter of 14.6 m. Having a mass
of about 14000 tons, it is nearly twice as heavy as the Eiffel tower. Four main
substructures are placed around the collision point: the tracking detector, an elec-
tromagnetic calorimeter (ECAL), a hadron calorimeter (HCAL) and the muon
detector. The former three are placed inside a magnetic field of 3.8 T, while the
latter one in the return-yoke.

In the following, the focus is to the inner tracking system and the radiation en-
vironment it is subjected to. Since the initial momentum in the beam direction
(z) is unknown for interactions at hadron colliders like the LHC, the transverse
momentum p7 is calculated instead. The transverse momentum p7 is related to
the projections of the momentum vector p on the x and y-axis:

pr =/ i+ D3 2.1)
The transverse momentum resolution % is approximated using:

A
8P 264t O

P LB \/n'
where Oy is the single point variation of the hit measurement (in meters), n the
number of measured hits along a track length L inside a magnetic field B. The
CMS tracker achieves a momentum resolution better than 1% for particles with

(2.2)
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pr <100 GeV/c in the barrel region.

A right-handed coordinate system has been chosen in CMS, with the x-axis point-
ing to the center of the LHC ring, the y-axis pointing up, the z-axis pointing in the
beam direction (counter-clockwise). The pseudorapidity 1 is defined as:

n=-—In [tan (g)} , (2.3)

with the polar angle 6 measured with respect to the z-axis. The CMS tracking
system is designed to reconstruct high-p7 muons, isolated electrons and charged
hadrons with high momentum resolution and an efficiency better than 98% in the
range Inl<2.5.The CMS experiment [47,49] has a silicon-only cylindrical tracker
(fig. 2.6), which relies on silicon pixels for vertexing and track seeding, and outer
strips for tracking at larger level arm:

1. The Pixel Tracker comes with a barrel section (three layers of open-ended
cylindrical parts, at 4.4, 7.3 and 10.2 cm distance from the beam axis) and
end-caps (two disks at each end of the barrel section). The total silicon area
is about 1 m?, with 66 million readout channels. The pixels are n*-in-n oxy-
genated <111> silicon substrate (p ~ 2kQcm). Each pixel is bump bonded
to read out chips (ROCs) [S0]. The pixel dimensions are: 100 ym in the r-¢
direction, 150 um in the z direction, and 285 um in thickness. The vertex
resolution is 10 um in each spatial direction with analog readout [51]. The
tracker is a key-element for discriminating between primary and secondary
vertices; this is especially relevant for b- and t-tagging;

2. The Silicon Strip Tracker (SST, distant up to 116 cm from the beam axis)
surrounds the pixel detector. The SST is composed of p™-n strip sensors,
with variable strip pitch (from 80 to 183 um, according to the different hit
rates in the various tracker components). In total, the SST silicon area is
206 m? with 9.5 million readout channels. The SST measures the momen-
tum of the charged particles resulting from the collisions. The resolution in
pr is 2.8% for muons with pr =100 GeV/c.

After a full operation period of 10 years at L=10% cm~2s~!, the inner and outer

strip tracker are exposed to integrated fluences ¢,¢, Of 10'* and 10'3 cm—2, respec-
tively. The pixel detector are subjected to ¢,¢4 =3 X 10'* cm™2 per year [53]. The
choice of sensor type and layer number results from a trade-off between tracking
efficiency, material budget, cost and radiation hardness:

e On one hand, the more layers the easier is the track reconstruction; on the
other hand, the more material the bigger is the multiple scattering;
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e Small pixels are mandatory in the innermost tracker for unambiguous hit

recognition and 3D vertex reconstruction;

n-on-n pixels (with the p™ 7 junction on the back side) were chosen for three
main reasons [51]]: the higher mobility of electrons, the still high signal
charge at moderated bias voltage (<600 V) even after high hadron fluences,
and the possibility of implementing a guard ring scheme in the back side
(keeping all sensor edges at ground potential);

The n-type bulk of silicon strip sensors undergoes type inversion within the
radiation environment of LHC. A possible strategy to delay type inversion
is by starting from relatively low resistivity silicon. In addition, the CMS
tracker is operated at T=263 K (to minimize reverse annealing) and warmed
up during maintenance period (to exploit beneficial annealing);

Surface degradation was minimized by the use of <100> oriented silicon
wafers with fewer dangling bonds than standard <111> silicon.

Several upgrades are scheduled for the coming years, including the High Lumi-
nosity HL-LHC in 2025 (see summary in table 2.1)). It is expected that the HL-
LHC will reach hadron fluences up to 10'® neq-cm~? (after 10 years of operation
at the integrated luminosity of 3000 fb~!, see fig. 2.8(a)). This implies an in-
creased occupancy, higher pile-up (140 overlapping events for a bunch-crossing
interval of 25 ns) and unprecedented radiation levels. For instance, a radiation
dose of 10 MGy is expected for the first new pixel layer located at about 3 cm
from the beam.

aluminum backside layer
(ohmic contact)

high resistivity
n-type silicon

p-type silicon

solder bump

pixel readout— |
I (Galnd

electronics chip —

charged particle

Figure 2.7: Hybrid pixel detector [52]: (top) the sensitive volume (formed by a
fully depleted high resistivity silicon substrate), (middle) the solder bump, con-
nected to the readout electronics (bottom).
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| CMS Phase | Pixel size Sensor type | Radiation |
Phase 0 (100x150) um? 2D,300um | 0.15 MGy, L=150 fb—!
(initial) (R =42 mm)
Phase I (100x150) um? 2D, 300 um 1.2 MGy, L=500 fb~!
(2016/17) (R=29 mm)
Phase Il | (50x50), (25x100) um? | 2D/3D, thinner | ~10 MGy, L=3000 fb!
(2025) (R=30 mm)

Table 2.1: The planned CMS tracker updates, summarized from [54].

The energy spectra of protons, neutrons and pions expected in the HL-LHC were
simulated by the CMS BCRM group (fig. 2.8(b){2.8(e)). Most of the protons have
an energy in the range 0.01—10 GeV. The more the distance from the interaction
point, the higher the proton energy, which can be up to ~20 GeV.

Since the current tracker cannot work in such radiation environment, new silicon
materials, readout chip and sensor designs were investigated in the framework
of LHC and particularly RD50. Together with the ATLAS collaboration it has
been established a common R&D effort for the development of readout chip in
the 65 nm CMOS technology, for replacing the not sufficiently radiation tolerant
0.25 um chips [54] and to withstand a dose of ~10 MGy at a hit rate of 2 GHz/cm?.
The CMS collaboration has been leading two R&D programs on thin n-on-p pla-
nar and 3D silicon sensorsd. In chapter 4] various 200 um thick silicon sensors
will be described, while the results of macroscopic and microscopic investigations
will be provided in chapter[5] and chapter[6] respectively.

It is noteworthy that the very same silicon detectors meeting the LHC challenges
can be tailored for special applications in a wide range of scientific and industrial
applications as well. One of the areas to benefit most has been medical physics; in
the section 2.4] the focus will be on promising silicon sensors for better assuring
patient safety and efficacy of proton therapy treatments.

2.4 Silicon sensors for proton therapy

Any new technology to be implemented for radiotherapy treatments is expected to:
speed up and simplify commissioning of new radiotherapy facilities, and accom-
plish more comprehensive Quality Assurance (QA). During the treatment itself, it
should reduce the uncertainties on beam characteristics (e.g. energy and profile),

23D sensor with column-like electrodes might be an option in view of minimizing trapping of
charge carriers by radiation-induced bulk defects. In fact, a decreased electrode spacing would
reduce the trapping probability. 3D sensors can be operated at low voltages, but the high channel
capacitances are the main disadvantage.
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Figure 2.8: FLUKA simulated (a) 1 MeV neq fluence in the CMS tracker, af-
ter primary p-p collisions at 7 TeV per beam, for an integrated luminosity of
3000 fb~! [55]. Bottom four plots: energy spectra for neutrons, pions, and protons
in the CMS (b)—(c) pixel tracker, and (d)—(e) SST.
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possibly providing real-time feedback on the actual delivered dose with optimal
time and spatial resolution. Any detector system should be ideally insensitive to
any change in temperature, humidity, and magnetic fields in the treatment room.
All in all, the detector system should not suffer from degradation due to radiation
exposure, and maintain its function within 1% of the specified performance values
at least for one year, ideally for more than 5 years [56].

Recalling that the quality and effectiveness of any radiotherapy treatment results
from an accurate dose delivery and the full tumor coverage, the former implies
stable beam currents, while the beam energy is responsible for the penetration
depth.

Silicon sensors are expected to become key-elements for beam monitoring: this is
the case of the LHCb VELO microstrip detector [45,/57], that is undergoing R&D
for a new non-invasive and real-time beam monitoring during treatment of ocular
carcinomas at the Clatterbridge Cancer Center (CCC, Wirral UK). Monitoring of
beam intensity and profile would be extremely useful not only for dose assess-
ment, but also for controlling the accelerator operations thereby the patient safety.
In fact, a beam monitor would detect early signs of beam instabilities, provide
feedback for beam optimization and protect both equipment and patient against
instabilities or any possible accident [58].

Silicon sensors are expected to contribute not only for instrumenting the control
system of therapeutic proton beams, but also as key element in new imaging tech-
nologies for even more advanced particle therapy treatments. As a promising

example of the potential role of silicon sensors for proton Computer Tomography
is reported in section

2.4.1 pCT: proton imaging with silicon sensors

Proton therapy is a type of cancer therapy which employes the favorable depth-
dose characteristics of protons: after an entrance plateau, the protons loose the
absolute greatest part of their residual energy over a small distance (the so-called
“Bragg peak”). By tuning the energy of the beam, the position of the Bragg peak
can be changed to fully cover the tumor site, whilst sparing the normal tissue be-
yond it. For therapeutic applications, the typical proton kinetic energy extends
from around 60 MeV (corresponding to a range of 3 cm in water) to 230 MeV
(i.e. 33 cm in water) [59].

Proton therapy is usually indicated for hard to reach tumors (for example, in the
brain, lung, head and neck), and especially childhood cancers for it minimizes
risks and side effects in comparison to conventional radiotherapy. Accurate plan-
ning and pre-treatment verification of the patient dose are necessary to achieve
the best dose conformality. In other worlds, a safe and successful proton therapy
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treatment strictly relies on accurate range R(E) prediction and verification:

N
E(dE /

where E is the initial kinetic energy of the proton. The energy loss rate dE /dx
can be related to the proton energy loss AE over a track length [ via the following
approximation [6Q]:

ldE < dE
AE = [ —dx= il — ) AL 2.5
/o ax ZO:p (dx)i 25)

where x is the unit density-weighted track length. Since x = p -/, the formula[2.3]
points out that a measurement of the energy loss is essentially a measurement
of the density distribution of the traversed material. The summation in eq.
denotes that the continuous transport is approximated by calculation in discrete
steps.

Nowadays, dose calculations for proton therapy treatments are based on X-ray
Computed Tomography (CT) images, and the patient’s position with respect to the
treatment beam is checked with standard X-ray radiographs. It should be noted
that the conversion from electron density into proton stopping power is a major
source of inaccuracy, leading to systematic range errors of 1.6% (for soft tissue),
2.4% (for bone) and even up to 5.0% in lung [61]]. For optimum accuracy, it would
be better to directly image the patient with protons and provide as input for dose
planning a 3D map of the proton stopping power: this is the fundamental idea
underlying proton Computed Tomography (pCT). A pCT scanner should track
every single proton before and after the patient, and measure the residual proton
energy (and/or range). The range uncertainty would be reduced by using protons
of energy as high as to pass through the patient [62], with the Bragg peak located
in the energy range detector. A proton beam of 250 MeV should be enough for a
head scan, while proton energies up to 350 MeV would be necessary for an adult
trunk [63].

In a rotational scan, the integrated stopping power has to be determined for every
view by a measurement of the energy loss, which can be expressed with the critical
parameter in pCT - i.e. the Water-Equivalent Path Length (WEPL):

Ein dE l
WEPL = / e / RSP()dl, 2.6)
E) 0

Eout water(

where Ej, the initial proton energy, E,,, is the residual energy, and / represents the
particle path. By computing the left-hand side of eq. (using the Bethe-Bloch
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Figure 2.9: Conceptual schema of pCT for a head scan: the proton direction is
measured before and after the patient with silicon sensors; the proton energy loss
is measured by a calorimeter [66].

formula or, alternatively, by calibrating the WEPL), an image of the Relative Stop-
ping Power (RSP) can be obtained. The RSP of a particle in a material is defined as
the ratio between the stopping power of the particles in the given material S,,,zrial
to that of water S, 4s¢r [@l])

The pCT method has the potential to achieve higher spatial resolution in compari-
son to conventional X-ray CT [@]; it would also reduce or eliminate CT artifacts
due to metal or dental implants with high Z materials. In addition, a pCT scan
has the potential to detect subtle differences in the density of the tissues along the
beam path. In fact, tumor tissue have typically a higher density than the surround-
ing normal tissues, and therefore the tumor boundaries might be defined without
injection of contrast medium into the patient. Beyond the use of pCT for treat-
ment planning, it could also be used to verify the position of the patient, and to
take into account the tumor shrinkage or changes in the patient’s anatomy. The
absorbed dose for a pCT head scan was estimated to be a few mGy [Iﬁ_lh, therefore
it is likely that the pCT investigation can be repeated as a quick check before each
proton dose fraction. For comparison, diagnostic X-ray CT scanner or X-ray Cone
Beam CT (CBCT) deliver a dose of 40 mGy [@].

The use of protons for imaging was originally proposed already in 1963 by Allan
Cormack [69], inventor of the X-ray CT, too, but many challenges are not solved
yet, starting from the lack of an accelerator delivering the proton energy and in-
tensity in the ranges of interest for pCT and treatment as well [@].

All in all, three phenomena are responsible for the intrinsic limitation of pCT:
the Multiple Coulomb Scattering (MCS) of protons off the atom nuclei (limiting
the spatial resolution), the energy loss straggling (reducing the electron density
resolution), and nuclear interactions (introducing noise and additive dose to the
patient). For example, a 200 MeV proton traversing 20 cm of water would have
a lateral straggling 6, =0.37 cm, an angular straggling 69 =41 mrad and energy
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Energy 200 MeV < E <330 MeV
Proton beam Energy spread ~0.1%
Beam intensity 107-10® protons/s
Accuracy Spatial resolution < 1 mm
Electron density resolution < 1%
Distance from patient 10 cm
Installation <10 min
Time efficiency | Verification < 5 min
Reconstruction < 10 min
o Radiation hardness > 1000 Gy
Reliability Stability <1%
Safety Imaging dose < 20 mGy

Table 2.2: Design specification for a pCT system with therapeutic application in
proton therapy, summarized from [61] and [62].

straggling 6 =2.2 MeV [61]].

The main requirements for pCT are summarized in table in the following we
report on the promising role of silicon sensors for pCT in order to overcome some
of the pCT challenges concerning the position and WEPL resolution. Exploratory
tests with p-on-n Silicon Strip Sensor (SSD) demonstrated the feasibility of proton
imaging in the energy range 20-300 MeV [60]. The particle position can be ob-
tained from from the traversed strip number. The steep energy dependence of the
stopping power (shown in fig. 2.10) is exploited to obtain the proton energy from
a specific energy deposit, using the Time Over Threshold (TOT) technique. The
energy measurement was possible up to an input charge of 100 fC, corresponding
to the average charge deposited by 17 MeV protons in 400 um thick silicon sen-
sor [60]. Nowadays, the benchmark pCT system is the prototype realized by the
American pCT collaboration, which approaches readiness for clinical applications
after more than a decade long extensive pre-clinical tests [70].

The scanner consists of 2+2 SSDs for tracking protons, followed by a five plastic
scintillators read out by PMT with a WEPL resolution of 3 mm.

The first remarkable achievement of the pCT collaboration is the realization of
a silicon-based tracker with a large uniform sensitive area to image standard QA
and head phantoms. A total area of (36x9) cm? is achieved with four slim-edge
SSDs in a row. Since wafer sizes are currently limited to 6 inches and the active
sensor area is usually surrounded by a 1 mm wide dead edge area, image artifacts
are inevitable if sensors are overlapping or butted against each other. Slim edges
can be obtained with the Scribe-Cleave-Passivate (SCP) treatment involving Laser
+ XeF; scribing, then cleaving and passivating with Nitrogen Plasma-Enhanced
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Proton Specific Energy Loss
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Figure 2.10: Proton specific energy loss as a function of energy for bone, mus-
cle, water and fat. The energy dependence is exploited to obtain the particle en-

ergy [60].

Chemical Vapor Deposition (PECVD) nitride for n-type and Atomic-Layer De-
posited (ALD) alumina for p-type sensors. The SCP process reduces the width of
the dead edge area from 1 mm to less than 200 um [71].

Fig. 211 shows an SSDs sensor before and after the SCP treatment. After the
removal of the guard ring, the leakage current is less than 100 nA at the depletion
voltage of 100 V. Individual strip currents and CCE on the strips next to the slim
edge are essentially unchanged before and after the SCP treatment [72]. The pCT
collaboration developed fast electronics and a DAQ system reliably operating at
approximately 1 MS/s data rates; one single continuous scan takes about 6 min. It
was calculated that at least 100 protons in every 1 mm? voxel and in each of the
180 views are necessary; moreover, a head-size object requires ca. 7-10% protons.
A crude estimation after 10 years long operation would lead to:

image h day

: 3 12— -300—= - 10year ~ 8- 10'® protons. (2.7)
image h day year

7.108 protons

As a final remark, it should be noted that tracking imagers are not compatible with
passive scattered proton beams and have a slow image acquisition speed, currently
making them impractical for clinical use. In contrast, integrating systems are com-
patible with both passive and pencil-beam scanning, too - with image acquisition
time short enough for clinical use. Again, various detectors have been proposed
but all of them have limitations: for example, plastic nuclear track detectors re-
quire an unsuitable developing process; CMOS or a combined system of CCD
camera and scintillator detectors provide a relatively low energy resolution. Re-
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Figure 2.11: (a) A p-on-n sensor with strip pitch of 228 um; the vertical line
represents the planned cut between the bias line and guard ring. (b) The SCP-
treated sensor with slim edge of less than 250 ym and without guard ring [@].

cent results demonstrated the feasibility of using silicon diode arrays for proton
imaging [@]. The prototype detector is composed of four monolithic silicon sen-
sor modules - each of which is 64 mm in length and comprises 64 pixels. When
placed along the central axis of the proton beam, the position of the beam’s Bragg
peak along the diode array correlates with the Water Equivalent Thickness (WET)
of the object being imaged. The resolution and maximum error in WET measure-
ments were found to be 2.0 and 1.5 mm, respectively [@].

The new detector design would be a low-cost solution that “could find its way
into clinical application much sooner than the more technologically demanding
solutions based on individual proton tracking” [@].



Proton-induced bulk damage
to silicon sensors

After summarizing the fundamentals of silicon sensors in chapter(ll and providing
representative examples of silicon sensors exposed to proton beams in three diffe-
rent physics research areas in chapter[2, the topic of proton-induced bulk damage
in silicon sensors is presented.

At the beginning, an overview on the basic interactions of protons in silicon is
provided according to the proton energy (section[3.1), with focus on Non-Ionizing
Energy Losses (NIEL). Radiation damage by various particles with different en-
ergies is usually scaled and compared under the assumption of the so-called NIEL
hypothesis (section[3.2); strength and weaknesses of such concept are discussed.
In addition, another phenomenological approach to quantity the radiation damage
via the number of displaced atoms (DPA) is described as well.
Radiation-induced bulk defects (classified in section|[3.3)) affect sensor properties
and performance (as summarized in section[3.4).

3.1 Interactions of protons in silicon

Rutherford scattering dominates the interaction of protons in silicon at kinetic
energies below 10 MeV (subsection [3.1.1)), while higher energy protons mainly
undergo nuclear elastic scattering and nuclear reactions (subsection 3.1.2]).

In the following, it is assumed that an atom is displaced from its lattice site when-
ever it receives a kinetic energy equal or greater than E; i.e. the treshold energy
for displacement (E; ~ 25 eV for silicon).

The first displaced atom is called Primary Knock-on Atom (PKA); the formed
vacancy-interstitial (V-I) pair is called Frenkel pair. The defect density p, result-

43
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ing from irradiation of a target material with atomic density N is expressed with:
pqs = Non, 3.1

where © is the cross-section for a defect-producing interaction and #n is the number
of resulting defects after the interaction.

311 E,<10MeV

At proton energies below about 10 MeV, Coulomb interactions dominate the pro-
duction of displaced atoms from their lattice sites. The differential cross-section
for elastic scattering of protons (i.e. Rutherford scattering) is:

do, 1 Ze? 2 1— BZ
dQl - (47mey)? <2mc2> B csct(6/2), (3.2)

where B =v/c = pc/E (being p and E are the momentum and the energy of the
proton); 0O is the scattering angle and m the rest mass of the proton. The target
silicon atom has a charge number Z.

Corrections for the reduction of the Coulomb potential because of the electrostatic
screening of the nuclear charges by the space charge of the innermost electron
shells are included in the Ziegler, Biersack, Littmark (ZBL) screened Coulomb
potential [76]. These corrections are especially important below 0.1 MeV.
Therefore, the great part of the incident particle energy is lost due to ionization of
lattice atoms. However, ionization losses will not lead to any relevant changes in
the silicon lattice: the bulk damage is rather caused by protons with E,, >10 MeV,
as described in detail in the next section, given its relevance for the present work.

3.12 E,>10MeV

At proton energies higher than 10 MeV, nuclear scattering is not negligible. In par-
ticular, non-elastic scattering starts to contribute to the total cross-section above
20 MeV, dominating at energies higher than 100 MeV. At even higher proton en-
ergies, many different reaction channels are responsible for secondary reaction
products; in particular, fragmentation and spallation of the target nuclei may oc-
cur. In silicon, protons with energy greater than about 10 MeV mainly undergo
the following two mechanisms [77]:

1. Nuclear elastic collisions between the incident proton and the PKA; elastic
scattering dominates below 50 MeV. After penetrating the electron cloud
of the target atom, the proton interacts with an unscreened silicon nucleus
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via Coulomb repulsion. The integrated Mott-Rutherford cross-section ad-
dresses collisions that displace an atom from its lattice position:

G, = Z—l;j ((e— 1) — B2ine + P [2 (31/2 _ 1) —lnED : 3.3)
where:
y=(1-p>""2
B 27¢%

mc2B?’

e=E,/Ey4,

o= Zée? /hc,
B 2E(E +2mc?)
C (1+m/M)* (Mc®)+2E

In the above mentioned formulas, m, v and E refer to the proton mass, ve-
locity and energy, respectively; M and Z to the silicon mass and charge
number; the maximum energy transfer to the silicon nucleus is E,,. Recall-
ing that an energy greater than E; must be transferred to the recoil nucleus
and considering those interactions with E,, >> E; (i.e. € >>1), the average
energy E transferred to a PKA is therefore:

E =E, (Ine—p*+map). (3.4)

Given the logarithmic dependence on E, the average energy E does not de-
pend on the energy E of the incident proton: as a result, E varies in the
range 100-200 eV for proton energies between 10 MeV and 1.8 GeV.
Before coming to rest, the PKA may produce in turn other defects in the
lattice; assuming that about half of the initial energy goes into defect pro-
duction, the total number of displacements n, is roughly:

1E

A ——. 3.5
B, (3.5)

ne

Combining all the equations for ©,, E and n, it is possible to yield the elastic
contribution to the defect density:
_mb°Ne

pe ~ 8'Y2

(Ine — B* +maB) (3.6)

if only the contribution to € by the first addend in eq.[3.3lis considered.
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Figure 3.1: Theoretical defect density p in silicon as a function of incident proton
energy [77], as a result of elastic (p.) and inelastic (p;) collisions.

2. Inelastic collisions are the dominant defect-producing mechanisms, espe-

cially for proton energies E,, >150 MeV (see fig.3.1)). In particular, spalla-
tion of the target nucleus is of primary importance at proton energies higher
than 200 MeV: the incident proton collides with individual nucleons in the
target nucleus and generate a “cascade” with ejection of few fast nucleons.
Nucleons are primarily emitted in the same direction of the incident proton;
their energy distribution is roughly E~1/2, from about 5 MeV up to the en-
ergy of the incident proton. Since the residual nucleus is left in an excited
state, it “evaporates” nucleons with an average energy of 10-15 MeV. This
is the so-called “evaporation” portion of the spallation interaction. To sum-
marize, the defect density p; from inelastic scattering results from five main
contributions:

pi = NG; [ngy + (mpn)pp + (mpn)pn + (mpn)sp + (mpn)sy],  (3.7)

due to recoiling nuclei (RN), fast hadrons in the cascade phase (FP and FN),
and slow hadrons from the evaporation phase (SP and SN). The number of
emitted nuclei is m; p is the geometric probability factor that the emitted
particle actually interacts before leaving the target.

In the case of proton interactions with silicon, (p,n) and (p,y) nuclear reactions
are possible, but it should be noticed that the (p,n) reactions typically have three
orders of magnitude higher cross-section than (p,y) reactions. The produced ra-
dionuclides decay by emitting positrons or by the electron capture process. Nu-
clear reactions with dopant impurities or electrodes metals are negligible [78].



3.2 Quantification of bulk damage 47

NUCLEAR RADIOACTIVE PART OF THE
REACTIONS DECAY NUCLIDE CHART
o3n | a2n ;‘,n B 1§:7580 s 2%;3215 832 | 833
. p 95.02 | 075
pn Y np | radio-
E 4 "9 hidide o o aproa P31
nN | target- | MY "l; B 100
R ruclice [ e Si27 | Si28 | Si29 | Si30 | Si31
4', 7 416's 157 min
L’,%n / Gl o 9223 | 467 | 3.10
no\f 7.‘2\2 y — 2'25‘1%18 éo,‘slzmsi)n
100

Figure 3.2: Nuclear reactions: (left) proton-induced reactions are shown in white
cells, (middle) decay scheme of the radionuclides, (right) part of the nuclide chart
with silicon-related radionuclides [78].

The next section [3.2] deals with two models for quantifying and comparing radia-
tion damage effects for the bulk of silicon sensors: NIEL and DPA.

3.2 Quantification of bulk damage

Nowadays, NIEL-based calculations are the standard reference to quantify and
compare radiation damage by different particles at various energies and fluences
(section 3.2.1). In section another approach for predicting the radiation
damage by means of the Displacement Per Atom (DPA) unit is presented.

3.2.1 NIEL hypothesis

The concept of NIEL was developed in order to quantify and compare displace-
ment damage effects after irradiation of semiconductor and optical devices. The
basic assumption is that the amount of defects induced in the silicon bulk linearly
scales with the energy imparted during displacing collisions. It has to be men-
tioned that recombination of the created vacancy-interstitial pairs and the final
evolution of primary defects into stable defects is not taken into account.

The NIEL concept is defined as [79]:

NIEL(E) = 2’—, D(E), (3.8)
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where N, is Avogadro’s number of particles per mole and A/L is the molar mass of
the lattice atoms, i.e. a quantity with units of [kg/mole] and equal to the mass of
Avogadro’s number of particles. The most important physical quantity involved
in the NIEL definition is the displacement damage cross-section D(E) [79]:

Tnax 1 )
DE)=Yoi): [ dEx [ du B ER) " Taan(Er). ()

min

The summation is over all the open reaction channels i with cross-section 6;(E),
where E is the energy of the incident particle. The integration is done over all
possible recoil energies Er above the displacement threshold, and the possible
emission angles (u = cos(0)). The function f;(E,u, Eg) represents the probability
for generating a PKA with recoil energy starting from a particle with energy E
undergoing the i-reaction. Finally, “"T},,,(Eg) is the displacement partition func-
tion for the emitted ion in the *"-reaction with energy Eg. It should be noted that
Tnin = E4 in some publications, while in other references 7,,;, =0 instead. In the
latter case, if an energy less than the displacement threshold is imparted, the PKA
remains in its lattice position but energy does go into phonons - hence, it is con-
sidered to be part of the non-ionizing component.

The displacement damage cross-sections D(E) for neutrons, protons, pions and
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Figure 3.3: Displacement damage cross-section for neutrons, protons and pions
from [8Q] and [17].
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electrons are shown in fig.[3.3] In the energy range between (1074, 10*) MeV, the
proton D(E) decreases monotonically as a function of the proton energy E.

The proton damage function is dominated by Coulomb interactions at lower ener-
gies, so it is larger than the neutron’s one. For energies in the GeV range, proton
and neutron damage functions share common values since they undergo the same
nuclear reactions.

In the specific case of protons, it is worth noticing that in literature there are not
only earlier results by M. Huhtinen [81/]] and G. P. Summers [82] from the 1990s,
but also more recent calculations by I. Jun [83] from 2003 and M. Guthoff [84]
from 2014, as collected in fig. 3.4l The differences in the published NIEL val-
ues are mainly due to the different inelastic reaction models implemented in the
radiation transport codes (TRIM in [82], FLUKA in [85] or MCNPX in [86]).
NIEL values in [81] were obtained from a fit to experimental data. The NIEL
values adopted in the present work are therefore included in tab.[3.1l The damage
caused by different particles is usually compared to the damage caused by neu-
trons, taking the NIEL of 1 MeV neutrons as the reference point (95 MeV-mb).
The damage efficiency of any particle type with a given energy is expressed via

10 ‘ ‘ |
Huhtinen 1993
= Summers 1993
= = Huhtinen 2002
% —— Inso00 2003
= = Guthoff 2014
S Guthoff 2014 scaled
X
g 1021
10" 10° 10° 10* 10°

Proton energy [MeV]

Figure 3.4: Energy-dependence of NIEL for protons in silicon. Guiding lines are
overlaid in black at relevant energies for the present work (23 MeV, 188 MeV and
23 GeV protons). Data are taken from [81/]—[87].
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the hardness factor x:

_ JD(E)O(E)dE
5= D(E, = 1MeV)- [Q(E)dE (3.10)

It follows that a neutron equivalent fluence ¢, corresponds to an actual particle
fluence ¢ (in cm~2) as given by:

q)neq = K¢- (311)

NIEL-based calculations are the standard reference for comparing radiation dam-
age by various particles of different energies. In particular, the NIEL scaling
hypothesis has been experiementally demonstrated for standard FZ p-on-n silicon
sensors after irradiation with protons, neutrons and pions [89]. However, there are
still some open issues about its widespread applicability.

Since bulk damage from NIEL interactions is primarily responsible for the degra-
dation of the performance of silicon sensors in HEP experiments like at the LHC,
the changes in the macroscopic sensor properties (e.g. leakage current) are ex-
pected to be propotional to the NIEL. However, violation of the NIEL scaling has
already been observed in [87].

A possible explanation is that the NIEL scaling account for the total displacement
energy, without discriminating point-like from cluster defects, which are highly
disordered regions with high density of defects (see section [6.3.4). It is in fact
assumed that the macroscopic damage is due to a limited number of different de-
fects. It is true that the creation of vacancies and interstitial depends only on the
NIEL, but it is possible that more complex defects are formed according to the
material characteristics (for instance in oxygen- or carbon-enriched materials).
Experimental data are not always available for the many different material and
devices currently under investigation. This work is part of an ongoing effort to in-
vestigate the impact of proton damage in three different silicon devices of different
doping (n- and p-type), as it will be shown in section[5.1]

Proton energy NIEL HF DPA
(MeV mb) - - [84]
23 MeV 192 [87] | 2.0[88] | 4.36-10~2!
188 MeV 67 [81] 0.70 1.42-10~ 21
23 GeV 70[89] |0.62[89] | 1.01-10~ 2!

Table 3.1: List of NIEL, hardness factors and DPA values for the proton energies
of interest for the present work.
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3.2.2 Displacement Per Atoms: DPA

A different approach to the issue of radiation damage was proposed by Norget-
Robinson-Torrens (NRT) in 1975 [90], by calculating the number of displace-
ments per atom (DPA). The DPA unit of measurement was introduced to quantify
how many times an atom is displaced on average during irradiation [85]. A DPA
of 10722 means that one atom out of 10%* was displaced from its lattice site [84].
The DPA values are directly related to the number of created Frenkel pairs Nr:

A
DPA = ——_Np, (3.12)
Nap

where p is the material density (in g/cm?), A is the mass number and Ny is the

Avogadro number [85]. The number of Frenkel pairs N can be found according

to the NRT theory [91]:

s(I)T

— 3.13
2E, (3.13)

where T the kinetic energy of the primary knock on atom; k(7) is the displace-
ment efficiency (including the possible recombination of Frenkel pairs), and §(T')
the Lindhard partition function describing the fraction of energy that goes to non-
ionizing interactions. DPA values due to protons in silicon are shown in fig.

Nr =x(T)

! |
Guthoff 2014

200 o/ L

10

DPA values

10° 10* 10° 10° 10*
Proton energy [MeV]

10°

Figure 3.5: DPA values as a function of proton energy [84]. Guiding lines are
overlaid in black at relevant energies for the present work (23 MeV, 188 MeV and
23 GeV protons).
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as a function of the proton energy. DPA values for proton energies of interest in
the current work can be found in tab.[3.1l

In comparison to NIEL-based calculations, DPA calculations rely only on inter-
actions which actually produce lattice defect, while phonon interactions are disre-
garded. This is the reason why protons at lower momentum (below 100 MeV/c)
produce less radiation damage in DPA calculations than in NIEL calculations.
Moreover, DPA-based calculations take recombination of Frenkel pairs into ac-
count [84], a further improvement with respect to the NIEL-based calculations. In
fact, vacancies and interstitials may recombine with each other, if their distance is
smaller than a few lattice constant: 60% of the Frenkel pairs can recombine [92].
In disordered regions, the recombination level can be up to 95% [93].

3.3 Radiation-induced bulk defects

Radiation-induced atom-displacements can create several not only point-like de-
fects (like interstitials or vacancies), but also more complex combinations of these
two (e.g. di-vacancies V», di-interstitials /> or even triple-vacancies V3). Some
examples of typical radiation-induced defects after irradiation of a Si lattice are
depicted in fig. Concerning nuclear reactions, the following representative
reaction may take place:

308i+n—31 81 —>31 P+e +V,. (3.14)

It follows that diffusing silicon atoms or vacancies may combine with impurity
atoms like phosphorus, oxygen or carbon. A classification of radiation-induced

® © ¢ ¢ o o o o o
Vacancy nterstitial @ )
® e o o o o @
FrenKel pair
® ¢ 6 ¢ ¢ o o o o
Di-vacanc
o o0 0 0 oo
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® CO; Intefstitial impurity
oo o—0 ¢ e o

Figure 3.6: Simplified illustration of typical radiation-induced defects in a silicon
crystal lattice [13].
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bulk-defects in silicon is proposed in section 3.3.1, which will be useful for the
investigations of proton-induced defects presented in chapter [6l

3.3.1 Defects classification

This section deals with important defects in silicon sensors, which are either re-
lated to the bulk material or caused by the exposure to radiation.

The most prominent impurities in high-purity silicon are oxygen, carbon and the
doping atoms (phosphorus or boron). A review of these impurities is summarized
as follows from [94] and [95]:

e Oxygen is introduced during the growth process and additional oxygen en-
richment treatments. Oxygen dimers (O»;) contribute to the formation of
Thermal Donors (T D), depending on the oxygen concentration of the mate-
rial and the heat treatment;

e Carbon is present in silicon sensors as substitutional (Cy) or interstitial (C;).
While C; is electrically inactive, C; is mobile at room temperature and con-
tributes to the formation of C; Cy or C; O;;

e Phosphorus is usually a substitutional atom, replacing Si atoms. It can
combine with other defects or impurities like carbon to form stable centres
like the V P centre;

e Boron is usually a substitutional atom, replacing Si atoms as well. It can
combine with vacancies to form stable centres like the V B centre, or oxygen
to form B;0;.

After irradiation of a Si lattice, Frenkel-pairs either instantly recombine or create
vacancies and interstitials; their subsequent migration leads in turn to more com-
plex defects. Three main categories of radiation-induced defects in the silicon
bulk are hereby summarized from [94] and [95]:

e Vacancy-related defects: the single vacancy comes with five different charge
states; it is highly mobile at room temperature thus forming di-vacancies
(V2) or combine with impurities (e.g. VO or V P). Multi-vacancies defects
V,, form clusters, and are produced especially after fast hadron irradiation.

o Interstitial-related defects: carbon interstitials are mobile and may com-
bine with an immobile oxygen atom, forming C;O;. In oxygen lean material,
a competing process is responsible for the introduction of C;C; instead;
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o Cluster-related defects are produced at the very end of a damage cascade.
Clusters are highly disordered crystal regions; the exact nature and struc-
ture inside the cluster is not known at present. However, some defects are
already attributed to clusters because they are not found after gamma irradi-
ation, but only after hadron irradiation (this is the case of E4, ES and E205a
defects).

An overview of material and irradiation-induced defects is presented in tab. [3.2]
listing the most important point-like and extended defects with impact on sen-
sor properties and performance. On the contrary, the defects VO, V,, C;, C;O;,
C;Cs, 10, are already known not to be responsible for device degradation after
Oneq higher than 1012 cm=2 [96].

Despite the many possible defect structures, the net result is the introduction of
energy levels (E;) into the Si forbidden band gap, making the recombination of
charge carriers | possible at k values differing from the k,,, of the condunction band
(as introduced in section [L1.2)). The transition probability depends on the energy
differences between the state E; and the conduction or valence band. Recombina-
tion centers near midgap yield the highest recombination rates, because processes
involving high energy variation (with E; >> Ey or Ec >> E;) are less probable.
The theory regarding the role of such intermediate energy-level has been worked
out by Shockley, Read and Hall [97] (see subs.[3.3.2)).

Bulk defects resulting from displacement and nuclear interactions have then se-
vere impact on sensor’s properties and performance (as described in section [3.4)).

3.3.2 SRH carrier statistics

In semiconductor materials, four recombination mechanisms are possible [99]: (I)
Shockley-Read-Hall, (II) direct radiative (with the emission of a photon), (III) di-
rect Auger (with three carriers involved) or (IV) trap-assisted Auger. For indirect-
bandgap semiconductors like silicon (as discussed in section [L1.2)), the domi-
nant recombination takes place via localized energy states in the forbidden energy
bandgap [9]. Recombination of excess minority carriers with majority carriers
processes act from non-equilibrium states (np > niz), towards restoring equilib-
rium (according to the the mass action law np = nl-z), by recombination of the
excess minority carriers with the majority carriers. Assuming excess carriers in
the density An and Ap, the electron and hole densities are summed up as:

n=no+An and p = po+Ap. (3.15)

'Recombination of carriers takes place not only within the bulk of a semiconductor crystal
but at its surface as well, where the periodicity of the crystal lattice is actually interrupted and in
contact to other substances (e.g. air, Si0;, metals) [2].
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Defect Structure | Energy level (eV) |

Phosphorus P+ Ec - 0.045
EB0K)?* | unknown Ec - 0.100
E(46K)”” | unknown Ec - 0.143

A-centre vo—/9 Ec-0.176
E-centre yp=/0 Ec - 0.400
Divacancy \2 0 Ec-0.423
H(152K)%~ | unknown Ey + 0.420
Carbon C,0; EV + 0.360

H(140K)% ~ | unknown Ey + 0.360
H(116K)%~ | unknown Ey + 0.330

Carbon ¢ Ey +0.284
H(40K)Y~ | unknown Ey +0.108
Carbon C,C;r 0 Ey + 0.084
Boron B~/0 Ey + 0.045

Table 3.2: Impurities and radiation induced defects in silicon of interest for the
current work, summarized from [[17] and [98]. The charge at room temperature is
indicated together with the defect label and chemical structure, if known.

For instance, in the case of a p-type semiconductor, carrier injection is either low
(An = Ap << p) or high (An = Ap >> p). Generation-recombination centers can
be donors or acceptors; we assume that the options for their charge state are:

e For donors: (0/+), if occupied by an electron/hole, respectively;
e For acceptors: (-/0), if occupied by an electron/hole, respectively.

We assume that all generation-recombination centers are either completely occu-
pied by electrons or completely empty. The so-called amphoteric defects have
both acceptor and donor energy levels; their possible charge states are neutral,
single or double charged.

At thermal equilibrium, the electron occupation probability of a defect state with
energy E; is described by the Fermi-Dirac distribution function as already men-

tioned in eq. L8t
1

e ()

here, F(E;) is the probability that a center with energy E; is occupied by an elec-
tron. The occupation of the defects (with total concentration N;) either with elec-

F(E) = (3.16)
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Figure 3.7: Recombination and generation processes: (c,) hole capture from the
valence band by a center, (c,) electron capture from the conduction band by a
center, (e,) electron emission from the trap, (e,) hole emission from the trap.

trons (n;) or holes (p;) can be calculated by:
nt:NtF(Et> and pt:Nt(l—F(Et>) (317)

As far as the totality condition N; = n; 4+ p; holds, each defect state could be
either occupied by an electron or a hole. For instance, at room temperature, an
acceptor occupied with an electron would contribute with negative space charge
to the effective doping concentration. The change in level occupation has four
contributions (see fig. 3.7)): electron or hole emission, electron or hole capture.

dn
d—;:Ra—Rb—Rc-i—Rd, (3.18)
being the rates of electron and hole capture:
R, = ¢,nN;(1 —F) and R. = c,pN;F, (3.19)

where ¢, ,, are the capture coefficients for electrons and holes, respectively. Con-
versely, an emission is the inverse of the capture process:

Ry =e,N,F and Ry =e,N,(1—F). (3.20)

The proportionality constants e, , are called emission probability. It is important
to note that the capture rates are proportional to the concentration of centers oc-
cupied by holes; the other way around occurs for holes.

At thermal equilibrium, capture and emission rates must be the same (R, = R}),
so that the emission probability is directly related to the capture coefficient:

con(1—F)
ep=——>=.
F
It is more practical to express emission probabilities in terms of the intrinsic Fermi
level E; and the intrinsic carrier densities 7;:

(3.21)

E —E
enp = Cpphi - €xp (j: ;CBT ’) : (3.22)
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p-cp >> e, | recombination center
p-cp << e, | electron trap
-cp >> e, | hole tra
n-c, <<ep P Cp L P
p-cp << e, | generation center

Table 3.3: Overview on the nature of electron or hole traps, and generation-
recombination centers.

Alternatively, the entropy factor can be introduced:

E,—Ecy AH
kBiT) = Cn,pNC,VXn,p cexp (_kB—T) . (323)

The capture coefficients ¢, , are related to the capture cross-section 6, [9] by:

enp = Cn,pNc,y - exp (j:

Xn,pCn,p = On,pVth,n,p: (3.24)

being vy, p the thermal velocity (as defined in appendix [A). Intuitively, the cap-
ture cross-section is a measure of how close to a center an electron must be in
order to be captured. In conclusion, the emission probabilities are defined as fol-
lows:

/

AH

€n,p = On,pVihn,pNC v €XP _kB—T . (3.25)

The expression AH " indicates that the enthalpy was obtained under the assumption
of a constant capture cross-section (the change of entropy is neglected). From now
on, AH' will be referred as the activation energy. The eq. is of fundamental
importance for the analysis of the microscopic measurement presented in chap-
ter[6l Eq. holds also in non-equilibrium conditions since it does not depend
on the Fermi energy.

According to the capture and emission rates, a center can be categorized as a gen-
eration or recombination center for holes or electrons (an overview in available
in table 3.3). The interaction of the defect itself with the conduction and valence
band determines the defect occupation. In the following, two cases of primary im-
portance for spectroscopy measurements will be presented: reverse and forward
bias in section[3.3.3and section[3.3.4] respectively.

3.3.3 Defect occupation under reverse bias

A space charge region (SCR) builds up as a result of the application of a reverse
bias. For low irradiated samples, the free charge carriers in the space charge are
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neglected (n =~ p ~ 0); therefore, capture of charge carriers by the traps can be
neglected in eq.3.18](i.e. R, =0 and R, =0):

dn
d_tt =—Rp+Ry = —enny +eppy, (3.26)

so that in steady state condition the defect occupation is reduced as:

€n

no=N—L2 and p, =N, (3.27)

entep entep

and it is a function of the emission probability for electron e, and holes e,. It is
now possible to calculate the generation rate of electron-hole pairs from defect
states:

CnCp

E—E; E—E;
cpexp ( ling) +cpexp (— IQBT‘)

G; = epny = eppr = Ny (3.28)

Assuming (¢, = ¢, = ¢) and (6, = G, = G), a simplification of the eq. [3.28|leads
then to:
N;njc

Gt: L .
2cosh (:I: IQB_TZ>

(3.29)

Eq.[3.29 points out that “deep levels”, i.e. defects states with an energy level close
to the intrinsic Fermi level, strongly contribute to the bulk generation current due
to defect states in the SCR:

I="Y qGiVscr. (3.30)

traps

If the assumption (n =~ p ~ 0) is not valid anymore, i.e. free carriers are present
in the SCR, the occupation of defect states becomes dependent not only on the
emission probability (as if eq.[3.27)), but also on the capture rates [94].

3.3.4 Defect occupation under forward bias

The application of a forward bias to a device is a common method with the aim of
providing a large amount of free carriers to fill the traps with electrons and holes.
This is also the case of the measurements performed in the present work (the TSC
measurements, as described in chapter 4l), where a high forward bias is applied at
low temperatures (7' ~ 10 K).

If a high number of carriers are injected into the silicon bulk, the emission rates
become small in comparison to the capture rates (e, << c,n and e, << cpp).
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Under such conditions, the occupation probabilities under steady state condition
for electron and hole traps are:

1 1

n=N,——— and p, =N;,————. (3.31)
1+ 22 b L4+
The capture rates are the main factor for the occupation of the defects states,
so that defects can get filled by electrons when the capture coefficient for elec-
trons c,n 1s higher than the one for holes. Conversely, a defect state is only filled
with holes when the capture coefficient c,p for holes is higher than the one for
electrons.

3.4 Impact of bulk-defects on sensor properties

In this section the impact of bulk defects on three fundamental sensor properties
is summarized with relevant information for the fluence range of interest for the
present work; the impact of annealing is then addressed in section 3.4.11

1. Leakage current: defects in the middle of the bandgap are able to gener-
ate and recombine electron-hole pairs by means of thermal excitation. Free
electron-hole pairs can also be created in the depleted volume, thereby con-
tributing to the reverse current. The increment of the volume-scaled leakage
current is directly proportional to the radiation fluence 0,,4:

ﬂ - I(q)neq) — I(¢neq = O)
Vol Vol

= a'q)neqa (3.32)

where the proportionality factor o is not material-dependent. As a refer-
ence value for measurements performed at T=293 K, atgy /60 = 4.0-10717 A
cm~! + 5% after annealing of 80 min at 60°C [17]. The increase of the
concentration of current-generation centers leads not only to an increase of
dark current, but also to an increase of power consumption and dissipation
(P=VI), a voltage drop on bias resistors (AV=RI) and a decreased Signal
to Noise Ratio (SNR).

2. Space charge: after irradiation, the doping density is not a constant as a
function of the depth inside the sensor bulk. The non-uniform space charge
distribution therefore depends on the bias voltage. CV curves are frequency
and temperature dependent: the CV(f,T) phenomenon is due to the presence
of deep traps in the forbidden bandgap.

Here we recall that: deep traps have an ionization energy AE much greater
than kT (thatis AE >> kT). The opposite happens for shallow traps (AE <<
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kT), so that they are ionized at equilibrium and contribute to the space
charge in depleted region. Shallow traps always respond to the AC sig-
nal applied during CV measurements.
In other words, thermal activation is a slow process for deep levels at room
temperature; the filling of deep levels is slow as well if the density of free
carriers is low.
The reason for the CV(f,T) dependences becomes clearly by observing the
band diagram in fig.[3.8] Traps (or donors) are empty above the Fermi level,
while they are occupied below. Emission occurs at the Fermi level.
Due to the applied AC signal in the CV measurement, a periodic change in
the occupation of the trap occurs where the Fermi level crosses a trap level.
The maximum frequency for a deep-level charging depends on the temper-
ature as follow:

f o< T?exp(—E,/kT), (3.33)

where the energy E, = +(Ec,y —E;). If the AC frequency is lower or higher
than the trapping-detrapping rate, then the space charge due to this trap is
detected or not.

Deep traps near the edge of the depletion region switch between depleted
and neutral regions. If they are located in the depletion region, they are
empty thus not contributing to the space charge of the device; on the con-
trary, they are filled and charged if they are located in the neutral region. In
short: the filling of deep levels by free carriers in the valence and conduc-
tion bands leads to a non-uniform charge distribution of deep levels. For
heavily irradiated samples (> 10'* cm™2, according to [101]), the proper-
ties of deep levels in the forbidden band gap, together with the distribution
of thermally generated free carrier concentrations in the silicon bulk, lead
to a distribution of the electric field with two peaks near both contacts.

. CCE: defects which are not occupied by charge carriers may act as traps,

reducing the carriers mean free path, the CCE and SNR.

The effective trapping rate is defined as the inverse of the trapping time,
which represents the mean time an electron or a hole spends in the space-
charge region, before being trapped by a trap k. The effective trapping prob-
ability was parametrized by [102]:

1

Teffnp

= 0cq )8k (1—Px,,) Ok, , Vihnp» (3.34)
k

where ¢, is the equivalent fluence, vy, , , the thermal velocity of carriers,
8k 18 the introduction rate of the defect k with occupation probability Py, ,
and oy, , is the cross-section for capturing electron and holes.
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Figure 3.8: Schematic energy band diagram for a n-type diode with one trap level
E;, adapted from [100]. Traps (or donors) are empty above the Fermi level, while
they are full below. Emission occurs at the Fermi level.
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Assuming that the evolution of defects is governed by first-order dynam-
ics, the effective trapping rates are proportional to the fluence with the
proportionality constant f3, , at a given temperature and time after irradi-
ation [102]:

1

Teffnp

= Bn,p(ta T>¢eqa (3-35)

where B3, , depends on annealing time, annealing temperature and carrier
type. For electrons, B, ~4x 1076 cm?/ns, while Bj, ~5x 10716 cm?/ns for
holes. Hence it follows that holes are more likely to be trapped [103]. After
irradiations at fluences 0y, in the order of 10" cm~2, 1, is few ns, and the
average drift length is shorter than the sensor thickness. As a result, the
CCE of a 300 um sensor drops from originally 23000 electrons to about
few thousands only [103]. This is the reason why trapping is the ultimate
limitation of silicon sensors.
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3.4.1 Evolution of bulk-defects with annealing

The annealing process is defined as the irreversible thermal dissociation of de-
fects, followed by motion of a defect or separation of one of its components, with
irreversible drift to join one of the component of a Frenkel pair [[104]. Defects
in the silicon lattice like interstitials and vacancies are mobile through diffusion
processes that depend on temperature. More practically: an annealing session of
4 min at 80°C resembles the yearly room temperature warm up periods during
maintenance in LHC experiments [[105].

Annealing processes can be limited by keeping sensors at low temperatures (less
than 20°C) or accelerated by heating the sensor. In the following, the impact of
the annealing on three main sensor properties are outlined:

1. Leakage current decreases with time (this is the so-called “beneficial” an-
nealing), given the annealing behavior of the o parameter:

o(t) = o + oyexp (;—;) —Bin <%> , (3.36)

where o ~1.25-10717 A/em, B ~3.0-10~!8 A/cm and ty =1 min.
The 0y and T; parameters are temperature dependent, too; after annealing at
80°C, 0g =4-10~!7 A/cm, and T; =9 min [106].

2. Space charge: In contrast to the leakage current, the space charge is not
only subject to a beneficial annealing but also to an adverse effect, called
anti-annealing or reverse annealing. The variation AN, 77 in the space charge
with fluence and annealing time is parametrized by the Hamburg model [17]:

ANeff(q)neqata T) = NC(q)neq) +NA(¢neq7t7 T) +NY(¢neqata T)7 (337)

being N¢ the stable damage, N4 the short term annealing and Ny the reverse
annealing components:

NC(q)neq) = NC,O (1 - exp(_cq)neq)) +gc¢neqa
Ny (q)neqat) = q)neq Zga,iexp(t/'ta,i)a

NY(q)neq,t) = My (1 ;> .

1+ kyNy o

Details about the model can be found in [[17]; here we quote just two impor-
tant consequences. Firstly, N¢ o/Nesr o is the fraction of removable donors,
which depends on the oxygen concentration. An oxygen concentration
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higher than 10'® cm ™3 is expected to suppress the donor removal: many va-
cancies are catched in E-centres, with the N¢ ¢/N,rr o ratio dropping from
about 80% down to even 10% [106]. Secondly, N, s in n-type silicon ini-
tially decreases to the level of intrinsic silicon until type inversion can occur.
On the contrary, p-type sensors do not undergo type inversion and show an
ever increasing depletion voltage.

3. CCE: Trapping of electrons and holes is also the subject of annealing effects
and experimental data indicates that the probability of electron trapping de-
creases, while hole trapping increases [107]. The relevant fit function is
independent of the fluence [107]:

Bmp(t) = BOmP : exP(it/T"’” + Boomp (11— exP(it/T"’p», (3.38)

with Boy,,p and By, the trapping constant at early (+ — 0) and late (f — o)
annealing times, respectively.

After the presentation of the performed proton irradiations of silicon sensors with
different bulk material, the results of the measurements of leakage current and
changes in the space charge due to deep defects will be shown in chapter [5l

The annealing behavior of point-like and cluster defects will be then addressed in
chapter[6l
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After a review on the performed proton irradiations (section[4. 1)) and on the six test
structures (setion[4.2), the experimental techniques used for bulk damage charac-
terization will be presented. On one hand, Current-Voltage (IV, section[4.3) and
Capacitance-Voltage (CV(£,T), section[4.4) measurements are performed to pro-
vide leakage current, stability and breakdown characteristics, the depletion volt-
age and the space charge. On the other hand, Thermally Stimulated Current (TSC,
section[4.3) are performed to detect and electrically characterize radiation-induced
bulk-defects. The chapter ends with an overview on all the performed measure-
ments (section|4.6)).

4.1 Proton irradiations

As anticipated in chapter [2 the innermost pixel sensors of the HL-LHC experi-
ments will have to be operated in a radiation field of photons, electrons, charged
and neutral hadrons, for neutron equivalent fluences ¢, of the order of 10" cm—2,
and ionizing dose values of a few MGy.

Measurements on prototype sensors have shown that thin (200 um thick) n™p sil-
icon sensors may stand such harsh radiation environment [108]. However, the
knowledge of radiation-induced defects in p-type silicon sensors is quite limited
at present, and in particular studies of the effects of proton irradiation at different
energies are lacking. In addition, it is needed to investigate the proton-energy
dependent damage in silicon sensors since, up to now, irradiation studies are con-
ventionally performed with protons of just one energy (23 GeV) which is not the
average energy (of 1 GeV) as of simulations in LHC silicon trackers [55].
Therefore, in the present work, proton irradiations of silicon pad diodes were
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performed with protons of 23 MeV, 188 MeV and 23 GeV kinetic energy. The ir-
radiations were performed at three different irradiation facilities: at the cyclotron
ZAG (Karlsruhe, Germany), for the lowest investigated proton energy (23 MeV,
Kk =2.00) [1. TIrradiation tests at the highest proton energy (23 GeV, k =0.62) were
performed at the PS synchrotron of CERN, Switzerland. In the following, de-
tails are given in particular for the most recent irradiation with 188 MeV protons
(x =1.0), at the KVI institute in Groningen.

4.1.1 23 MeV protons @ KIT

Irradiations of silicon pad diodes with 23 MeV protons were performed at the
Karlsruhe Kompakt-Zyklotron KAZ, operated by the Zyklotron AG (ZAG). An
uncertaity on the hardness factor of 15% has to be taken into account related to
the beam extraction energy [80]. The typical proton flux is 2.5-10'3 p/(s-cm?).
Given the small beam spot size (=7 mm), the samples have to be scanned on an
XY-stage [109]. The temperature in the irradiation station is approximately -40°C,
thus annealing during the irradiation period is negligible.
Nickel foils are used for dosimetry by measuring the >’Ni activity induced after
(p,2n) reactions:

P Ni =34 Cu+2n. (4.1)

The subsequent 7 plus decay of 3)Cu (t; , = 199 ms) produces 3]Ni (with t; , =

35.6 h):
20Cu —3§ Ni+B+Ve. 4.2)

The %Ni isotope in turn decays via electron capture, emitting 1377.6 keV photons.
The error on the estimated proton fluences is 10% [88].

4.1.2 188 MeV protons @ AGOFIRM

Irradiations with 188 MeV protons took place at the superconducting cyclotron of
KVI-CART in Groningen. The irradiation were performed at the maximum avail-
able proton energy (190 MeV). However, the proton energy at the device under
test (DUT) is slightly lower than the nominal energy, due to energy losses in the
vacuum exit window, the copper scatter foil, the Beam Intensity Monitor (BIM)
and in the sample stock. The calculated energy at the DUT is 188 MeV.

During the irradiation, the proton fluence is controlled by monitoring the beam
intensity with the BIM which produces a current that is linearly dependent on the
beam intensity. The calibration of the BIM is performed with a scintillation de-
tector at the DUT, with a radius of 0.5 cm. The total variation of the flux over a

Ithe definition of the hardness factor K is given in eq. 310}
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Proton fluence | Beam intensity | Duration
(10" cm—2) (MU) (min)
1.0 424.11 42
0.5 212.06 53*
0.3 127.23 11

Table 4.1: Summary of irradiations performed at KVI (chronological order).
(* delayed by issues with the radio protection system in the irradiation hall).

field with 1 cm diameter is 20 % (see fig. d.1(a)). The relative fluence variation is
shown in fig. The average flux in per pulse from the BIM was determined
to be 2.36x 10° p/cm? per Monitor Unit (MU).

All the silicon samples were placed on an XY table, remotely moved from the
control room. The performed irradiation are summarized in table 4.1l The tem-
perature in the irradiation room was 23°C; after irradiation, the samples were
stored in a fridge for approx. 4 months at -25°C to avoid further annealing.
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Figure 4.1: Irradiation at the KVI facility: (a) 2D map of the proton beam on the
DUT and (b) relative fluence profile along the horizontal and vertical axes [IE].

4.1.3 23 GeV protons @ CERN

The irradiations with 23 GeV protons were performed at the Proton Synchrotron
(PS) CERN [IE]. Proton spills with a kinetic energy of 23 GeV from the primary
PS beam are delivered to the irradiation area, with a maximum beam intensity of
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2x10'"! protons per spill [111]. For instance, irradiations with a proton fluence
of 1014 p/cm2 lasts at least ~2 days; furthermore, the temperature of the irradia-
tion hall was around 27°C. Therefore, defect annealing takes place already during
the irradiation itself. The samples are placed in cardboards of (5x5) cm? and
scanned by the proton beam over an area of (2x2) cm?. Together with a sam-
ple stock, (5x5) cm? aluminum foils are irradiated for dosimetry purposes. The
induced activity of the >?Na and ?*Na isotopes from the 2’ Al(p,3p3n)**Na and
27 Al(p,3pn)**Na reactions are exploited to measure the proton fluence [112]. The
22Na activity (t /2 =2.6 y) is measured via the gamma emissions of 1.27 MeV
photons. The ?*Na isotope (t /2 =15 h) emits 1.37 MeV photons. The error on
the fluence is 8% after irradiation at the CERN PS with 23 GeV protons [113].

4.2 Test Structures

Here we describe the geometry and bulk properties of the test structures which
underwent the proton irradiations presented in section

4.2.1 Geometry and bulk properties

The study of bulk damage in silicon requires a test structure with simple geometry
and well-defined sensor volume. Silicon pad-diodes are planar diodes that fulfill
these requirements and they are used as test structures for R&D on silicon de-
tectors to be implemented in harsh radiation environments, such as in the case of
HEP experiments. In the present work, silicon pad diodes are used to investigate
the proton-energy dependent damage in the silicon bulk. Given the investigated
proton energies (with E;, >23 MeV) and being the surface not segmented, minor
effects on the leakage current and the electric field are expected because of surface
damage (i.e. from ionizing energy losses) [114].

All test structures used in this work are square silicon pad-diodes manufactured
by Hamamatsu Photonics K.K. [115]. Top and cross sectional sketches are shown
in fig. and fig. B4.2(b)] respectively. The square pad-diodes have an active
area of 0.25 cm?, defined by a guard-ring of 135 um width.

Various n-type (phosphorous-doped) and p-type (boron-doped) silicon <100>
crystals were investigated: Magnetic Czochralski (MCz) and Physically Thinned
(FTH), for which the physical thickness is nearly equal to the active thickness
(a thickness of 1.2 um of both n™ and p™ implants has to be subtracted). Deep
diffused Float Zone (FZ) diodes have a physical thickness of 320 um; the active
thickness of 200 um is obtained via deep diffusion. In comparison to the stan-
dard backside processing, the deep diffusion process is responsible for the smooth
increase of the doping towards the backside (thus a non-saturating capacitance)
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Figure 4.2: A n-type silicon pad-diode: (a) mask layout for p™-implant and alu-
minum contacts. (b) Cross-sectional view with dimensions of interest (not to
scale). Adapted from [M].

and process-induced bulk-defects. The growth and production process of wafers
are also responsible for the different oxygen content in the sensor bulk. Fig. 4.3]
presents the oxygen profiles in the sensor bulk measured by Secondary Ion Mass
Spectroscopy (SIMS). Since the profiles are not homogeneous over the thickness
of the sensors, an average oxygen concentration [O] is included in tab. MCz
diodes come with the highest oxygen content (up to 5.6x10!7 cm™3); deep dif-
fused FZ sensors are characterized by a highly non-uniform oxygen content in the
sensor bulk, with higher [O] at the sensor edges.
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Figure 4.3: Oxygen profile in three different bulk material for silicon pad-diodes,
obtained with Secondary Ion Mass Spectroscopy [117].

Sensor | Type p Average [O] Viep Npuik
label kQ-cm) | 107 ecm™3) | (V) | (102 ecm™?)
MCZ | p-in-n 0.5 5.6 160+5 5.0
MCZ | n-in-p 2.0 4.6 9045 3.0

FZ p-in-n || 1.2—-2.4 2.5 100£10 3.0

FZ n-in-p || 3.0-8.0 4.1 90410 3.0
FTH | p-in-n || 1.2-2.4 0.6 90+5 3.0
FTH | n-in-p || 3.0—-8.0 0.8 120+5 3.8

Table 4.2: Overview on bulk material and average oxygen concentration [117].

The front-contact is metalized with aluminum, a part from a central square (with
3 mm long edges) for light injection during TSC measurements. The back-contact
metalization is deposited with a mesh-like structure, so that the resulting Al grid
allows for light injection. Non-metalized parts are covered with silicon dioxide
(S107) which act as passivation as well as protection layer.
After irradiation, the samples were mounted with conductive silver glue on a
(2x2.5) cm? ceramic support. Five thin gold metalizations with a pitch of 2.54 mm
make the sample contacting straightforward during the three different type of mea-
surements performed, and especially for the spectroscopic measurements. The
central gold strip is usually bonded to the rear electrode; the outermost gold strips

are connected to pad and guard ring.
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Figure 4.4: IV (blue curve) and CV(f,T) (green points) reverse characteristics
measured with grounded guard-ring on n-type MCZ diode (after irradiation with
188 MeV protons at (4 —=10'* cm~2 and no annealing. T=293 K and f=10 kHz).
The CV measured before irradiation is shown for comparison in black.

4.3 IV measurements

The measurement of Current-Voltage characteristics is performed by ramping-up
the DC voltage to the back plane of the sensor; a Keithley Kei6517 (max 1000 V,
1 mA) is used as both bias source and current meter. The accuracy is in the order of
1% for low currents (up to 2 nA) and for currents up to 2 mA in the order of 0.1%.
Another pico-amperemeter (Keithley 6485) is used for measuring the guard-ring
current. The guard-ring is kept at the very same potential of the pad, thereby acting
as boundary of the E-field and keeping well-defined the active sensor volume.
Furthermore, it prevents surface or edge leakage currents from being collected by
the pad. The IV measurements were performed in a light-tight and temperature-
controlled probe-station (in the range [253, 293] K. The temperature is controlled
with an accuracy of +0.1°C by an ATT temperature controller).

An example of IV characteristic can be seen in fig. 4.4l (blue curve), for a n-type
MCZ diode irradiated with 188 MeV protons. After irradiation, the current is
dominated by generation current in the depleted region and is typically in the uA

range after ¢,,, in the order of 104 cm—2,
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4.4 CV({,T) measurements

Capacitance-Voltage measurements are performed by superimposing a small AC
voltage to the reverse DC bias. The applied frequency is in the range between
100 Hz and 2 MHz. The admittance Y= é + joC), is measured with an Agilent
E4980A LCR meter [118], after calibration for the additional capacitances of ca-
bles and the isolation box.

The CV(f,T) measurements were performed inside a temperature-controlled probe
station. CV(f,T) measurements provides a wealth of information about e.g. the
depletion voltage, the effective doping concentration (before irradiation) or the
density of free mobile majority carriers (after proton irradiation), as it will be
shown in section As a representative example, the CV characteristics of a n-
type MCZ diode before and after irradiation are plotted in fig. 4.4l (black and green
lines, respectively). Additionally, the information gained from IV and CV(f,T)
measurements are of value for correctly setting the TSC measurements on the
very same sample as pointed out in section

4.5 Thermally Stimulated Current (TSC) measure-
ments

In the present work, bulk defects in silicon diodes are detected and electrically
characterized with the Thermally Stimulated Current (TSC) spectroscopy [119—
123]. First, the spectroscopic technique (section 4.3.1)), and second the TSC ex-
perimental setup (section 4.3.2)) are outlined.

4.5.1 The TSC method
The TSC measuring procedure consists of a three-phase cycle (fig. [4.6)):

1. Cooling from room temperature down to T<20 K, under a bias V./5C, By
keeping the samples under O V bias, traps are filled with majority carriers
(electrons in n-type and holes in p-type silicon), provided that the number of
available carriers is larger than the number of traps. Otherwise, only those
traps near to the midgap are filled. Alternatively, cooling under reverse bias
(sufficient for a full sensor depletion) keep the traps free of charge carriers.

2. Filling at T;; <20 K can be performed either electrically (with forward
bias for a current IJT;?IC ~ 1 mA) or optically (by light illumination of a sam-

ple contact with A =520 nm). Under a forward bias VfTilSIC, traps are filled

with both majority and minority carriers; the occupation of a trap depends
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on its individual capture cross-section for electrons and holes at Tz;;. In
the present work, filling with forward bias at Ty;;; =10 K for t=30 s is the
choice for all the studies aiming at determining the defect concentrations.
On the contrary, optical filling is not intended to provide the absolute de-
fect concentrations, but rather to determine whether a defect level is either
an electron or a hole trap. In fact, the penetration depth of light increases
at low temperatures but if T<20 K the absorption length is not precisely
known. Since the light-cone does not homogeneously illuminate the whole
sensor, the measured volume is not well-defined.

If the penetration depth is large enough to penetrate the whole sample, de-
fects are filled with both majority and minority carriers. If the penetration
depth is restricted to few microns, either electrons or holes drift through the
depleted volume and fill electron or hole traps, by illuminating either the n™
or the p™ junction side, respectively.

3. Heating (under a reverse bias V,/5¢): after the filling phase, a reverse bias
V/I'SC is already applied to the diode and a delay time Aty is used to wait
for the diode to relax back to a steady state. The TSC spectrum is recorded
while the sample is heated back to room temperature, at a constant heating
rate B. The provided thermal energy stimulates the detrapping of carriers
from defect potentials. By recording the current as a function of the rising
temperature, the resulting TSC spectrum in the temperature range (10 K,
200 K) shows peaks at specific temperatures related to the energy level of
the radiation induced defects.

The steady state Leakage Current (LC) is the main limitation in performing TSC
measurements; it has to be subtracted from the overall current signal for a proper
analysis of the TSC spectrum. Therefore, in addition to a TSC spectrum under
the reverse bias VhTSC, a dedicated TSC cycle has to be measured with the very

same voltage applied during all the three measurements steps (i.e. V€ = ngc =

VhLC = VhTSC). The TSC cycle is subsequently repeated at many different VfTilSIC
and V,756).

The sensitivity to bulk defects is limited by the dark leakage current and the in-
strumentation for current measurements (in the pA range, with I,af,f >0.1 pA).
Due to the large number of different defects, the signals from different traps can
overlap. Further complications may arise from changes in the space charge sign
during the TSC measurement itself: as a result, the shape and the magnitude of
TSC peaks are substantially altered (see section [6.1)). The most critical aspect is
guaranteeing the full depletion of the diode so that the sample volume is well-
defined for an accurate determination of defect parameters. In the present work,

the TSC technique is applied to silicon pad diodes irradiated with proton fluences
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up o Gpeq =3.0-10'* cm™2, so that the maximal temperature at which the TSC
signal can still be distinguished from the the leakage current is about 200 K.

In the following, for a simpler notation, the applied voltages during cooling, fill-
ing and heating will be indexed simply as V,, Vy;; and V;,. Fig. shows a typical
TSC spectra (black line) recorded on a 200 yum FTH diode after irradiation with
23 MeV protons at ¢yeq =0.5-10" cm~2. At least, 11 peaks can be clearly dis-
tinguished, with shallow defects in the low-T region and deep levels at higher
temperatures. Traps in a n-type diode can be filled also by illumination with light
injected at the front-side (green line in figl4d.3)), to discriminate electron traps from
hole traps. Finally, the dotted blue-line in fig. represents the leakage current
which is usually measured starting from 80 K and dominates the TSC signal at
temperatures above ~200 K.

4.5.2 The TSC setup

The TSC measurements are typically performed in the temperature range be-
tween 10 K and 290 K. Therefore, the sample is placed inside an evacuated cryo-
stat chamber (model RDK-205D) and cooled by a close-cycle helium refrigera-
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Figure 4.5: TSC spectra (black line) and leakage current (dotted blue line) for a
n-type FTH diode, after irradiation with 23 MeV protons to ¢, =0.5- 10" cm™2
and annealing of 60 min at 80°C. The main electron traps can be identified by
illumination of the front side with green light (green line).
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Figure 4.6: The three steps for a TSC measurement cycle sketched for a n-type
diode: (a) sample cooling, (b) injection of free charge carriers at T<20 K and (c)
sample heating while recording the TSC spectrum [124].
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tor (model CKW-21), both from Sumitomo Heavy Industries Ltd. A two-staged
Pfeiffer vacuum pump (model TMH 071P) is responsible for the evacuation of the
cryostat chamber.

The silicon sample on the ceramic board is mounted to the TSC sample holder,
on top of the cryostat chamber (fig. 4.7(a)). The sample holder is connected to
the cold head via a hot copper stage, where a resistor of 30 Q is used as heater
(30 W is the maximum power). The connection between the hot stage and the
cold head are provided by stainless steel rods. Temperature sensors are placed on
the rear side of the sample holder and in the cold stage. The temperature of the
sample holder is monitored via a Lake Shore 340 Temperature Controller. Voltage
supply and current measurement are provided by a Keithley 6517A, with 10 fA
resolution.

Cables for contacting the sample and for temperature measurement are wrapped
around cooling rods to avoid heating of the ceramic board, especially at low tem-
peratures. The sample holder is enclosed in a radiation shield to avoid thermal
radiation; two holes (with a diameter of 4 mm) in correspondence of front and rear
sides are left for optical illumination. Green LEDs for optical filling are mounted
on x-y tables outside of the cryostat chamber. The temperature and electrometer
control uses a LabVIEW based program. Between consecutive TSC phases, the
voltage is ramped in steps of 10 V. Temperature at the sample position, the TSC
current signal and time information are stored every second.

Temperature sensor
atrear side of holder

Hole for
optical injection

Sample holder Position of sensor

on ceramicin holder
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1
1
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Figure 4.7: The TSC sample holder: (a) top part of the cryostat chamber showing
the sample holder and (b) illustrative scheme of the subcomponents [@].
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Proton beam MCZ FZ FTH
Energy | 0yeq 0% em?) |N| P[NP
0.30 vV iv]viv
23 MeV 0.50 vV v]viv
1.00 vV v]viv
0.21 vViviviv
188 MeV 0.35 4 K
0.70 A drdrs
0.10 vV v]viv

23 GeV 3.00 vIiv]v v-

Table 4.3: Summary of investigated 200 um silicon n- and p-types pad diodes.

4.6 Summary of performed measurements

IV, CV({,T) and TSC measurements were performed after irradiation with 23 MeV,
188 MeV and 23 GeV protons, reaching a maximum ¢,¢, of 3- 10'* cm™2. In most
of cases, all the measurements were performed at five subsequent annealing times
(0, 8, 15, 30, 60) minutes at 80°C. A summary table and the corresponding legend
can be found in tab. 4.3] and fig. 4.8 A list of complete diode labeling is avail-
able in appendix [Al The results of IV, CV(f,T) and TSC measurements will be
presented in chapter[3 and chapter[6] respectively.

MCZ FZ FTH
NP/ N|P |N|P
23MeV @ |O |V |/ || D
I8 MeV (@ |O|V |/ |0 | O
23GeV @O |V |y |0 |DO

Figure 4.8: Adopted legend for the 18 categories of investigated samples.
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“Macroscopic’ approach

The results of Current-Voltage in section[3.1] and Capacitance-Voltage measure-
ments in section are presented (both in reverse and forward bias). In reverse
bias, the proportionality between the leakage current and {4 is demonstrated for
all the investigated bulk material types and after all the irradiations with various
proton-energies. Concerning the CV measurements, since the conventional anal-
ysis to determine the depletion voltage is found not to be applicable anymore,
a possible method (the “initial rise method”) is proposed and tested, in view of
comparing the space-charge related results from CV measurements with those ob-
tained from TSC measurements (in chapter[/). In addition, the strong frequency
and temperature dependences of the capacitance is exploited to obtain relevant in-
formation about deep defects in the silicon bulk.

Forward IV and CV measurements are performed to study the relaxation-likeness
of silicon diodes after proton irradiations.

5.1 Results of IV measurements

The leakage current is investigated in silicon-pad-diodes before and after irradi-
ation with protons of various energies E,, (23 MeV, 188 MeV and 23 GeV) and
neutron equivalent fluences ¢y, in the range [0.1, 3]-10'* cm—2. Three different
bulk materials (both n- and p-type bulk) were investigated (MCZ, standard FZ
and deep-diffused FZ). IV characteristics are performed at T=293 K, by apply-
ing to the sensor selected reverse DC voltages (V eyerse, in the range [0, 400] V),
and measuring the DC current. The current is measured after a delay time of 3 s
from ramping up the reverse bias voltage. The pad and guard-ring currents are
separately measured to decouple the bulk current from the current generated at
the surface and cut edges. The IV measurements were repeated at subsequent an-
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nealing steps at 80°C, from O to 60 min. The sensor thickness is obtained from
the end capacitance in CV characteristics before irradiations. Accounting for the
actual physical thickness d of the sensor is especially important for deep-diffused
FZ silicon pad-diodes. The results from IV measurements are presented in the
following sections:

Representative examples of IV characteristics after proton irradiation (with
E,=188 MeV and ¢, =10'" cm~2), with an overview on the isothermal
annealing studies (in five subsequent steps, between 0 and 60 min at 80°C);

[5.1.2] The comparison between IV characteristics after proton irradiation for all
the investigated materials, after scaling to ;¢4 =10'* cm~2 the reverse cur-
rent I(Qpeq, Vol, T, tuny), including the uncertainties on the four independent
variables;

[5.1.3] At the voltage V. (defined in section[5.2.)): the verification of the propor-
tionality between leakage current and 0y, for the various investigated bulk
materials and proton energies. The values of the damage rate o, as a func-
tion of the proton energy, are provided at five subsequent annealing steps
and compared to the expectations from NIEL-based calculations in [17];

At selected reverse voltages above the voltage V1 : the leakage current as a
function of ¢,,¢4. In particular, the results for the leakage current at a reverse-
bias of V=300 V will be correlated to the results for cluster of defects from
TSC measurements (performed at V;, =300 V as well, as shown in chap-
ter [6), in order to link “microscopic” defects to “macroscopic” effects (as
shown later in chapter [7));

S.1.5 As a summary, the damage rate o as a function of the annealing time at
80°C, for the various investigated proton energies, with a comparison to the
expected trend from [[17];

5.1.6 Representative examples of IV measurements in forward bias, to prove the
relaxation-likeness of silicon diodes after proton irradiations.
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5.1.1 Representative examples of reverse IV

The aim of this paragraph is to provide representative examples of IV curves after
proton irradiation. The cases of n-type and p-type MCz, standard FZ and deep-
diffused FZ silicon pad-diodes are chosen, after irradiation with 188 MeV to a
proton fluence of 10'* cm=2,

The results are presented at five subsequent annealing steps (between 0 and 60
minutes at 80°C), for n- and p-type pad-diodes with three different bulk materials:
MCz in fig. standard FZ in fig. and deep-diffused FZ in fig.
Initially, the current increases as \/Vjeyerse, then it slightly increases with rates in
the order of 5-2 nA/V for annealing between 0-60 minutes at 80°C (summarized
in tab.[5.1)). The current rate CR is defined as:

~ laoov — oo v

R 200V

(5.1
Consequently, the current increase is in the order of 1 uA for a voltage change of
200 V above the voltage V;. Such increase can be explained by the trap-assisted
tunneling model by G. A. Hurkx [125]. Moreover, the CR values are found to
be similar for n- and p-type sensors of the same bulk material, and decrease with
annealing time.

The kink between the two regimes in the IV characteristics indicates full depletion
of the sensor, with n-type sensors typically reaching full depletion before p-type
sensors. This is due to different radiation-induced defects with impact on the
space charge density. Above the full depletion, an agreement between n- and p-
type materials is found.

For all the investigated samples, no breakdown is found for Ve <400 V.

Isothermal CR (nA/V) | CR nA/V) || CR (nA/V) | CR (nA/V)
annealing time in FZ in FZ in MCz in MCz
(min@80°C) p-type n-type p-type n-type
0 5.26 476 5.06 5.69
8 3.56 3.55 3.03 3.84
15 3.17 3.18 2.92 3.64
30 2.52 2.64 2.62 2.93
60 2.40 2.23 2.12 2.48

Table 5.1: Current Rate (CR) above depletion [200, 400] V for n- and p-type
MCZ and standard FZ pad-diodes, after irradiation with E, =188 MeV and
o) =10" cm~2, and at five subsequent annealing steps.
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Figure 5.1: IV curves measured at T=293 K and at five subsequent annealing
steps at 80°C, for (a) MCz silicon, (b) standard FZ and (c) deep-diffused FZ pad-
diodes, after irradiation with E, =188 MeV and ¢, =10'* cm™2. Solid lines
represent current values for n-type sensors, while dots are for p-type ones.
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5.1.2  IV(Eprorons)

The impact of the proton energy on the leakage current is now presented for dif-
ferent bulk materials, after scaling the current values to the same ¢y, .

IV characteristics are shown in fig. [5.2(a)5.2(c)| after annealing of 30 min-
utes at 80°C, and after scaling to ¢;,¢4 =10'* cm~2 according to the results from
subs. A negative reverse bias is applied to p-type sensors, while a positive
one is for n-type sensors.

It has to be noticed that the leakage current in the investigated sensors depends
on:

I(¢n€q7VOZ7 T7 tann)a (52)

so that the error on the leakage current (for each Vj,yerse Step) was calculated as

follows:

" A¢neq 2 AVol 2 (ST +E; AT\? [ Atgm\?

=iy Go) + Gar) + (e %) +(5%)

(5.3)

The shadow areas around the leakage current values in fig. [5.2(a)H5.2(c)| result
from the error propagation on the four independent variables (see tab. [5.2)). The
annealing time is dominated by an estimation of the duration of the transportation
of the samples from the irradiation facility to the laboratory. Potential annealing
during the irradiation itself has to be considered for the irradiations with 23 GeV
protons (thus the higher uncertainty on the annealing time), but expected to be
negligible for the irradiations with 23 MeV and 188 MeV protons.
The calculated &(/) are 9%, 9% and 15% for the investigated E, of 23 MeV,
188 MeV and 23 GeV. From fig. it can be seen the leakage current
does not show a proton-energy dependence, and it is found to scale with NIEL (as
it was expected) with an accuracy at the 15% level.

‘ Quantity ‘ Uncertainty ‘
Dneg 10-20%
Sensor Volume 10%
Absolute T 0.1°C

10% (for 23 MeV and 188 MeV)
20% (for 23 GeV)

Annealing time

Table 5.2: Uncertainties on the leakage current I(Qeq, Vol, T, tqn,) resulting to the
four independent variables.
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Figure 5.2: IV characteristics at reverse bias voltage (V eperse <O for p-type sen-
sors, while V,er5e >0 for n-type sensors), as measured at T=293 K and at an-
nealing of 30 min at 80°C. Shadow areas are the spread obtained from error prop-

agation for / (¢neq, Vol, T, tau,) on Oeq» sensor volume, temperature and annealing
time.
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5.1.3 I({peq) dependence at V,

The proportionality of the volume current (at the “depletion voltage” V1) with
the neutron equivalent fluence was checked after irradiation with various proton
energies.

The values of the volume current, obtained at the voltage V;;, as a function of
Oneq are plotted in fig. [5.3(a){5.3(e)l For all the annealing steps, the expected
proportionality from [[17] is shown by dotted lines as a reference. The reference o
values from measurements performed by [17] are provided in tab.[3.3l

The leakage current is set to be zero at ¢,,e, =0 cm~2. For all the different irradi-
ations, the error on ¢, is assumed to be 10%. The error on the leakage current is
conservatively set to be 5%.

A large variation in the current values after irradiation with 23 GeV protons at
Oreq =3.10'"* cm™2 can be noticed, as already reported in [126] who mention a
possible displacement of the samples with respect to the proton beam during the
irradiations. Any material dependence of the radiation-induced current generation
for MCz or FZ material was excluded by [126]. As a reference, shadow areas rep-
resent the 20% confidence band.

The resulting values of the damage rate o from the fit are summarized in tab. 3.3
as well, and are generally lower than the reference values (a part in the “as irra-
diated” case which are affected by uncertainties on the actual annealing status of
the samples). In addition, the o values for each bulk material are presented as a
function of the proton energy in fig.

A complete list of results is provided in appendix [Dl (for various proton energies,
annealing times, bulk materials and types).

Isothermal Fit to exp. data Reference o
annealing time this work measured in [17]
(min@80°C) | (10~!7 A/cm) (10~17 A/cm)
0 5.70+0.20 5.03
8 4.08+0.10 4.16
15 3.61+0.10 3.77
30 3.30+0.10 3.39
60 2.86+0.10 2.94

Table 5.3: Calculated o values from IV measurements at T=293 K, for five sub-
sequent annealing times, and comparison with values from [17]. Fit errors are
provided as well.



88 “Macroscopic” approach

Omin@80°C 8min@80°C
20 .
£ § .- £ b=
< * 2 -
E 15 A £ .
T T ——
€ . €
2 T 310/ S
210 ‘o" > .0
< 5 ~ .’
Q ® Q ~C
(7] . (7] .
k) o7 k) .
L L
2 5 g 3 £ 2
g ‘_J‘* g o*
£ £
3 3
3 5 N
o o'v 0 "
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
Neutron equivalent fluence ¢y, [10™cm2] Neutron equivalent fluence ¢y, [10™cm2]
(@) (b)
15min@80°C 30min@80°C
14 12}
g e ot B o
L b
512 4" 510’ - -
£ AT £ .
;‘107 2 o .
£ -t E 8f .
E .’ — E .’
S 8} 'o' o ’a'
> o° Z 6} g
g o g
* *
o . k) .
> ~© > 4y O
o 4 & ® o
= =
g 2 o~ B -
ol ¥ of -
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
Neutron equivalent fluence ¢, [10™cm2] Neutron equivalent fluence ¢, [10™cm2]
(©) (d)
: o
12 ‘ 60m!n@80‘C
t 10| : : .
o *
SBRRRY”
o 8 ;»"
£
3 e
§ 6| =G ; .
< MCZ FZ FTH
aQ o*
T 4 A : -
> N|IPIN/P|N|P
® o
=
5 2 & ‘ ' 23MeV @ |O |V |/ |0 O
£
5 & F
3 o ® ISMeV @ |O|V |V |m|O
00 05 1.0 15 20 25 30 35
Neutron equivalent fluence ¢pe, [10™cm~2] 23 Gev . O v v . N
(e) ®
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from ] (listed in tab. [5.3). The comprehensive list of results is provided in
appendix [D] (for different proton energies, annealing times, and bulk materials

and types).
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5.1.4 1(¢..4) dependence above total depletion

The proportionality between the leakage current and the neutron-equivalent flu-
ence ¢,; wWas checked also above full depletion. This subsection focuses on the
results at Vieperse =300 V, because this specific case will be useful for correlation
studies (presented in chapter [7]), between “macroscopic” sensor properties (from
IV measurements) and “microscopic” bulk defect properties (from TSC measure-
ments).

In the plots the volume current is plotted as a function of the Qe
in the fluence range [0.1, 3]-10™ cm~2, for values of Vyeyerse =300 V. The slope
of the fit (with a function proportional to ¢,.,) is defined to be k;c ¢:

I3o0v
VoI~ KLC.o - Oneg- (5.4)

The resulting values of kzc ¢ are summarized in tab. [5.4] denoting a decreasing
kic for increasing annealing times. The obtained values for k;c ¢ at 300 V
are slightly higher than the reference values at the depletion voltage, as expected
from [17] and given the current rate above depletion (see tab. [5.1)).

The leakage current is set to be zero at ¢,,e, =0 cm~2. For all the different irradi-
ations, the error on ¢,,, is assumed to be 10%. The error on the leakage current
is conservatively set to be 5%, which is the maximum variation of the leakage
current in the range [250, 350] V.

Isothermal krc ¢ from fit
annealing time | for (MCz, FZ, dd-FZ)
(min@80°C) (10717 A/cm)
0 5.734+0.10
8 4.3740.10
15 3.8840.10
30 3.4240.10
60 3.0140.10

Table 5.4: Calculated values of kzc ¢ from IV measurements (at T=293 K and
Vyeverse =300 V). Fit errors are provided as well.
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5.1.5 Volume current annealing

Following the facts that the volume current scales with ¢, and does not show a
material dependence (therefore no dependence on the oxygen concentration), the
mean values of the damage rate o (from the calculations presented in subs. [5.1.3)
are now compared after irradiation with different proton energies and monitored
as a function of the annealing time. The resulting values for a(z,,,) are provided
in tab. [5.3] with the corresponding plot in fig. It can be noticed that the

Omin 8min 15min 30min 60min

a (STD| @« |[STD| a |[STD| a |STD| & | STD

23 MeV | 477 | 0.20 | 3.78 | 0.24 | 3.49 | 0.17 | 3.10 | 0.14 | 2.73 | 0.13

188 MeV | 548 | 0.16 | 4.05 | 0.14 | 3.61 | 0.10 | 3.16 | 0.11 | 2.78 | 0.16

23 GeV | 5.68 | 0.39 [ 426 | 0.32 | 3.70 | 0.43 | 3.31 | 0.13 | 295 | 0.25

Table 5.5: Mean (&) and standard deviation (STD) values (in 1017 A/cm units)
for the damage parameter o, calculated for three various proton energies and mon-
itored at five isothermal annealing steps at 80°C.

0 decreases with increasing annealing time, while it increases with increasing
proton energy. The latter observation is probably due to the fact that for higher
energies more cluster defects are formed, therefore higher current and o values
are found.

The values of Q.(74,,) were fitted by the function [17]:

OL(tann) = Olp + O - €XP (—t‘ﬂ) —B-In <t“ﬂ>, (5.5)
T lo

with the long term annealing at room temperature and the annealing at higher tem-
peratures described by an exponential and a logarithmic term, respectively. The
fifth parameter ty is set equal to 1 min. The resulting fit parameters for the various
proton energies are provided in tab. The higher values for o(z,,,) after irradi-
ation with 23 GeV protons results from higher values for op and o; with respect
to irradiation by lower energy protons.
However, it must be kept in mind that the obtained alpha values depend on many
physical quantities: the annealing time, the calculated neutron equivalent fluence,
the measured sensor volume, the temperature during the irradiation itself and dur-
ing the IV/CV and TSC measurements. If averaged over the proton energies, the
alpha values are in agreement within 14% with the expectation from [17], as indi-
cated in fig. by the reference (cyan) area.
The damage constant can be considered as a measure of the concentration and
generation rate of mid-gap centers. A detailed investigation of bulk defects with
impact on the leakage current will be given in chapter
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| Parameter | Ref. from [17] || 23 MeV | 188 MeV | 23 GeV |

o (10717 A/cm) 4.2 3.3 3.7 3.8
oy (10~ 17A/cm) 1.1 1.1 1.3 1.4

7; (min) 9.0 28.2 18.0 16.7
B (10~17) A/cm 0.28 0.16 0.22 0.21

Table 5.6: Fit parameters for the annealing of the volume current (specific for an
annealing temperature of 80°C), according to [[17]. The corresponding fit function

is displayed in fig. and fig. [5.6(b)|as solid (cyan) lines.

5.1.6 Representative examples of forward IV

After proton irradiations, current-voltage characteristics in forward bias can be
used to study the relaxation-likeness of silicon diodes due to the high density of
generation-recombination centers. The transition from a lifetime material (be-
fore irradiation) to a recombination material (after irradiation) can be observed by
comparing the value of the dielectric relaxation time Tp to the value of the minor-
ity carrier recombination time T (see tab[5.7| for reference values).

On one hand, the dielectric relaxation time represents the time in which a space
charge is neutralized by the flow of the produced free carriers that are slowed
down by the resistance. In other words, it is the bulk equivalent of the time con-
stant of an RC circuit. It is possible to compute Tp from pegy [[127], and then to
remember that the charge rapidly flows to restore the equilibrium phase.

On the other hand, the carrier recombination time Tg is the time constant for re-
combination of non-equilibrium electron-hole pairs or excess minority carriers. It
is also the time needed to generate electron-hole pairs to reach equilibrium. Here,
representative forward 1V characteristics are presented after proton irradiation,
and the underlying physical principles are summarized from [127].

If the Fermi level is pinned near the mid-gap position by intrinsic condition,
the electron conductivity balances the hole conductivity (6, = G)), so that the
carrier drift components u,7qx and pppmax become equal. The quantities uy,

| MATERIAL | p | | 0 |
LIFETIME ~ 2 kQ-cm ~2 ns ~ms
(Tp < 1)
RELAXATION || & pinsrinsic ~300kQ-cm | ~0.3us | ~10-100 ns
(Tp > 10)

Table 5.7: Reference values for the dielectric relaxation time Tp and minority
carrier recombination time T in lifetime- and relaxation-like materials.
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and u, represent the electron and hole mobilities, respectively; nyuqc and pax
the corresponding carrier densities at maximum resistivity. Remembering that

"12 = NmaxPmax> and that the following expression holds for p,qy:
1
= q0 (UnMmax +,Uppmax) . (5.6)
pmax

The maximum carrier relations for n,,,, and p,,,, can be exploited to evaluate the
minimum conductivity G,,;, in terms of the intrinsic carrier density n;:

{”max = (tp/p)'* -

1/2 — Omin = 2‘]0(.“nﬂp)l/2 ‘N
Pmax = (,Un/.up)

N

Therefore, G,,;;, does not depend on the extrinsic doping. In the present calcula-
tions, the intrinsic carrier density #n; is obtained according to [128]:

0

ni=1.541 x 1057712 . exp (—255T> : (5.7)
and n; = 5.3-10% cm ™ for silicon at T=293 K. The resulting maximum resistiv-
ity Pmax for silicon at T=293 K is 6.83 % 10° Q-cm; from such value of Prmax 1t
is possible to obtain the device resistance R, :dpmaxA*I, for a sample with a
thickness d and active area A (in this case, d =200 ym and A =0.25 cm?).
The double-logarithmic plot of fig.[5.7(a)| presents the forward current at T=293 K,
as a function of the forward voltage in standard FZ diodes, before and after pro-
ton irradiation. The solid curves indicate that both n-type (in green) and p-type
(in red) materials are lifetime-type prior to proton irradiations. Afterwards, the
forward IV curves (dotted lines) tend to the maximum resistivity line for both ma-
terial types. The same considerations are valid for MCz diodes; in the following
the focus is on p-type diodes. For p-type MCz diodes, the forward current char-
acteristics are measured before and after proton irradiation at six different ¢4
fluences in the range [0.1, 3]-10'* cm™2. In fig. the orange curve indicates
that the material was lifetime prior to radiation damage (¢eq =0 cm~2). As the
fluence increases, the current tends to the maximum resistivity line. Moreover, the
current limit of 1 mA is reached at increasing forward voltage bias; this hints to a
progression of the material to relaxation type, too.
According to [127], it was found that forward IV-characteristics of irradiated
diodes can be described by an empirical relation of the form:

Ir = GoVrexp(Vr /Vp), (5.8)

being Ir the forward current resulting from a forward bias Vr. The voltage V) =
E(/d and the conductance Gy = 1 /Ry are fit parameters, and provide the degree of
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Figure 5.7: (a) Forward IV for n-type (green) and p-type (red) standard FZ diodes,
before (solid lines) or after (dotted lines) irradiation with 188 MeV protons and
annealing of 60 min at 80°C. (b-left) Forward IV for p-type MCz diodes after
proton irradiations and annealing of 60 min at 80°C; measured characteristics
(solid coloured lines) are fitted (dotted lines) with eq.[3.8l (b-right) Corresponding
Vo as a function of ¢,,, from fit (dotted black lines) with eq. [5.8l Black solid lines
indicate the limit of maximum resistivity P, (see eq.3.6).



5.1 Results of IV measurements 97

[ Gneg 1107 em 2] 0.1 [ 03 [ 05 | 07 | 1.0 | 3.0 |
Vo [V] 0.15[ 051091157206 14.16
Go [10°° Q1] 50 | 52 | 33 | 25 | 26 20

Table 5.8: Fit parameters Vy and Gy from eq.[5.8, for MCz p-type sensors after
proton irradiation at increasing 0y, and annealing of 60 min at 80°C.

relaxation-likeness (see tab.[5.8). The factor GoVr represents the ohmic behavior
at low forward bias V. At higher forward bias Vr, a rapid increase of the current
occurs and Vg = Fyd, with Fy being the average electric field in a diode of thickness
d. The quantity V (or, alternatively, Fp) is assumed to be a good measure of the
relaxation likeness of the material [127]. This relation fits the current data up to
10'* cm~2 (dotted black lines in fig. [5.7(b)), and the fitting parameter V; can be
obtained from fit to data starting from 0.1 V, a lower limit posed by the sensitivity
of the electrometer.

From the proportionality between V{y and the fluence, it is found that:

dVo/ddp=1.82-10"1*V.cm?, (5.9)

in the fluence range [0.1, 11-10" cm~2 and after annealing of 60 min at 80°C. In
such range the value of Vjy increases from 0.15 V to 2.06 V; the conductance Gy is
found to decrease from 50 to 20 (MQ)~!.

It should be noted that after proton irradiation at ¢ =3.0-10"* cm~2, the data
approaches the maximum resistivity line at low voltages, but deviates from the
expected trend from eq. 5.8l in the final voltage range. Therefore in this case an
upper limit at 10 V is set for the fit according to eq.[5.8] A dramatic increase is
noted for Vjy (=14.16 V, not shown in fig. [5.7(b)), with respect to those samples
irradiated with ¢y <10 cm™2.
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5.2 Results of CV measurements

CV(f,T) characteristics were measured in silicon pad-diodes before and after pro-
tons of various energies E;, (23 MeV, 188 MeV and 23 GeV) and neutron equiva-
lent fluences ¢,,¢, in the range [0.1, 3]-10'* cm~2. Three different bulk materials
(both n- and p-type bulk) were investigated (MCZ, standard FZ and deep-diffused
FZ). The CV(f,T) measurements were repeated at subsequent annealing steps at
80°C, from 0 to 60 min.

Several effects simultaneously occur and have an impact on the CV(f,T) charac-
teristics of an irradiated diode: the effects of the relaxation region, the impact
of deep traps and the effect of built-in charge at each contact. In the following
subsections, the results from CV(f,T) measurements are presented with focus on:

[5.2.1] The doping profile, obtained from CV measurements for non-irradiated
diodes. The method is not valid for irradiated diodes because the space
charge is not constant anymore as a function of the depth inside the sensor
bulk;

5.2.2] The annealing studies, hinting to type inversion in n-type sensors after irra-
diation;

(.23 The deviation from the usual V~!/2 dependence of the capacitance for irra-
diated diodes in reverse bias, to be analyzed with the initial rise method;

[5.2.4] A method to analyze C(f,T) characteristics at low reverse bias;

5.2.5] The negative diffusion capacitance in forward bias.

5.2.1 Doping profiles before irradiation

Capacitance-voltage (CV) measurements of diodes are a standard method to de-
termine doping profile and depletion voltage of non-irradiated diodes.

The assumptions used in deriving the junction capacitance for non-irradiated diodes
include uniform doping in both p- and n-type regions, shallow donors and accep-
tors, an abrupt junction approximation and a planar junction. On each side of
a p''n junction, the incremental change of the charge dQ upon an incremental
change of the applied voltage dV is:

dQ dQ aw 85i80q0|Neff‘ A .
c(v)="2 = E2 00 _ 4 |00 e e . while V < Vj,,.
V= =awav 2V SOW vy Ve dep

(5.10)
The capacitance shows a decrease with V™~ "/“ until the applied reverse voltage V =
Viep 18 enough to deplete the whole sensor. Once the depletion region reaches the

1/2
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backplane (W = d), the junction capacitance is expected not to decrease anymore.
The capacitance at full depletion is also called geometrical end capacitance C,,,
since it depends only on the active area A and the thickness d of the diode:

€0EsiA
T

Cend = (5.11)
If 1/C? is plotted as a function of the reverse voltage, two linear fits can be per-
formed to obtain the voltage Vyr: one in the region of highest slope and one in
the linear region of C,,4. In the present work, the intersection point of the two
fitted curves is defined as the depletion voltage V4, for non-irradiated diodes. For
non-irradiated diodes with known depletion voltage and active thickness d, the
effective doping concentration N, s in the bulk of the sensor can be calculated by
using the equation:

Neff: W'Vdep. (512)
A further analysis of CV-characteristics provides the doping density Np(x) as a

function of the distance x from the p™n junction:

€0€siA 2 1
= d V)) = . 1
C(V) an ND ()C( )) G0€OEs; 42 d(ld/VCZ) (5 3)

x(V)

Typical doping concentration in n-bulk silicon sensors are of the order of 10!2 cm?,

while the n™ or p™ implants have higher doping concentrations (with typical peak
concentrations of 1018—10'? cm?).

The results are shown in fig. [5.§] for n- and p-type bulk materials, before irra-
diation. MCz and standard FZ are produced on 200 um thick wafers, with sharp
transition between low doped active sensor volume and the highly doped rear side,
while deep-diffused FZ diodes have a physical thickness of 300 ym. In the special
case of dd-FZ diodes (after the deep-diffusion process), the transition between the
(high doped) rear side and the (low doped) active volume is not as sharp as it can
be observed for MCz and standard FZ diodes. In fact, due to the long diffusion
times of the dopants, the transition is not abrupt.

It is worth specifying here that, in the present calculations, the area is assumed to
be constant; for more accurate evaluations the edge effects have to be taken into
account, since they were found to be voltage-dependent, and particularly relevant
for smaller diodes in area than the ones considered in the present study [[129].

5.2.2 Annealing and type inversion

Annealing studies of CV(f,T) characteristics were performed for a wealth of rea-
sons. Practically, the CV(f,T) characteristics were always measured before TSC
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Figure 5.8: Depth profiles of the doping concentration from CV measurements
(T=293 K, =10 kHz): non-irradiated (left) n-type diodes and (right) p-type
diodes.

measurements up to 400 V, in order to guarantee that a reverse bias of 300 V is
enough to fully deplete the sensors during the heating phase. Any possible early
breakdown was excluded by previously performed IV measurements. The reverse
bias of 300 V is chosen as a reference for comparison of all the measured TSC
spectra and it is a compromise for measuring well above depletion but below po-
tential early breakdown. In fact, TSC measurements at reverse biases lower than
200V are not always comparable because not all the investigated proton-irradiated
samples are found to be fully depleted under such (lower) bias.

Fig. shows an example of CV measurements for proton-irradiated n- and p-
type MCz silicon diodes, measured at T=293 K and frequency of 10 kHz, and
repeated at subsequent annealing steps at 80°C. Each CV curve is shifted by
5-10729 F~2 for improving the visibility. As a general observation, the deple-
tion voltage is slightly increased after proton-irradiation of a p-type MCz diode
with 23 MeV protons and ¢4 =10'* cm~? (the reference value of 160 V before
irradiation is shown by the dashed black line in fig. [5.9(left)). The opposite effect
is noted for the corresponding n-type sample.

The annealing studies provides also hints for the type inversion of n-type diodes,
whose structure changes to p"pn™ and depletes from the the pn™ junction.

Tab. [5.9] summarizes the information from annealing studies regarding the type
inversion of n-type diodes, after proton irradiation. For all the three proton en-
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Figure 5.9: CV curves at subsequent annealing steps for MCz n- and p-type sen-
sors, after irradiation with 23 MeV protons and ¢y, =10'* cm~2. Each CV curve
is shifted by 5-1072° F? for improving visibility. The reference depletion value
before irradiation is indicated by a dashed black line.

ergies, the highest ¢,., was considered; no type inversion is seen for MCz and
dd-FZ diodes, while type inversion occur for standard FZ diodes already after
irradiations with 188 MeV protons (at (¢4 =7-10"3 cm~2). Type inversion oc-
curs instead for standard FZ diodes also after irradiation with 23 MeV protons
(at Opeqg =10'* cm~2), and for such proton energies it was already reported after
Oneqg =7.8-1013 cm? in [126]). The reason is explained in subs.

MCz dd-FZ FZ
E q)max T e q)max T e ¢max T e
P 1 (10 cm™2] yp [10'4 cm~2] yp [10" ecm—2] yp
23 MeV 1.0 n 1.0 n 1.0 p
188 MeV 0.7 n 0.7 n 0.7 p
23 GeV 3.0 n 3.0 o [

Table 5.9: Summary of type inversion studies for n-type sensors at the high-
est Qe for various proton energies, after monitoring CV(f,T) measurements in 5
subsequent annealing steps.
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5.2.3 The initial rise method

By looking at the CV measurements in fig. [5.9] and fig. it is possible to
note the deviation of the capacitance from the v-1/2 dependence found in non-
irradiated diodes: the conventional analysis to determine the depletion voltage
from the slope of the curve is therefore not applicable.

Here, the initial rise method is proposed as a way to determine the space charge
[NCV] from the slope of the 1/C? characteristics (see eq.[5.13), in the low bias
range (below 20 V), i.e. with insufficient concentration of free charge carriers to
fill deep traps. The method is especially relevant at high fluences, and in particular
after the irradiation with £, =23 GeV for which CV measurements are analyzed
after 0eq =3.10"* cm~2 (fig. [5.10(b)). It should be noted that [NCV] is an aver-
age value of the space charge, i.e. no strong electric field dependence nor depth
dependence are assumed.

The results about the space charge concentration from the application of the initial
rise method ([NCV] in units of cm™?), will be then compared to the results from
TSC measurements ((NTSC] in units of cm2) in chapter[7l

5.2.4 Analysis of CV(f,T)

Here the focus is on the frequency dependency of the capacitance at low reverse
bias which is due to the presence of deep levels. The scope is to obtain information
about deep levels, by measuring the junction capacitance over a wide frequency

MCz (AC 10 kHz, T=293K)
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Figure 5.10: CV measurements in reverse bias for p-type MCz diodes: (a-
top) after irradiation at various E), and fluences; (a-bottom) after irradiation with
E,, =23 MeV and three 0,,.4. (b) Application of the initial rise method for a p-type
MCz diode irradiated with 23 GeV protons and ¢,,¢, =3- 10" cm—2.
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range, and deduce the presence of two main categories of deep traps in the proton-
irradiated samples. The analysis will be further developed in chapter [7] to obtain
the activation energy.

The measurements of C(f,T) are performed in parallel mode, with AC frequency
in the range [100 Hz, 1 MHz] and 200 mV amplitude; the DC voltage is -5 V.
The temperature varies between [253, 293] K. The applied method was derived
by [130] for the analysis of neutron irradiated silicon diodes; here it is tested for
p-type MCz diodes after proton irradiation (see fig.|[5.11(a)-5.11(c)). According
to the method by [130], the total capacitance is assumed to have two contributions:

C(f)=C1(f)+Calf), (5.14)
with
qm=&+%%%%,
Cr2
=T

In the model by [130], C; and C. are the low and high frequency junction capac-
itance. The frequency associated with the first deep level of finite concentration is
f1. The same definitions are valid for the parameters in Ca(f).

The low frequency capacitance is related to deep and shallow impurities, while the
high frequency capacitance is related to the free carrier density [[131]]. In all the
cases presented in fig.|5.11(a)—5.11(c), it is possible to note the strong frequency
dependence of the junction capacitance; at a fix voltage, the total capacitance de-
crease with increasing frequency. At high frequency (or equivalently, and low
temperature), the curves flatten to the value of the geometrical capacitance. The
total capacitance is also found to increase with increasing temperature. In fact, the
dependence of the capacitance on the frequency is directly related to the presence
of shallow traps which respond to the AC test signal at low reverse voltage and
low frequency (f << e, +ep). In the high frequency limit (f >> e, +¢,), no
contribution from deep traps can be seen, but only the movement of free carriers
at the edge of the depletion region. All the fit parameters for the measurements in

fig. 5. 11(a)-H5.11(c) are available in tab.[5.10l

5.2.5 Capacitance in forward bias

One of the main effects of radiation damage in silicon is the establishment of a
negative diffusion capacitance in forward bias. We report here the results for p-
type MCz diodes as a representative example.

Fig. [5.12] shows the capacitance measured at T=293 K and AC test frequency of
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Figure 5.11: C(f,T) characteristics at low DC voltage (-5 V) and AC voltage
(0.2 mV), for three samples irradiated with various proton energies and 0,,,. Lines
are fits to data points with the method in eq.[5.14
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E, 23 MeV | 188 MeV | 23 GeV
Oneg [em 2] | 1.0-10™ | 0.7-10™ | 3.0-10™
| 253K
C.. [pF] 12.9 12.9 12.9
Cpi1 [pF] 58 50 57
f1 [Hz] 1667 1583 602
o 1.787 1.75 1.62
Cr» [pFI 31.1 43.46 109
f> [Hz] 148 93 129
B 1.24 1.27 1.51
| 273K
C.. [pF] 12.7 12.7 12.6
Cr1 [pFI 63.1 53.9 114.4
f1 [Hz] 882 839 1804
o 1.67 1.64 1.30
Cr2 [pF] 73.4 65.4 263
f> [Hz] 127 160 80.4
B 0.80 0.82 1.01
| 293K
C.. [pF] 12.4 12.3 12.3
Cr1 [pFI 630 53.4 104
f1 [Hz] 4097 3926 968
o 1.67 1.63 1.30
Cr2 [pF] 125 117 383
f> [Hz] 349 354 311
B 0.72 0.69 0.96

Table 5.10: Fit parameters according to the model in eq. for the three sam-
ples in fig. 5. 1T(a)H5.T1(c)]

10 kHz, in the voltage range [-10, V¢ x|, where V7 4, is the forward reverse
voltage at which a current of 1 mA is previously recorded from IV measurements
on the same device in forward bias.
From fig.[5.12]it is possible to note that the capacitance of a non-irradiated diode
is positive both in reverse and forward bias; moreover, the forward capacitance in-
creases with increasing bias voltage. After proton irradiation with 0.3-10'* cm™2 <
Oneq <3-10'* cm™2, we note that the forward capacitance is negative instead,
and the absolute value increases with increasing forward voltage. Recalling that

_do
C=7v

it follows that a negative capacitance has to be established because

Q
AV <0-
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The fact that the forward capacitance is negative is another evidence that the ma-
terial has changed from lifetime to relaxation semiconductor, as it was already
noticed by analyzing the IV measurements in forward bias (see subs.[5.1.6).

In fact, relaxation-like materials have high resistivity and also a large density of
generation-recombination (GR) centers which are near to the middle of the band
gap, and easily interact with E¢ and Ey. Therefore, electron-hole pairs can be eas-
ily created or recombined (in lifetime materials, these are slow processes requiring
thermal generation in the band gap instead). The (two steps) thermal excitation
via GR centers is therefore more efficient than a direct (one step) thermal excita-
tion of electrons in the valence band to the conduction band.

The phenomenon of negative diffusion capacitance in forward bias is explained
in [100], and by considering the band diagram in fig. 5.131 The Fermi level is
near the conduction band in the low resistance contact, while it is near midgap in
the relaxation semiconductor (due to the presence of GR centers and the fast GR
processes). The material is actually p-type only far from the n™p junction.

A dipole with (+) pole in the highly doped contact, and (-) pole in the semicon-
ductor with free electrons but few fixed ionized traps, induces a potential step of
about half the band gap. In forward bias, holes are injected and readily recombine
with negative free carriers near the junction: the dipole charge is reduced, and the
recombination process is so strong that the capacitance eventually becomes nega-
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Figure 5.12: CV characteristics for p-type MCz diodes before and after irradia-
tion; the inset shows a zoom in the forward reverse bias for irradiated diodes. The
current limit is set at 1 mA.



5.2 Results of CV measurements 107

tive.

From fig.[5.12lit is also possible to note that the higher the fluence the less negative
the capacitance is. Once again, two competing effects shall be considered: on one
hand, the increase in the density of GR centers tend to increase the recombination-
generation rate, trying to enhance the negative capacitance effect. On the other
hand, the density of deep levels increases as well, and “delays” the effect at higher
frequencies (or, equivalently, at lower temperatures). The latter effect prevails on
the former [[132]; as a result, the capacitance is less negative at higher fluences (see
the case of 3-10'* cm~2, i.e. the highest Oneq presently considered, in fig. [5.12).
The relaxation effect is also responsible for reducing the positive capacitance at
low reverse bias, thus introducing a characteristic peak at low reverse bias volt-
ages [133] (equivalently, for the low valley in the 1/C? characteristics, as it is
possible to note in fig. [3.9)).

It is worth recalling that CV characteristics after irradiation are temperature and
frequency dependent (because of the presence of deep traps, see subs. [5.2.4); the
scope here is to show the low frequency and high temperature limit: at high fre-
quency (or, equivalently, at low temperature), the negative capacitance is expected
not to be observable, because carriers would not be able to respond to the AC sig-
nal, resulting in a constant capacitance over a wide voltage range.

Figure 5.13: (top) Dipole near the junction between the highly doped n™ contact
and the relaxation-like part of a p-type semiconductor, and corresponding (middle)
electric field and (bottom) band banding [100]. (T=293 K, AC freq=10 kHz).
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“Microscopic” approach

The identification of the radiation-induced defects and their effects are of crucial
importance for further development of radiation-hard silicon sensors. Projections
for a successful long-term operation of silicon sensors are only possible if the
damage parameters and their annealing dependence are known.

This chapter is dedicated to the results of Thermally Stimulated Current (TSC)
measurements for bulk defects identification in proton-irradiated silicon diodes.
In section [6.1] the most striking parameters for successfully performing a TSC
scan are presented. Section describes the standard approach to the analysis of
TSC spectra at the conventional filling temperature of 10 K, and defect concentra-
tions are provided in section[6.3, with focus on the introduction rates for defects
affecting the space charge and the leakage current.

Additionally, TSC measurements are performed also with filling temperature higher
than 10 K, and analyzed in section according to the Multi-Phonon Emission
model. A third analysis method is presented in section[6.3, for interpreting TSC
measurements in the presence of proton-induced cluster-related defects.

6.1 TSC measurement settings

Setting up a TSC measurement for an irradiated silicon diode requires the know-
ledge of sample-related parameters (such as the forward voltage to provide a cur-
rent of ~1 mA at T=10 K), as well as optimal experimental conditions (such as
the filling temperature, the reverse bias voltage and heating rate). The adoption of
standard settings enables comparisons between measurements on different sam-
ples (with respect to the 0,4, proton energy or the annealing step for example),
but resulting from the very same experimental procedure. In the following, the
most important TSC settings are presented, together with practical examples of

109
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their impact on the TSC spectra and hints for the further analysis of TSC spectra:
the filling temperature (subs. [6.4)), the filling current (subs. [6.1.1)), and the heating

rate B (subs. [6.1.2).

6.1.1 Filling current

The most crucial phase during a TSC scan is the filling phase, when a forward
voltage V has to be applied (at T=10 K) so that a forward current of at least
1 mA is guaranteed for filling the traps. The necessary V; can not be determined a
priori; it is the scope of the present paragraph to provide a way to experimentally
find such striking value for the overall experiment. Other possible filling options
were already described in section 4,311

In fig. the forward current /5 as a function of the (increasing) forward volt-
age V¢ (measured at T=10 K) is shown, for the case of standard FZ p-type sensors,
after irradiation with 188 MeV protons at three proton fluences. The annealing is
only 8 minutes at 80°C. In all three cases, a threshold voltage of 1.5 V is found
before a current of ~1 uA can be measured. After such threshold, the current is
found to increase from ~1 uA to ~0.1 mA, according to the eq.[5.8] already pre-
sented in section As soon as the current is in the order of 0.1 mA, there is
a (second) steep jump towards higher forward current (=10 mA) which saturates
for even higher forward bias, due to the range limit of the electrometer (Keithley
6517A). We consider this (second) threshold voltage V7 is the minimum bias to
be applied in order to fill the traps at T=10 K.

The dotted black lines in fig. [6.1(b) represent the fit according to eq. 5.8 the
results of the analysis are shown in tab. [6.1, pointing out increasing Vj and de-
creasing Gy with increasing ¢,,,, as expected for relaxation-like materials. In par-
ticular, the parameter V; is found to be proportional to the fluence, with dVy/d¢ =
1.21-10713 V.cm?, in the fluence range [2.1, 7]-10'3 cm ™2, after irradiation with
188 MeV protons and annealing of 8 min at 80°C. In addition, also the threshold
voltage V7 is found to be proportional to ¢, (right plot in fig. [6.1(a)).

The forward current was monitored at subsequent annealing steps, at 290 K with
the IV-setup and 10 K with the TSC setup (fig. as well. From both cases, it

[ Gneg [107%cm 21 [021]035] 0.7 |
Vo [V] 28 [ 45 [8.23
Go[103Q 11 || 1.5 ] 05 [0.15

Table 6.1: Fit parameters Vy and G from fit to measured forward IV at T=10 K
with eq.[5.8] for standard FZ p-type sensors after proton irradiation for increasing
®neq> and annealing of 8 min at 80°C.
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is possible to see a recovery of the forward current with annealing and the sample
tends to revert back from the relaxation-like phase to the lifetime-phase. Simi-
larly, the threshold voltage Vrg decreases with increasing annealing time (right
plot in fig. [6.1(b)). The double-injection current-voltage characteristic at high
injection levels were already calculated in [134]. Here, we summarize two inter-
esting aspects: firstly, a negative resistance originated from the increasing hole
lifetime with increasing injection level, owing to electron depopulation of the
recombination centers by hole capture. Secondly, the negative resistance arises
from a decreasing current at increasing voltage over a voltage range from Vzy
and Vy = (6,/6,)Vry [134].

Experimentally, in the present work it is found that such negative resistance is
responsible for hysteresis in the current vs. voltage characteristic; for instance,
fig. presents the hysteresis effect in a standard FZ diode (p-type), after irradi-
ation with 188 MeV protons 0,4 =7-10"3 cm~2 and annealing of 8 min at 80°C.

6.1.2 Heating rate 3

The heating rate 3, at which the temperature is increased during a TSC heating
phase, has to be constant throughout the duration of the TSC measurement. To
set the optimal heating rate, TSC measurements on the same sample, under the
same bias conditions, were performed at various heating rates in the range [0.050,
0.500] K/s. The results point out that the measured TSC temperature is non-linear
as a function of the time during the heating phase, if the heating rate is higher than
0.200 K/s. Therefore, an heating rate of 0.183 K/s is chosen for all the performed
TSC measurements, if not stated otherwise. Such 3 value was checked and found
to be independent of the bias during the heating phase Vg (up to the fourth decimal
place). In the [75, 400] V range, the average 3 value is 0.18381 K/s.

As a general consideration from fig. [6.3] higher heating rates cause higher T,
and peak heights. Therefore, it was actually checked that [ Irscdt ~ [Irsc/BdT.
The variation of the heating rate was exploited to obtain the activation energy E,
and capture cross-section G, , of defects in the approximation of [[120]:

T E 1 Eq, np/k
ln( m‘”‘)z LIp +ln< anp/ ks ) 6.1)

B kB Tmax BGn,pde,V/mO

which is shown for instance in fig.[6.3(a) for the VO; defect.

In conclusion, all the measurements in this thesis are performed with a heating
rate B =0.183 K/s, filling temperature of 10 K and filling current of 1 mA if not
stated otherwise. More details about the settings for TSC measurements can be
found in appendix[C, which can serve also as a check-list for planning a TSC scan.
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Figure 6.1: Forward IV characteristics at T=10 K for standard FZ diodes (p-type)
after irradiation with 188 MeV protons and corresponding Vy, Vg values from
fit with the theoretical trend (eq.[5.8] dotted black lines): (a) at different Oneq (but
same annealing of 8 min at 80°C), and (b) after ¢,¢q =7-1 0'3 ¢cm~2 and subsequent
annealing times at 80°C.
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Figure 6.3: TSC spectra at various heating rates in the range [0.063,
0.183] K/s, and evaluation of the activation energy for the VO; defect
(0.156£0.027) eV. The sample is a FZ (p-type) diode, irradiated with 23 MeV
protons, ¢, =5 -10'3 cm~2, and annealing of 8 min at 80°C.
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6.2 Analysis of TSC spectra (T ;; =10 K)

In this section, the method for analyzing TSC spectra obtained at the conventional
T iy =10 K is presented. Such filling temperature was adopted in the past for the
analysis of samples irradiated with electrons, photons, and neutrons. The wealth
of measurements performed in the present work, under the same conventional
experimental conditions in the last 20 years, are now available for comparison
after irradiation with different particles. Moreover, for the first time the method is
implemented in Python (version 2.7.12).

The analysis of TSC spectra requires the subtraction of the background (in the low
temperature range, with T<60 K) and of the dark current (in the high temperature
range, with T>80 K). This is the object of subs. The method in subs.
aims at extracting defect concentrations.

6.2.1 Background and leakage current subtraction

In the low temperature range of a TSC spectrum (T<60 K), the background has
to be subtracted. In the present work, TSC current values up to T=20 K and the
first minimum after the H(40K) defect are used as starting and ending ranges for a
linear fit (green lines in fig. [6.4). After the subtraction of the background in such
range, the TSC spectra can be further analyzed to obtain the defect concentrations.
The background in the low temperature range would otherwise lead to overestima-
tion of the defect concentrations, especially for the E(30K) and H(40K) defects.
The background at low temperature is affected by the time waited between the
filling and the heating phases, the filling temperature, and it is found to increase
at increasing heating rates, but decreasing after annealing.

In the high temperature range, the leakage current has to be subtracted as well.
The leakage current has to be measured as a function of the temperature under
the same Vp bias applied for the TSC measurement. After irradiation with ¢4
up to 10" cm™2, the leakage current dominates the TSC signal for T>200 K. A
proper subtraction of the leakage current is therefore necessary, as clearly visi-
ble from fig. The leakage current is measured in the range [10, 290] K at
different heating rates B (0.050 K/s< B <0.200 K/s). It can be noticed that the
leakage current is in the 0.1 pA range for temperatures below 150 K. To speed up
the measurements, the leakage current was measured starting from 80 K. Since
the dependence of the leakage current on the temperature is expected to follow
the function in eq. [6.2k

E
Irsc(T > 190 K) =A-T? - exp <—k "T) : (6.2)
B
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tons, Qpeq =10 cm~2 and annealing of 60 min at 80°C. The TSC spectrum, and
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Figure 6.6: Fit (dashed black lines) to data (colored lines) according to eq. [6.2]
for the sample presented in fig.

The value for the activation energy E, for beta values in the [0.083, 0.200] K/s
range is found to be 0.59 eV, averaging the results from a set of four [ values. If
compared to the band gap energy, E, is near to E,/2 (=0.56 €V), which indicates
that generation centers are close to the mid-gap.

The leakage current was measured after proton irradiation at various fluences and
fixed annealing of 8 min at 80°C. The left plot in fig. shows the increasing
leakage current in a p-type FZ diode, for increasing fluences. The corresponding
activation energies E, (fig. left) are in general higher than E,/2, as for n-
type FZ diodes after irradiation under the same ¢4, and are consistently close
to the midgap also after annealing (up to 60 min at 80°C, as shown in fig.

(right)).

6.2.2 Defect concentrations

Hereby it is described the method for calculating concentrations of defects from
measured TSC spectra, after the conventional filling under forward bias of de-
fects at T;;; =10 K. Each TSC peak is described via the following temperature-
dependent I7gc(T) function:

Irsc(T) = kx f(T) x g(T), (6.3)
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Figure 6.7: Leakage current (a) for standard p-type FZ diodes, 188 MeV protons:
(left) at different ¢, (but same annealing of 8 min 80°C), and (right) subsequent
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Corresponding activation energy as a function of (left) ¢, and (right) annealing,
for p-type as well as for n-type FZ diodes under the same conditions.
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where:
1

A+exp(—(T—T.—a/2)/B)’
1
1 +exp(—(T—T.+0a/2)/y)

f(T)=1
g(T)

The f(T) and g(7) functions are meant to replace the temperature dependent
emission probabilities and the fraction of occupied traps, respectively.

According to eq. [6.3] five parameters are necessary for each defect: the peak
amplitude Amp, the temperature value T, corresponding to the peak center, o for
the temperature shift, and y and B for describing the rising and falling tails of a
peak, respectively. The five parameters are under a constrained multivariate least-
squared optimization, with o > 3 > y. Defect concentrations N, are calculated
from the peak area A .4 as follows:

. 2A peak

N, = , (6.4)
' qovdep

where V), is the depleted sensor volume and gy is the elementary charge. Fig.
shows an example of application of the fitting method for a TSC spectrum after
irradiation of a p-type FZ diode with 23 MeV protons (for a total of 13 bulk de-
fects). The bottom part of fig. provides the ratio between measured and fitted
values. The constrained multivariate least-squares calculations are optimized until

2.0

55 60 65 70 75 80 85
Temperature [K]

Figure 6.8: The fitting function I7sc(7T') from method in eq.[6.3] to obtain defect
concentrations. See eq.[6.3]for actual expressions of the f(7") and g(T') functions.
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for 15 minutes at 80°C. The log scale for the y-axis is meant for enhancing the
visibility of defect peaks.

differences between measured and calculated values are less than +10% for de-
fects which have more than 10 pA in peak amplitude. This is especially the case
for the defects labeled as E(30K), H(40K), and VO;, which have clearly isolated
peaks. At T~50 K, the BDp and possibly the IO, electron traps are found. In the
temperature range [80, 110] K, the B;O; defect is present, together with possible
contributions from BDg/ * and I;f/ 0, that were previously identified in [135] and
in [136]. The hole trap H(116K) at T=116 K is followed at higher temperature by
two other hole traps (the H(140K) and H(152K)). In the higher temperature region
[160, 200] K the TSC spectrum is populated by many deep levels. Three defect
states are assumed to be present (fitting functions in orange, as shown in fig.[6.9).

The three states are representative for a double-vacancy V;/ 0, a three-vacancy
V3_/ 0 and the hole-trap H™/9(220K) (as motivated in par [64).
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6.3 Bulk defects after proton irradiation

This section focuses on electrically active defects generated by protons of dif-
ferent energies and Q.4 <3-10'* cm™2. The results are obtained by performing
TSC measurements without bias during the cooling phase, with the conventional
Ty =10 K, and a high enough Vgl to provide a filling current of ~1 mA. The
method in subs. is applied to obtain the defect concentrations.

Firstly, a qualitative approach to TSC spectra is presented in order to give an
overview on the many bulk defects found after irradiation with different proton
energies, on various bulk material and subsequent annealing. The quantitative re-
sults are provided for the main bulk defects in subs. [6.3.7-6.3.41

e Proton energy E,: fig. shows the TSC spectra after irradiation of
MCz p-type diodes with 23 MeV, 188 MeV and 23 GeV, after normaliz-
ing the TSC current values to (g =10'"* cm~2. The annealing is 60 min
at 80°C. At a first look, it can be noticed that the very same bulk defects
are found after irradiation with protons of different energies. The appar-
ent suppression of the E(30K) defect at 30K with increasing E, will be
discussed in section Contrary to shallow defects in the lower tem-
perature range, broader peaks appear in the higher temperature range. The
broad peak above T=160 K results from overlapping V,, defects: the diva-
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Figure 6.10: TSC spectra for MCZ p-type diodes, after irradiation with different
proton energies, normalized to ¢,,., = 10'* cm~2, and annealing of 15 min at 80°C.
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cancy V», the trivacancy V3 and the hole trap H(220K) (possibly a vacancy-
related defect V, defect), in view of the results presented in subs.

In addition to the E(30K) and cluster defects, the most abundant defects are
the hole traps H(116K), H(140K) and H(152K) which are not observed after
60Co irradiation [[135]; this is a clear indication that these five defects are all
cluster-related defects.

It is worth noticing that, as a result of the proton irradiation of silicon sen-
sors, at least 13 bulk defects can be detected with TSC measurements. It
has to be noticed that the Ig/ ~, which is known from [135] to be responsi-
ble for space charge sign inversion in n-type sensors, is not visible because
overwhelmed by the leakage current (T e ~200 K).

e Bulk material: The very same defects found after proton irradiation in p-
type MCz diodes are found also in p-type FZ diodes, a part for the BDp+10;
complex (at Ta~50 K, to be noticed in the top plot of fig.[6.11). In fact, the

140 ‘ ; ‘

g 1200 FZ n-type

S 100 g g
2 gol b N .| = MCzn-type ||
£ 60l | | | |
]

v

O

2]

|_

140 ‘ ‘ ‘
2kl | Fzptype ||
2 ol fl- | = MCzp-type ||
£ 60} ‘ : : ‘
35
9
@]
9]
l_

Temperature [K]

Figure 6.11: TSC spectra for different n and p-type materials, after irradiation
with E, =188 MeV, ¢, =7-1013 cm™2, and annealing of 60 min at 80°C.

oxygen dimer IO is strongly suppressed in materials with low oxygen con-
tent. It is worth noticing that the BD;/ T defect is a donor and therefore is
responsible for the introduction of positive space charge.

From the bottom plot of fig. it can be noticed that the very same bulk
defects are found also in p-type diodes. The only difference in the nomen-

clature has to be reported at T=100 K: the appearing peak is labeled as the
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BDy or B;0O; in n-type or p-type diodes, respectively. The latter defect is ex-
pected to be responsible for the boron removal in p-type sensors which are
boron-doped. In other words, a boron-interstitial B; bonded to an oxygen-
interstitial O; forms the detrimental B;O; defect which reduces the doping
concentration of a p-type sensor.

A clear oxygen dependence for the H(40K) defect has to be expected, whereas
no strong oxygen dependence is observed for hole traps in the [116, 152] K
range.

Annealing: TSC measurements are repeated after annealing at 80°C in or-
der to “accelerate” the long term evolution of defects and monitor their ef-
fects on the detector performance (addressed in chapter [7). As representa-
tive examples, fig. and fig. provide the results of annealing
studies up to 60 min at 80°C for n-type and p-type FZ sensors, respectively,
after irradiation with 188 MeV protons and 0y, =7-10"% cm™2. Starting
from the results soon after irradiation (annealing of 0 min at 80°C), it can
be seen that, in addition to the above mentioned bulk defects, a presently
unknown defect can be seen at T/~28 K in both material types. This defect
anneals out soon after 8 min at 80°C and allows for a clear detection of the
E(30K) donor. Another defect is suddenly disappearing soon after irradia-
tion: this the case of the peak at T~145 K which is especially present in
p-type sensors.

As a general trend, the leakage current decreases with annealing time, as
well as the background in the low temperature range. Some defect concen-
trations are found to increase with annealing time (e.g. E(30K), H(140K)
and H(152K)), while others decrease with annealing time (e.g. V,-group
and H(40K)).

Finally, at the very central part of the TSC spectra, on one hand we report
the stable presence of B;O;, on the other hand the unstable concentration of
the peak at T~70 K which at first sight should be attributed to the VO; de-
fect. The VO; is a well-known point-like defect which does not contribute
to the space charge because 6, >> G,; it does not contribute to the leakage
current since in the silicon band gap it is positioned at (Ec - 0.176 V).

At this point, it is interesting to remember here that, at room temperature,
the vacancies are mobile and mainly trapped by interstitial oxygen to even-
tually form the VO; state (energy level E¢ - 0.176 eV). The latter defect is
expected to be stable up to high temperature during isochronal annealing
(from the demonstrations in [136]), but the experimental observation points
out that another defect is overlapping and annealing out. The fit to the peak
concentration at Ta~70 K (with a function of exp(-ty,,/t in fig.[6.13)), gives
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Figure 6.12: Annealing evolution of TSC spectra for (a) n-type and (b) p-type
standard FZ diode, after irradiation with E,, =188 MeV and ¢,,c, =7- 10"3 cm™2.
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a time constant of 20 min for FZ n-type, and of 27 min for FZ p-type sam-
ples. Similarly, a time constant at 80°C of 20 min is found for MCz p-type
diodes irradiated with the same proton energy and ¢4, While the concen-
tration of the VO; defect is found to be constant in MCz n-type diodes. We
conclude that the reduction of the peak at T~70 K is due to the annealing
out of the C;C; defect in the oxygen lean material.

Similarly to the VO;, the H(40K)+/ 0 defect is a hole trap (neutral at room
temperature), which decreases with annealing time (see fig. and van-
ishes after 960 min at 80°C [136]). The activation energy and capture cross-
section were calculated in [[126] after 23 MeV proton irradiation, and found
to be E, =(0.108+0.003) eV and 6, =(4.323.9)-10"> cm? [126]. The
chemical structure is unknown up to now, but it is possibly oxygen-related
in view of the above mentioned characteristics.

6.3.1 E(30K): oxygen-dependent IR

The electron trap E(30K)?/* is a shallow donor (located in the upper half of the
silicon bandgap, at (E¢ - 0.1 eV)), contributing in full concentration with positive
space charge to N, 7. It was already detected after high-energy electron and neu-
tron irradiations [135], but not after low-energy electron irradiation nor gamma
irradiation. The electron capture cross-section G, is 2.3 - 10~ cm™2 [135]. The
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Figure 6.13: E(70K) peak evolution with annealing at 80°C, with fit functions

over-imposed (dashed black lines), after irradiation with 188 MeV protons and
Oneg =7-10'% cm™2.
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chemical structure is unknown, but it is expected to be interstitial-oxygen related.
The evolution of an E(30K) peak with the annealing time is presented in fig.
for a standard FZ p-type sensor, after irradiations with 188 MeV protons and
Oneq =7-10"3 cm~2. All the measurements were performed under the same bias
conditions (V¢ =0V, and Vg =-300 V) and T;;; =10 K.

After correcting the background for T<60 K and subtracting the leakage current,
the TSC spectra are fitted to obtain the E(30K) concentration as shown in fig.
(dashed black lines). Soon after irradiation, the E(30K) concentration is at the
minimum, and an unknown defect with 7).« ~25 K suddenly disappears after the
first annealing step of 8 min at 80°C. After an initial increase, the concentration
reaches a saturation value, in all the investigated materials (n- and p-type FZ, dd-
FZ and MCZ).

Since the E(30K) defect is expected to be oxygen-related, in the following the
focus is on the oxygen-enhanced introduction of the E(30K) bulk defect after pro-
ton irradiation. The introduction of E(30K) is shown for the representative case of
MCz and FZ diodes after irradiations with 188 MeV protons and ¢, =7- 103 cm—2
in fig. The two extremes with respect to the oxygen concentration [O] in the
sensor bulk are considered: low [O] for standard FZ (between 5-9-10'6 cm™3),
while high [O] for MCz materials (5-10'7 cm™3). The dd-FZ is not considered
because of the not homogeneous [O] in the sensor bulk (as already pointed out in

TSC [pA]

Temperature [K]

Figure 6.14: E(30K) evolution with annealing at 80°C, with fit functions
over-imposed (dashed black lines), after irradiation with 188 MeV protons and
Oreq =7-10"3 cm~2 of a standard FZ p-type diode. The defect with T),eq at 25 K
is unknown; the peaks at 40K belong to the hole trap H(40K).
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fig[4.3). The lowest concentration of the E(30K) defect is found for the standard
FZ diodes, whereas the highest concentration is found in MCz samples. In other
words, the donor E(30K) introduces more positive space charge in oxygen rich
materials.

In the special case of annealing of just 8 minutes at 80°C, the introduction rate of
E(30K) is in the range [0.02, 0.04] cm~! (lower and higher values are for FZ and
MCz materials, respectively). This is higher than the introduction rate of E(30K)
after neutron irradiation (0.015 cm™! as calculated by [135]). The enhanced gen-
eration after proton irradiation might be an indication for an isolated “point defect”
resulting from the (highly probable) low-energy transfers after Coulomb interac-
tion [135]. The following results are related to the possibility for the E(30K) of be-
ing cluster-related, meaning that it is a point-like defect that might be “screened”
by cluster defects.

The evolution of the E(30K) defect concentration (divided by the fluence) with
the annealing time ?,,, (expressed in minutes at 80°C) is parametrized as follows:

[E(30K)] = [E(30K)Jo+s- (1 - exp (_%» , 6.5)

with [E(30K)]o the E(30K) concentration soon after irradiation (¢4, =0 min), s
the saturation value, and T a time constant characteristic of the bulk material. The
parametrization applied to MCz diodes is shown in fig. and to standard
FZ in fig. Higher saturation values at long annealing times are found in
MCz material in comparison to standard FZ. This is a further confirmation that the
E(30K) defect might be an oxygen-related defect which is especially produced in
[O] rich materials. Moreover, a common time constant T of 16 minutes is found
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Figure 6.15: E(30K) concentrations as a function of the annealing time, after
irradiation with 188 MeV protons and a 0,4 =7-10"3 cm~2.
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for both the bulk materials, and expected because N,y reaches a minimum after
8-15 min of annealing at 80°C, then the (negative) contributions from acceptors
overcomes the saturated (and positive) contribution from the E(30K) defect. In
fig. the average values for FZ and MCz diodes are plotted as a function
of the annealing time, and it is possible to note that MCz diodes have a higher
saturation value with respect to standard FZ diodes.

We shall now focus on the case of the p-type material with maximum oxygen
concentration (MCz) and at the maximum E(30K) concentration (after 60 min at
80°C). Under these conditions, the introduction rate of the E(30K) defect is stud-
ied as a function of the proton energy.

In fig. [6.17(1eft), the introduction rate is shown under two different filling condi-
tions: at Ty;;; =10 K and Ty;; =20 K. In fact, if Tz;; =10 K a decreasing intro-
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Figure 6.16: Fluence-scaled E(30K) concentration as a function of the annealing
time after irradiation with 23 MeV protons (red) and 188 MeV protons (green),
(a) for MCz diodes and (b) for standard FZ. (c) Averaged values.
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Figure 6.17: (Left) Proton-energy dependent introduction rate for the E(30K)
defect, and (right) location of the E(30K) peak height as a function of the filling
temperature ;.

duction rate is observed with increasing proton energies. However, higher concen-
trations of the E(30K) are found if T;; is increased. This effect could be due to
the presence of (other) clustered defects that are “screening” the E(30K) defects,
and causing only a partial filling of the E(30K) traps at T ¢;;; =10 K. Therefore the
maximum E(30K) concentration (and introduction rate) are calculated, and plotted
as well in fig. [6.17(right). From this second results, no proton-energy dependence
of the introduction rate is found. This is in agreement with the expectation for a
NIEL-scaling and cluster-related defect.

In conclusion: after proton irradiation, the E(30K) defect shows a oxygen depen-
dent introduction rate, but not a bulk-material type dependence. In addition, the
introduction rate does not depend on the proton energies, as it was noticed also
after electron irradiations in the energy range from 15 to 27 MeV [136].

6.3.2 B;0;: boron removal

Limited information is available for radiation-induced degradation of boron-doped
silicon sensors. In the present work, the very same bulk defects are found after
proton irradiation in both n-type and p-type silicon sensors, apart for the inter-
stitial boron-oxygen complex (B;O;). In fact, the B;O; is a donor (with energy
level Ec—0.23 eV [137], [138]) and removes negative space charge due to the
boron-removal. Such defect is therefore expected to be detrimental for Low-Gain
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Figure 6.18: B;O; concentration as a function of ¢4, for p-type MCz diodes,
irradiated with different proton energies and after annealing of 60 min at 80°C.
The dotted magenta lines recalls the p-doping content before irradiation.

Avalanche Detectors (LGAD) which are promising silicon radiation detector with
an intrinsic multiplication of the charge [139]: in fact, LGAD are fabricated by
diffusing a p-type layer, just below the n™ electrode, to form a n™-p-p~ junction.
Under reverse bias, the multiplication takes place for electrons reaching the n™
electrode. In particular, the p-layer is fundamental in order to enhance the electric
field in such localized region; a reduction of the boron content in the p-type mul-
tiplication layer would therefore in turn limit the gain mechanism.

In addition, the B;O; is a possible precursor for light-induced degradation (LID)
in solar cells produced from boron-doped oxygen-rich silicon [[140].

The fluence-scaled concentration for the B;0O; is found to be constant with anneal-
ing time, throughout the period from 0 to 60 min at 80°C. In MCz p-type diodes,
an introduction rate of 0.021 cm~! is found, while standard FZ diodes are charac-
terized by a smaller introduction rate (of 0.013 cm™!). The introduction rates are
valid after irradiation with different proton energies (see fig.[6.18)), and dependent
on the different oxygen content in the bulk materials. The introduction rates are
one order of magnitude less with respect to the previous findings for the E(30K)
defect (see subs. [6.3.1)).

The B;O; concentration as a function of the neutron equivalent fluence is described
with:

BiOi] = [BiOils - (1 — exp(—chney)) - (6.6)
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The B;O; concentration is found to saturate to a value [B;0;]s =2.5-10'? cm 3,

with ¢ =1.16-10~ 14 cm? after 23 GeV proton irradiation with ¢,,., =3.0-1 0 cm~—2.

6.3.3 Deep hole-traps

After presenting the introduction rates for the E(30K) and B;O; defects, the fo-
cus is now on three hole traps which are expected to negatively contribute to the
space charge: the H(116K), H(140K) and H(152K) defects. In fact, the group of
deep acceptors in the lower part of the band gap was discovered and character-
ized in [135] and [141]. In particular, we report that the H(140K) and H(152K)
hole traps show enhanced field emission; with a theoretical model of a 3D Poole-
Frenkel effect, the zero field emission rates were obtained in [[135] (see tab.[6.2).
Moreover, it was found in [[136] that the concentration of oxygen in the bulk does

| | H(116K) | H(140K) | H(152K) |
E, (eV) [ Ey+0.33 | Ey+0.36 | Ey+0.42
6, (cm?) || 410" | 25.10™ | 2.3.10™

Table 6.2: Activation energy E, and hole capture cross-section 6, for deep ac-
ceptors [133].

not influence the introduction rate of the hole traps.

In the present work, a proportionality between the concentrations and ¢,¢, is 0b-
served. The total introduction rate for the three hole traps (X(H — traps)) was
calculated for all the proton irradiated samples, and monitored at subsequent an-
nealing step up to 60 min at 80°C.

For samples irradiated with 188 MeV, an initial contamination of the TSC signal
in the temperature range of the X(H — traps) was already noticed in fig.
especially in p-type samples. Such defect is highly suppressed already after 8 min-
utes of annealing, and was not detected soon after irradiation with 23 MeV protons
nor 23 GeV protons. The unknown defect is possibly responsible for the slightly
higher IR after 188 MeV protons, which is calculated to be (0.124£0.02) cm~!. If
averaged on the proton energies, the IR for the L(H —traps) is (0.1174£0.03) cm ™!
(dashed black line in fig.[6.19). If average over the annealing, the introduction rate
is (0.11440.06) cm™! (dashed red line in fig. [6.19).

Given the consistently higher IR for the £(H —traps) with respect to IR of defects
positively contributing to the space charge, more acceptors (i.e. hole traps) than
donors (i.e. electron traps) are created, so that in the case of n-type diodes the
space charge sign inversion is possible [92]. The radiation fluence at which type
inversion occurs is dependent upon the resistivity of the non-irradiated material.
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Figure 6.19: Dependence of the total introduction rate (IR) for H(116K),

H(140K) and H(152K) defects on (top) the proton energy and (b) on the annealing

time, for all the materials considered in the present study. Dashed lines represent

in (black) the average IR on the proton energy (0.11740.03) cm™!; in (red) the

average IR on the annealing of (0.114+0.06) cm™!.

6.3.4 The V,-group

After addressing the defects with contributions to the space charge, the defect
with impact on the leakage current are now presented. Following the results in
section [6.4] three cluster-related defects are considered as part of the “V,,-group”
populating the high temperature range of the TSC spectra for a proton-irradiated
silicon diode. In the present calculations they are assumed to be the divacancy Vs,
the trivacancy V3, and the hole trap H(220K) (possibly, of the type V).

In irradiated silicon, the divacancy (V) is a fundamental intrinsic defect either
directly produced by irradiation or resulting from pairing of two vacancies. The
production of the V3 is independent on the oxygen concentration. Divacancies are
stable at room temperature, but become mobile at high temperatures; they may
migrate to form the V,0 defect if trapped by interstitial oxygen atoms in high
oxygen materials. The transition from V; to V,0 occurs at T>200°C [136], [93],
and it is especially fast in oxygen rich materials. Oxygen atoms are efficient traps
also for mobile trivancacies V3 to form V30O complexes. The trivacancies were
experimentally identified and characterized in [142].

Fig. [6.20(a){6.20(e)| show the concentration of the V,-group as a function of the
0neq- The concentrations were obtained from TSC measurement performed at
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Isothermal Average

annealing time IR

(min@80°C) | [1072 cm™!]
0 19.5+£20
8 18.0£ 1.9
15 16.6 £ 1.5
30 16.1 +1.9
60 147+ 1.7

Table 6.3: IR for cluster defects in the V,-group, calculated for all the proton
irradiated samples of different bulk and conduction types.

Vieating 0f 300 V. From the proportionality between the concentration and ¢4,
the introduction rates are calculated and reported in tab. The introduction
rates for defect cluster as a function of the annealing time is found to be governed
by the very same expression for the the annealing of the damage rate O.(¢,,,) (see
fig. [6.20(f)), as previously stated by eq. The introduction rates of cluster
decrease with annealing, as expected from the annealing of cluster defects, mainly
for the V3.

6.4 Analysis of TSC spectra (with T ; >10 K)

It is the scope of the present paragraph to describe the impact of the filling tem-
perature on a TSC spectrum for a proton-irradiated silicon sensors, and highlight
the main bulk defects. In the present work, the lowest achievable Ty;; is 10 K and
a forward current of at least 1 mA is applied.

As a starting point, an experimental observation is demonstrated in fig. it
is an example of TSC spectra for a MCz p-type sample (after irradiation with 23
GeV protons, Qpeq =1-10"3 cm~? and annealing of 60 min at 80°C). The filling
temperature T r;; was increased from 10 K to 130 K (the different filling temper-
atures are grouped in steps of 10 K, and shown in different colors). As a result,
increasing peak heights can be noticed in comparison to the standard TSC scan
that is usually performed with Ty;; =10 K (indicated by the solid black line in
fig. [6.21)). The leakage current above T=200 K is not influenced by T, being
the result of the generation of carriers (electron-hole pairs) and not only of charge
emission.

The peak enhancement with increasing Ty;; is found to be especially relevant
in the temperature range between 130 K and 160 K. More quantitatively, the in-
crease of the peak at T~150 K is about a factor 10 (solid points in the top plot
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Figure 6.20: (a)-(e) Cluster concentrations (CC) as a function from TSC at
Vieating of 300 V, as a function of ¢,,, for five subsequent annealing steps at
80°C. The symbol legend is provided in tab. 4.8l (f) Cluster introduction rates
for defect cluster as a function of the annealing time. Solid lines are fit to data as
explained in text.
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of fig.[6.22(a)). The experimental data can be described by accounting for three
defects: the H(140K) and H(152K) acceptors, and additionally the CiO;F/ 0 donor,
whose energy levels are sketched in the bottom plot of fig. In [124] it
was demonstrated that the TSC peak height of the Cin/ O defect results from a
fractional occupation p;/N; with holes during the high injection (n=p) filling pro-
cess, with p,/N; = (1 + cn/cp)’1 (as calculated and presented in the bottom plot
of fig. [6.22()). It can be deduced that ¢, < c, in the low temperature range (as
expected in the presence of the two acceptors only), while in the high temperature
range the dominant defect is the CiO;r/ 0 having ¢, < ¢, instead. The two limits
legitimate the parameterization of the maximum TSC current /,,,, as a function of
the filling temperature as follows [17]:

Imax(Tfill> = Imax(Tfill = 10K> +k- (6.7)

I+

[10K,19K]
— [20K,29K]
— [30K,39K]
—  [40K,49K]
— [50K,80K1 |[i
— [80K,130K] |ff
— T=10K

T S

B0

TSC current [pA]

50 100 150 200
Temperature [K]

Figure 6.21: TSC spectra for a MCz p-type diode (after irradiation with 23 GeV
protons, ey =103 cm~2 and annealing of 60 min at 80°C). The bias voltages
during the TSC phases are: V¢ =0V, Vg =20 V and Vg =-180 V. The fill-
ing temperatures are in the range (10 K<T;;; <130 K). The measurements last
80 hours.
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as computed in the top plot of fig. (red line). The ratio between the capture
coefficients is assumed to be of the form:
Cn E;
— =a-exp , (6.8)
€p (kBTfill>

resulting from the Multi-Phonon Process (MPP) [143]. After the capture pro-
cess, the MPP emission model foresees a violent vibration of the defect and a
subsequent emission of several phonons, and a final settling down to a new con-
figurational state. The energy E; represents the energetic barrier to be overcome
for an actual capture of a free carrier. For the specific case of the C,O;r/ O shown
in fig. [6.22(a), E; =27 meV. The resulting value for E; is comparable to values
obtained by [124] and [[17] after neutron irradiation.

The very same MPP emission process can be exploited for investigating how
many cluster-related defects (V,-clusters) overlap in the high temperature range
of fig. The analysis of the peak amplitude and occupation as a function of
the filling temperature is provided at the top and bottom plot of figl6.23(a)] re-
spectively. The increase of the V,-cluster with increasing T;; is about a factor

3, and it can be described by accounting for the divacancy V, / 0, the trivacancy

Vi / O, and a hole trap H(220K) (possibly, of the form V). Their energy levels
are sketched in the bottom right corner of fig. A global E; of 13 meV is

m— MPP fit
o o DATA ||
I

i
80 100

; ; i i ;
20 40 60 80 100
Filling temperature [K]

(a) (b)

Figure 6.22: (a) C,-O;r/ 0 peak amplitude and occupation as a function of the filling
temperature. Irradiation and annealing conditions are the same as of fig. (b)
Sketch of the energy levels for the defects of interest (not to scale).
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Figure 6.24: MPP process applied to the E(30K) defect. Irradiation and annealing
conditions are the same as of fig.[6.21]
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found for the V, /% and Vi /0 defects, while an higher E; of 95 meV is found for
the H(220K) defect.

By observing once again the TSC spectra in fig. two main peaks at T=30 K
and 40 K can be noticed in the low temperature range, for which the peak heights
increase only up to certain T ¢;;;, and sharply drop to zero afterwards. It is therefore
necessary to firstly compute the occupation of such traps as:

1 rTrn
Foee(Tyin) = exp (—B en(T>dT) , 6.9)
Ty

and secondly, to fold the f,..(7f;;) function into the expression for the concentra-
tion I’l;(Tfi]l)Z
ne(Trin) = ne0 X frin(Trin) X foee(Trint)- (6.10)

The fri(Tri) function represents the dependence of the above mentioned trap
filling on the filling temperature Ty, according to the MPP emission process.
The parameterization in eq. is applied to describe the concentration of the
E(30K) defect as a function of the T;;;, as shown in fig. The energy barrier
for the E(30K) is E; =22 meV. It can be seen that the E(30K) concentration after
Triy =25 K is nearly twice the value at T;;; =10 K.

As a final remark, we conclude that care must be taken in evaluating the properties
of bulk defects, and especially defect concentrations, from TSC measurements at
low filling temperature (T7;;; <10 K). The C;O; donor is expected to be responsible
for trapping (thereby less CCE) in radiation-damaged silicon sensors, but it would
not be detected with TSC measurements if Ty;; <30 K.

6.5 Impact of defect clusters

The method presented in this section aims at calculating defect concentrations
from TSC measurements and the impact of cluster of defects on the activation
energy. The activation energy is fixed (and obtained from literature), the majority
capture cross-sections is taken from literature for variable initialization (so it is a
free parameter). It is applied to a relatively simple TSC spectrum, obtained with
cooling and filling under no bias, nor forward injection and no light illumination,
so that only electron traps appear in the TSC spectrum. In the presence of many
overlapping peaks and defects with unknown properties, the procedure would be
less straightforward in comparison to the method already presented in section[6.2]
According to the SRH statistics [97], a TSC peak for a point-like electron (n) or
hole trap (p) is given by:

Irsc,(T) =

en(T)n,(T), (6.11)
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with the concentration n,(T) of occupied traps calculated as:

T

ny(T) =n,0(T) X exp (—% i en(T/)dT/) , (6.12)

where 1, 0(T) denotes the fraction of occupied electron or hole traps during the
filling process. Furthermore, g is the elementary charge, A the pad area of the
diode, d the thickness,  the heating rate, Tj the starting temperature for the emis-
sion of the trapped charge carriers. The emission probability e, ,(7") for electron
is given by eq. The same calculations in eq. can be written for hole
traps. The calculations for the density of states in the conduction or valence band
Nc.v(T) are explicitly provided in appendix [Bl

In fact, the shape of TSC peaks after proton irradiation is remarkably different
from those of point-like defects which were already extensively investigated with
DLTS after gamma (from ®°Co) or electron irradiations (with E < 6 MeV).
Process-induced cluster defects (so-called dislocation loops) were noticed also in
DLTS results by [[144]. Estimation of cluster sizes in silicon after irradiation with
23 GeV protons were already shown in [87]. We only recall here, as a reference,
that the most probable value in the probability distribution of vacancy-vacancy
distances is ~18 nm after irradiation with 23 GeV protons. In the following, a
cluster is assumed to be an accumulation of point-like defects, changing the local
potential according to the fraction of filled states.

As a starting point for including cluster defects in the model, the dependence of
the potential on the fraction of filled states was studied for the case of charges uni-
formly distributed on a straight line. For instance, if only acceptors are present,
then the traps can be occupied only by electrons. The repulsive potential can be
iteratively computed, emission after emission of single negative charges; the re-
sulting repulsive potential as a function of trap occupation is shown in fig.
(blue line). The Coulomb repulsion due to the negatively charged defects is:

q0
4megel

Ecoutomb = —0.121eV/d, (6.13)

where [ is the distance between point-like defects in a cluster and it is expressed
in nm. It follows that Ec,,omp 1S typically in the order of 0.01 eV for typical
[ values of 10-20 nm. The same computations can be performed for positively
charged defects (i.e. attractive potential), as plotted in fig. (red line). The
main conclusion is that the potential energy does depend on the occupation of
traps, so that the emission probability in eq. is now replaced with:

E*
emp(T) = Gn,pvth,n,p(T>NC,V(T)exp <_k3a ) . (6.14)
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Figure 6.25: Attractive (red) and repulsive (blue) potentials after charge emission
from traps which are ideally located on a straight line [1435].

The activation energy E, is set to be a function of the fraction of filled traps
Jnp(T) =11, p(T) /11 ,0.n,p as follows:

E?—f,-8E° for acceptors,

6.15
E0+(1—f,)-8E® for donors. (6.15)

EZ; (fmp) = {

We recall here that the activation energy is fixed (taken from literature), the ma-
jority capture cross-section is taken from literature for variable initialization (so it
is a free parameter); the defect concentration and shift in activation energy are left
free. Two case limits are possible for the value of the activation energy:

® Ly max i.e. (n; —0) — this is the case limit of a point defect,

® E,min ie. (nf —1) — all the traps are occupied, so the trap level is shifted
maximally to the conduction band.

The temperature dependence of the effective energy E; leads to a shift and broad-
ening of the TSC peak (see fig [6.26).The variation of the activation energy SE°
for cluster-related defects is typically in the order of 10 meV, and it is expected to
decrease with annealing according to the shrinking cluster. Once again, the limit
SEY =0 eV would represent the case of point defects. It should be noted that, after
each charge emission, no redistribution of the trapped charges to an equidistant
situation is included in the presented model. Coupling of defect levels due to in-
teraction between close by defects (also known as inter-defect charge exchange)
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Figure 6.26: Shift and broadening of a (calculated) TSC peak due to the temper-
ature dependence of the effective energy E; via f,, ,(T).

seems to be unlikely [144].

The usefulness of the method can be appreciated when in need of distinguish-
ing point-like defects from cluster ones. The method was applied for an epitaxial
n-type diode (75 um thick), after irradiation with 23 GeV protons at fluence of
103 ¢cm~2 and annealing of 120 minutes at 80°C. The TSC spectra in fig.
was acquired under the bias conditions (V¢ =0 V, VF =0 V and Vg =150 V).
As a result, only electron traps are filled. The TSC spectrum shows the presence
of isolated point-like defects such as the VO;, but also much broader peaks like
for the double vacancy ng/ % This is found to be the most abundant defect after
irradiation with 23 GeV protons, with a peak located at T~170 K that can not
be described as a point-like defect. Therefore, the E205a defect is introduced for
explaining the long tail in the rising edge of the peak. The picture is completed
by the inclusion of the E4 and E5 defects which are triple vacancies (double or
single negatively charged, respectively). The resulting values for the activation
energy, concentration and capture cross-section can be found in tab. It is
worth noticing that divacancies and trivacancies present SE° of 14-17 meV, while
for point-like defects SEV is one order of magnitude less.

In fig. the fit function (dashed red line) resulting from the computed six
defect contributions is overlaid to the measured TSC current values (solid black
line). It should be noted here that the parameter SEQ and the cross-section G,, are
strongly correlated, while the values for EY are fixed to literature values.
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| Defect | El[eV] | 8E%ImeV] | 6, [10°° cm?] | N, [10"? cm 7] |
vo! % | 0.176 12 1.5 1.40
v/ ] 0244 2.9 1.5 1.58
E4 (V7)) | 0359 14.0 1.5 0.72
E205a | 0393 | 159 0.78 2.89
v 0405 13.0 0.60 10.20
Es (v, /") | 0460 | 168 0.73 1.65

Table 6.4: Complete list of parameters for electron traps found after irradiation
with 23 GeV protons, ¢, =10"3 cm~? and annealing of 120 minutes at 80°C.

Concentrations are provided according to results of the method in subs.

The very same sample presented in fig.[6.27]was analyzed with also the method
previously presented in subs. The resulting fit parameters from the two in-
dependent methods are written in tab.
The defect concentrations obtained from the latter method are slightly smaller
with respect to the results from the first method (last column in tab. [6.5]), possibly
due to the trapezoidal rule applied to A ,eq in €q. The different description
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Figure 6.27: TSC spectra for an epitaxial n-type diode (75 um thick), after irra-
diation with 23 GeV protons, ¢, =10"3 cm~2 and annealing of 120 minutes at
80°C. Activation energy E,, are provided in eV and in brackets, together with SE°.
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and [6.5 together with the ratio to measured data. Fluence ¢,., and annealing
are for the same sample described in fig.

(for TSC current values below 0.1 pA) of peak tails can be appreciated in the log
plot of fig.

Method Method 2 ‘ Method 1

Parameter T, ‘ o ‘ B ‘ Y ‘ Amp ‘ N; [10"? cm™7]
vo, Y | 69.64 | 376 | 1.96 | 0.82 | 890 | 1.31 | 1.0
v [ 9943 | 538 [300]143] 727 | 157 | 1.8

E4 (Vi) | 13899 | 1320 | 3.00 | 210 | 15 | 072 | 072

E205a 154.12 | 1498 | 3.59 | 2.26 | 5.13 | 2.82 2.89
ng o) 166.6 | 13.65 | 3.95 | 2.18 | 20.00 | 10.05 10.20

E5 (v, /") | 17540 | 1620 | 401 | 245 | 275 | 1.63 | 165

Table 6.5: Complete list of parameters of bulk defects found after irradiation
with 23 GeV protons, ¢neq:1013 cm~2 and annealing of 120 minutes at 80°C. The
corresponding TSC peaks are shown in fig. (dotted black lines).
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This chapter aims at merging the information from all the possible measurement
types (1V, CV(£,T), and TSC) performed in the present work and from the two
possible approaches to data analysis (“macroscopic” or “microscopic”). Firstly,
the information from IV and TSC measurements regarding the leakage current are
presented in section[Z1l: the expected NIEL-scaling leakage current is prooved as
expected for all the analyzed bulk materials and types, after exposure to various
proton energies. Next, the results from the initial rise method are compared to
those from TSC measurements regarding the space charge concentration. In addi-
tion, a “microscopic” approach to C(t,T) measurements at low bias is proposed in
section[Z.2: the method is tested to obtain the activation energy of the main accep-
tor level produced after proton irradiation. Finally, the knowledge of relevant bulk
defects from TSC and their properties make it possible to select a set of (six) rele-
vant bulk defects to be used in TCAD simulations, in view of future developments
of a radiation damage model based on actual bulk defects (see section[Z.4).

71 TSCvs. IV

This sections deals with the correlation between cluster concentrations (obtained
from TSC measurements at Vi =300 V), and the leakage current /jo4qq. (Obtained
from IV measurements at at 253 K and V,,yerse =300 V, as well). The leakage
current is considered to be mainly due to the weighted concentration of three main
cluster-related defects (V,, V3 and H(220K)):

Licakage =< (Wv,  Nv, +wy; - Ny, + WH (220K) 'NH(22OK)) . (7.1)

The weights are available in literature and set equal to 2.88-1072 for the di-
vacancy [17], to 8.85-10~! [146] for the trivacancy, and to 8.60-1072 for the

143
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Figure 7.1: Correlation between cluster-related concentrations (from TSC mea-

surements at Vg =300 V) and leakage current (from IV measurements at 253 K
and V=300 V), after annealing of 30 min at 80°C.

H(220K) defect [136]. The main contribution is clearly due to trivacancies V3.
After irradiation at various proton energies, the leakage current is found to be
scaling with NIEL, as expected. In fig. [Z1] all the available IV and TSC results
for the three type of bulk material, irradiated with three different proton energies
and various {4 are reported after annealing of 30 min at 80°C. The proportional-
ity between the leakage current (from IV measurements) and the weighted cluster
concentrations (from TSC measurements) is valid for all the (various) investigated
bulk materials and types, Qpeq, proton energies and annealing steps.

In the calculations, the inter-defect charge exchange between cluster defects is not
considered, but it might be responsible for an additional increase of the genera-
tion of charge carriers, especially at higher fluences than the presently considered
ones [147].

7.2 TSC vs. CV (initial rise method)

In this section, the results regarding the space charge concentration from CV mea-
surements (in terms of [NCV]) are compared to those from TSC measurements (in
terms of [NTSC]). In particular, CV measurements at T=253 K and AC frequency
455 Hz are analyzed with the initial rise method (presented in chapter[5.2.3)), while
[NTSC] is calculated from TSC measurements at V ¢er5e =300 V in the following
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way:

[INTSC] = Nrro+ [E(30K)| + [B;O;| — [H(116K)] — [H(140K)] — [H(152K))],
(7.2)
being N, sy, the effective doping concentration obtained from CV measurements
before irradiation. The positive contribution [B;O;] is accounted for only p-type
sensors. The E(30K) donor is considered to positively contribute to the space
charge, while the three hole traps are negatively contributing.
The results at five consecutive annealing times are presented in fig.
Dotted black lines in fig. are the reference line, if [NTSC] was equal
to [NCV].
Soon after irradiation it can be noticed that [NTSC] « [NCV], then the general ten-
dency with annealing is [NTSC] ~ [NCV] for most of the samples. We recall that
soon after irradiation with 188 MeV protons, a huge TSC peak, from an unknown
defect and overimposed to the H(152K) peak, was seen. Such defect might be
responsible for the overestimation of negative contributions to the space charge.
The defect was found to anneal out after few minutes of annealing, and this might
be the reason why [NTSC] ~ [NCV] after few annealing minutes.
Few results are available regarding 23 GeV protons, however it is clear that after
irradiation at high fluence (3-107'% cm™?) and long annealing times (30 min at
80°C) [NTSC] is still way smaller than [NCV]. These results indicates that the
negative contribution to the space charge are way higher than the positive ones at
the highest fluence considered in the present study. In other words, the [E(30K)]
is way less than the sum of the concentrations from the hole traps considered in
eq. It would be necessary to repeat the calculations with defect concentra-
tions obtained from TSC measurements performed with T ¢y, > 10 K, in order
to confirm or not the underestimation of [E(30K)].
Another possibility is that deeper defects (positively contributing to the space
charge) should be added in eq.[Z.2l In addition, it would be interesting to check if
[NTSC] keeps on being equal to [NCV] at longer annealing times.

7.3 TSC vs. C(f) at low bias

As noticed in subs. at low reverse voltage, a strong dependence of the junc-
tion capacitance as a function of the frequency is due to radiation induced deep
levels in the silicon bulk. In this section, the method developed by [148] is adapted
to analyze C(f,T) curves of diodes after irradiation of p-type diodes with protons
of various energy, and extract the activation energy of the dominant donor after
proton irradiation. The result serve as input for the simulations in section [7.4]

The C(f,T) measurements already presented for p-type diodes in fig.
are further analyzed by assuming the presence of a dominant deep donor.
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An energy level possess a time constant T related to its emission and capture co-
efficients for electrons and holes [[148]:
1

T= , (7.3)
cp(po+p1)+en(no+n)+e,+ep

where pgy and ng are the stady state hole and electron concentrations, and p1, nj

are:
Ey — E; Ec—E;
P1 14 exp< kgT )7 ni C exP( kgT ) (7.4)

It is assumed that one dominant donor influences the junction capacitance, with a
concentration N; > N; and energy level in the upper half of the forbidden band.
Since (E. - E;) > (E. - E), then py << pj in eq.[Z3l In addition, for a deep donor
it follows that e, << e,, and n-c, << e, (see tab. [3.3), so that eq.[Z.3]is reduced
to:

1 1
T~ = . (7.5)
cpp1+ep 2-ep(T)

The hole emission rate is calculated as:

ep(T) = ovyNcexp(Ey — E;) /kpT = oyT*exp(Ey — E;) /kgT). (7.6)

In the eq.[7.6] 7 is not temperature dependent and is obtained as 167k?m /h>. The
estimation of the activation energy of the dominant donor defect can be obtained
considering that where the maximum slope of the C(T) curve is observed, the
expression f = 1/t =2-¢,(T) is valid. The following expression is used to fit the
f1 values extracted from the fit in fig.[5.11(a)F[5.11(c)t

Ey—E
ln(% [K%]): ZBT +In (oY [K*-5]). (7.7)

The results from the fit with the model in eq. [Z.7] after proton irradiation (with
various proton energies and maximum ¢,,,) are shown in fig. and
recapitulated in tab. After 23 MeV and 188 MeV proton irradiation of the
MCz p-type sensors, it is deduced that the dominant donor level has an activation
energy E; — Ey =0.463+0.02 eV and E; — Ey =0.469+0.02 eV, respectively. Af-
ter 23 GeV and much higher fluences (¢4 =3.0-10* cm™2), the assumption of
only one dominant deep donor is not enough. To possible regimes are noted and,
from the application of the fit in eq. [Z.7] two separate values for the activation
energies are obtained, which are either smaller or higher than the value obtained
after lower irradiations.
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Figure 7.3: Arrhenius plot for three MCz p-type silicon diodes (the corresponding
C(f,T) measurements are shown in fig.[5.11(a)}[5.11(c)l The fit (solid lines) to data
(points) are performed with the method in eq.[Z.7 by [148]. Fit errors are smaller
than the points.
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‘ Ep ‘ Oneq ‘ E; —Ey (eV) ‘
23 MeV | 1.0-10 cm~2 | 0.463 + 0.020

188 MeV | 0.7-10 cm~2 | 0.469 + 0.020
23GeV | 3.0-10"cm=2 | 0.633 £ 0.030 (?),
0.300 &+ 0.010 (?)

Table 7.1: Activation energies obtained by applying the method in eq. [Z.7]
by [148], after proton irradiation of MCz p-type sensors.

7.4 Simulations vs. Measurements of bulk defects

On one hand, several models of bulk damage in silicon sensors are currently avail-
able for instance from [101] and [149], but they rely on “effective” defect states
and not on actual radiation-induced defects. In addition, none of the models is
able to simultaneously predict IV/CV and CCE characteristics for a given sensor
design and definite operating parameters, after irradiation at a certain 0., with
specific particle type(s). On the other hand, including all the bulk defects ob-
tained from TSC measurements is challenging in view of developing a radiation
damage model, especially because not all the properties of bulk defects (e.g. the
minority capture cross-sections) are always measurable.

All in all, it should be noticed that only point defects are calculated in TCAD sim-
ulations, while the TSC results presented in this work (chapter[6)) clearly point out
the presence of defect clusters in the silicon bulk after proton irradiation.

In this section, guidelines for selecting the most relevant bulk defects from TSC
measurements are suggested. Defects which do not have any impact on sensor per-
formance (e.g. the VO;) are excluded from the discussion at the very beginning.
As a starting point, the impact of one bulk defect at a time on IV/CV charac-
teristics is reported in subs. next, a set of six relevant bulk defects is then
suggested in subs. Finally, simulated and measured IV/CV characteristics
are compared for three p-type standard FZ diodes, irradiated with 188 MeV pro-
tons and ¢,,¢, in the range of [2.1, 71-10"3 cm~2.

7.4.1 TCAD Input files

Three main input files are used in the present simulations with Synopsys TCAD
(version 2012.06):

1. Silicon.par: The dielectric constant € for silicon is set equal to 11.9;
the carrier recombination lifetimes of electrons and holes are 5 ms and
2.5 ms, respectively.

The widely used definitions of thermal electron and hole velocities for the
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evaluation of DLTS or TSC spectra are:

3-kp-T

W, (7.8)

Vnp(T) =
with m*(T) representing the density of state effective masses for electrons
or holes.

However, the default thermal velocities for electrons or holes have a diffe-
rent parameterization [150] in TCAD simulations:

[T
v,{gAD(T) =V p(T =300K) - 00K (7.9)

with the following constant values for v, ,(7 = 300 K):

vo(T =300K) = 2.0420- 10"cm /s,
vp(T = 300K) = 1.563-107cm/s.

Therefore, correction factors CF, , have to be applied to majority and mi-
nority capture cross-sections of bulk defects. The CF, , factors are avail-
able from [150] and reported in tab. for defects of interest in the present
work. It can be noticed that CF, =~ 1.8 for electrons while 10 K < T <
290 K, whereas for holes a stronger temperature dependence of CF, can be
seen from fig. In the picture, data points are obtained from [[150], while
solid lines are interpolations to 20 data points available from literature.

sde_dvs . cmd: For specifying the diode thickness (known from CV mea-
surements before irradiation), and the doping profile of the n* implant. The
doping concentration of the bulk is N, .o =3.8-10'? cm—3, and the deple-
tion voltage of Vy.p 0 =115.4 V. Fig. shows a zoom on the n* implant;

diode_CV_des.cmd: For a 2D simulation, a factor of 25-10% ym? is
included to account for the actual diode area. Since the pad-size is large,
effects of the boundaries are neglected. It takes 1 min for each IV/CV simu-
lation. The simulations are performed at a temperature of T=293.15 K and
with AC frequency of 10 kHz, under reverse bias in the range of [0, -400] V.
The results are compared to measured IV/CV measurements performed un-
der the same conditions.

The steering file (diode_CV_des.cmd) for the present simulations is
made available in app. [E} the most relevant part in the “Physics” sec-
tion is the specification of traps in the silicon bulk region. The effects of
one trap at a time is the object of subs.[7.4.2]
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Figure 7.4: Ratio of thermal velocities from simulations and measurements, for

electrons and holes. Data points are obtained from [@], while lines are interpo-

lations to the 20 data points available from literature.
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Figure 7.5: 2D simulation of a p-type standard FZ diode: the zoom (with
0<Y<3.1 um) is on the n™ implant and the adopted mesh. The Y coordinate (with
0<Y <200 um) refers to the diode thickness. The X coordinate (with 0<X<1) has
to be multiplied for a factor of 25-10® um? to account for the actual diode area.

7.4.2 Simulation of single trap

For each bulk defect, four parameters have to be declared: activation energy, con-
centration, majority G,,,; and minority G,,;,, capture cross-sections. As a starting
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| | E,[eV]

grmeasured [em?) ‘ CF, ‘ CF, H Impact ‘ Fig.

EBOK) | Ec-0.1 | 6,=2.30-10"1% | 1.802 | 1.067 +SC 7.6(2)/{7.6(b)

H(152K) | By +0.42 | 6, =2.30-10""* | 1.809 | 1.303 -SC 7.6(0)7.6(d)

BO; | Ec-023 | 6,=24810 | 1.805 | 1.219 || B-removal | [1.6(@H7.6(D)

c,=24-10"1

Voo | Ee-046 0 5 51500713

1.811 | 1.338 +LC i

Table 7.2: Simulated bulk defects, corresponding (fixed) parameters for the
present simulations, correction factors for capture cross-sections (CF,, ;) and im-
pact on sensor properties. Legend: SC=space charge, LC = leakage current.

point, one bulk defect is simulated at a time in order to understand its impact on:

o the space charge (SC), e.g. by the E(30K) donor and the H(152K) acceptor,
and affected in primis by the boron removal by the B;O; donor;

o the leakage current (LC), mainly from the trivacancy V3, as previously ob-
served in section [7.1]

In addition to the above mentioned defects (which can be clearly detected in TSC
measurements via their emission peaks), the unmissable inclusion of two other
deep defects (a deep donor and a deep acceptor) will be presented in subs. [7.4.3
The known activation energies and majority capture cross-sections Gy,,; are de-
clared in tab. for the E(30K), H(152K), B;O; and V3 bulk defects. These
properties are fixed for all the performed simulations. Unfortunately, the minority
capture cross-sections G,,;, are not known for the E(30K), H(152K) and B;0; bulk
defects. Therefore one bulk defect is simulated at a time, with fixed activation
energy, Opq; and concentration (obtained from TSC with T ;; =10 K for a p-type
FZ diodes, after irradiation with 188 MeV protons and ¢;,¢, =7.0- 103 cm=2). The
minority Cross-section Gy, is varied in the range [, j/100, Gy,4-100] for donors,
and [0,,4j/100, G,q] for acceptors. The results are summarised in tab. [7.3l
Despite the variation of 6, for the E(30K) donor over the wide range (]%’6 <o, <
100 - 6,), no changes in the depletion voltage are noted, nor in the leakage current
(which is found to be less than 1 nA). The same conclusions are valid for 6, of the
H(152K) acceptor. We conclude that the missing knowledge of the minority cap-
ture cross-section for the E(30K) donor and the H(152K) acceptor is not an issue;
it is therefore decided to set the minority capture cross-sections for the E(30K)
and H(152K) defects ten time smaller than the majority ones.

Next, the concentrations of bulk defects are increased, while fixing the activa-
tion energy and cross-sections. The simulated CV characteristics for increasing

[E(30K)] and [H(152K)] are shown in fig.[7.6(a) and fig. respectively. The
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Figure 7.6: Simulated CV characteristics for a p-type standard FZ diode, at in-
creasing (a) [E(30K)], (c) [H(152K)] and (e) [B;0;] (expressed in 102 cm~3), and
(b)-(d)-(f) corresponding depletion voltage as a function of defect concentrations.
(Left) Two linear fit are applied in the two regimes (the rising and constant ranges)
of the 1/C? curves to extract the depletion voltage Vaep; (right) a linear fit is ap-
plied to obtain the rate of increase/decrease of V4, with defect concentrations.
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N; Variation Produced Shift
[1012/cm?] of Gyin LC[A] | of Vg
E(30K) 2.48 & < 6,<100-0, | <8107 | No
H(152K) 6.02 6, <0, <8 10®% | No
B,O; 0.84 % < 5,<100-0, | <8 10710 | No

Table 7.3: Impact of (unknown) G,,;;, on IV/CV characteristics.

depletion voltage is extracted from the intersection point between two linear fit,
one for the rising part of the 1/C? curve and the second one to the end capacitance.
The corresponding depletion voltage as a function of [E(30K)] and [H(152K)] are
shown in fig. and fig. with evident +SC and -SC contribution, re-
spectively. The rate at which the depletion voltage increases as a function of
[H(152K)] is 30-107'2 V-cm?, while in the case of [E(30K)] is -30-1071? V.cm?
until [E(30K)]= N7 0.

Since the present simulations are performed for p-type diodes, it is recommended
to include the B;0O; donor in the simulations. As in the case of the E(30K) and
H(152K) defects, almost no impact on the IV is found due to the presence of the
B;0;. Moreover, no visible changes are obtained after varying the minority cross
section between [G;y,/100, G- 100]. However, an increase in the [B;O;] leads to
a decreasing depletion voltage, only if the original effective doping concentration
is reduced by [B;0;], i.e.:

Neff = Nefro— [BiOi], (7.10)

as shown in fig. The depletion voltage would otherwise stay constant if the
boron removal is not properly taken into account. From fig. it is possible
to note that the depletion voltage decreases as a function of the [B;O;] with a rate
of -60.9-107!2 V.cm?, a factor two with respect to the rate due to the other donor
E(30K).

In the interest of simulation at higher fluences than 7-1013¢cm—2, we recall that
[B;0;] saturates to a value of [B;0;]s =2.4-10'> cm 3, after irradiation with 23 GeV
protons and (¢, =3.0-10'* cm~2, as reported in subs.

Up to now, no deviation from the typical 1/v/Vyeyerse is observed in the 1/C2 plot,
after including the E(30K), H(152K), and B;0; defects. Such deviation is expected
from measured CV characteristics, and it is expected to be due to a high density
of generation-recombination centres, which are even deeper than the defects dis-
cussed up to now in this subsection (see subs. [7.4.3). Such deep bulk defects are
expected to be responsible not only for changes in the space charge, but also on
the leakage current, together with the trivacancy V3. As opposed to the E(30K),
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Figure 7.7: Simulated IV characteristics for three values of V3 concentration
(expressed in 10'2 cm—3), with or without the inclusion of Hurkx tunneling.

H(152K) and B;0;, the V3 defect has little impact on the space charge, but is
(mainly) responsible for the leakage current.

All the known properties for the V3 are reported in tab. From fig. [77] it is
worth noticing that the unique properties of the V3 (having 6, ~1000,) lead to a
leakage current in the order of few uA if [V3]> 10'2 cm™3, as found after irradia-
tion with ey = 7-103cm 2.

At this point it is worth remembering that, different types of leakage current flow
to the diode bulk, according to the bias conditions. Current generation can be
increased from lge, t0 Iy, by trap assisted tunneling with phonon interactions,
for which a two step mechanism was proposed by Hurkx [[151], [152] and [153].
Firstly, a charge carrier at one main defect center is thermally enhanced, and then
it tunnels through the remaining potential barrier. The enhancement of the ther-
mal generation current (Igy, i.€. the current emitted from traps in the band gap) is
analytically approximated as [[152]:

THurie = Igen * Brurky, (7.11)

being By, the electric field factor for the diode leakage current by the Hurkx
mechanism; it is derived from the ratio of the emission probability with and with-
out tunneling [151]. The tunneling component factor By« depends on the ef-
fective mass, the depletion width (W), the effective electric field (F,rr) and the
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temperature:

= Ir
Brurix = 3TCF
eff

/24m* - (kT)3
Fr=

a eh

Fr W

op (B2) e (P2

Practically, in the simulations, the Hurkx model is included for deep defects, and
the effective electric field at every grid point of the 2D simulation is taken into
account [154]. The trap energy determines the temperature dependence of the
leakage current, while the effective mass parameter affects the slope of the leak-
age current (see fig. [Z7). In addition, the capture cross section of the generation
current is decreased by:

On,p
c =— 7.12
Hurkx 1+BHurkx ( )

In addition to the trap assisted tunneling, other possible mechanisms for the leak-
age current are band to band tunneling [[151] and the Poole-Frenkel effect [155].

7.4.3 Simulation with a set of bulk defects

In this section, a set of six bulk defects is considered in order to compare the sim-
ulated IV/CV characteristics (with six bulk defects) to measured ones, for three
p-type standard FZ diodes irradiated with 188 MeV protons. The approach is
inspired by the results of TSC measurements: the starting point is presented in
fig. (.8 showing the TSC spectra after three ¢,.4. The defect included in the sim-
ulations are: the E(30K), H(152K), B;0;, V3, a deep donor (DD, which is possibly
the H(220K) defect) and a deep acceptor (DA). The initial doping concentration
is reduced by the [B;0;].

All the activation energies are obtained from the universally adopted values, avail-
able in literature, a part for the DA defect whose activation energy is the same as
in [101]. This value is close to midgap and, within experimental errors, the same
for the activation energy obtained in this work (subs. [6.2.1)) for the leakage cur-
rent.

Concerning the capture-cross sections, all the known values from literature are in-
cluded; if unknown, the minority capture cross-section is set to be 10 times smaller
than the majority one, as motivated in subs. For the deepest defect (DA) it
is assumed that G4; = Opmin =10~ cm?, which is the typical value used for the
cross-sections of GR centers [156] — [157]. The concentrations of the deepest
defects are ten times higher than the concentration of the other (four) defects, and
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in the same order of magnitude for the defects obtained by [158] who developed a
deep level model starting from pulse shapes (TCT). Moreover, the concentration
of the deepest defects were found to be at least one order of magnitude higher
than the initial doping concentration also in [159], with a linear increase in the
concentration with the fluence. The capture cross-sections are corrected by CF, p,
as recommended in subs.

Concerning the defect concentrations, [H(152K)] and [B;O;] are obtained from
TSC measurements at T;;; =10 K, while it is strongly recommended to consider
the highest peak occurring with Ty;;; >10 K for the [E(30K)] and [V3]. In fact,
[E(30K)] and [V3] can be up to +80% and +180% higher if Ty;;; >10 K, respec-
tively (after irradiation in the 10'3 cm™2 range, see section [6.4). For the deepest
defects, we recall that the generation current at 300 V is assumed to be due to
three deep defects as follows:

eni(T)-epi(T
Irsc(T)=qo-A-d-| Y Ni- nill) €pilT) | (7.13)
5 eni(T) +epi(T)
DA,
DD
80000 |- b e e S -
80 ‘ ‘ ‘ ‘
_ 7ol }|=— #=7.010"cm>?| M|
3 60000} sol || — $»=3.5-10" cm? N | I
E sof A —————
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Figure 7.8: TSC measurements for p-type standard FZ diodes, irradiated with

188 MeV protons at three ¢, and annealing of 8 min at 80°C. The inset shows

the TSC peaks after Vi =300 V, spanning over [0, 80] pA in a temperature range

of [10, 190] K, while the generation current spans over [0, 80] nA in a temperature

range of [200, 250] K and is fitted with eq. (dashed black lines).
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with the emission rates e, ; or e, ; of the i-defect with concentration N; given by:

M) _ (7.14)

enp=Cnp(T) Ncy(T) exp| £
kgT

In fact, the deepest defects (V3, DA and DD) are expected to be responsible for
the TSC current increase from the ~100 pA range to the ~80 nA range, as notable
in the [200, 250] K temperature range of fig.[7.8

It is also assumed that [DA] > [DD], and their concentrations are obtained from
the fit with eq.[Z.13]to the generation current in the [200, 250] K temperature range
of the TSC spectra (dotted black lines in fig. [7.8]).

The complete list of input parameters are reported in tab. [Z.4] for three p-type stan-
dard FZ diodes irradiated with three different ¢,,., in the range of [2.1, 7] 103cm—2.
The comparison between simulated and measured IV/CV characteristics are pre-
sented in fig. [7.9(a)H7.9(f)] after three ¢,,¢,. It is worth noticing that a good agree-
ment is found if the concentrations after ¢4 =7-10"3 cm~2 are scaled at lower
0req by the ratio of neutron equivalent fluences.

In fig. [7.10(a)H7.10(f)| the electric field (at three reverse bias) and the trap oc-
cupations (at just one reverse bias of -400 V) are reported for the three analyzed
samples. It is possible to note that the E(30K), H(152K) and B;0O; are full, whereas
the all the other deeper defects (the DD, DA, and V3) are only partially filled.

It would be interesting to test such scaling for samples irradiated at higher flu-
ences. It is strongly recommend to include also the C;O; defect (see subs. [6.4)
to account for trapping and in view of comparing simulated to measured CCE
characteristics as well.




V%)

EV+048

49.8

60.1

=3.5-1013 cm—2

0.525 - ° . .
from from GR
DLTS (this work)

Table 7.4: Input parameters for simulations of IV and CV characteristics (shown in fig. [/.9(a){7.9(1)) of p-type stan-
dard FZ diodes, after irradiation with 188 MeV protons and annealing of 8 min at 80°C. Legend: ¢;
and ¢3 =7.0-10'3 cm™2. The color code is explained at the bottom of the table.
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Figure 7.9: Comparison between simulated and measured IV/CV characteristics
for p-type standard FZ diodes, after irradiation with 188 MeV protons and anneal-
ing of 8 min at 80°C, at three ¢,,¢, fluences.
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Figure 7.10: Electric field and trap occupation relative to the simulations under

the conditions described for the simulations presented for fig. [7.9(a)[H7.9(f)|
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Conclusion & Outlooks

The study was set to explore the proton-energy dependent damage to silicon pad
diodes, after irradiation with 23 MeV, 188 MeV and 23 GeV protons, with cor-
responding hardness factors of 2, 0.7 and 1 (available in literature). The samples
were irradiated with 1 MeV neutron equivalent fluences at selected values in the
range [1-10'3, 3.0-10'%] cm™2. Three different bulk materials were investigated:
MCz, standard FZ and deep-diffused FZ. The study sought to identify proton-
induced bulk defects not only in n-type, but especially in p-type silicon sensors for
which a quite limited amount of data was available before the present work. The
relevance of the investigations are evident due to the growing interest for p-type
sensors in HEP experiments in the past few years, and due to the issue of boron
removal, namely the reduction of p-doping concentration due to trapping from the
B;O; defect. On one hand, bulk defects have been identified both in n-type and
p-type materials with Thermally Stimulated Current measurements (TSC); on the
other hand, Current-Voltage (IV) and Capacitance-Voltage (CV) measurements
were performed in order to link the presence of bulk defects to their impact on the
sensor properties and performances.

The concluding part is structured in four sections, dealing with:

1 Performed measurements and new approaches to IV/CV and TSC tech-
niques;

2 Analysis methods, together with a synthesis of their usefulness and key find-
ings;

3 Guidelines for TCAD simulations in view of merging relevant information
from the above mentioned measurements;

4 Outlooks and suggested further investigations.
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1) Measurements
Three type of experimental techniques are used for the present thesis work:

1. IV measurements in reverse bias, at three selected temperatures (253 K,
273 K, 293 K), to be correlated with TSC results about defects with impact
of the leakage current;

2. CV measurements in reverse bias, at three selected temperatures (253 K,
273 K, 293 K) and selected AC frequencies (455 Hz, 1 kHz, 10 kHz), to be
correlated with TSC results about space charge concentration. In addition
C(f,T) were performed at low bias voltage and over a wide frequency range
(100 Hz, 1 MHz) to obtain the activation energy of the dominant deep level.
Forward IV/CV characteristics are additionally performed;

3. For all the samples, Thermally Stimulated Current measurements were per-
formed at the conventional T s;;; = 10 K, in order to obtain the defect concen-
trations. For same samples TSC spectra were performed also at many higher
Ty (up to 130 K); such measurement type is extremely time consuming
(lasting at least 3 days), but provides a further insight on the temperature-
dependent capture coefficients. The forward bias at all the various Ty,
should be carefully selected in order to guarantee enough filling current
in all the filling steps. Differences in defect concentrations are observed
between filling at the conventional temperature of 10 K and higher temper-
atures. Such differences are especially relevant for the E(30K) and the V3
defects, and up to +80% and +180%, respectively, after irradiation in the
10'3 cm~2 fluence range (see section [6.4)).

2) Data analysis

The analysis of the above mentioned measurements is central to provide relevant
information about bulk defects and their effect on the irradiated samples. In par-
ticular:

1. IV measurements in reverse bias were analyzed with focus on the damage-
related parameter .. In fact, the leakage current after irradiation is found
to scale with NIEL for the various proton energies, fluences and for all the
investigated bulk material and types;

2. CV measurements were necessarily analyzed with the initial rise method, in
order to calculate the average space charge concentration. The fundamental
assumption is that at low bias the concentration of free charge carriers is not
sufficient to fill deep traps: in fact, at low current the occupation of traps is
not changed due to the free-charge carriers.

From the temperature and frequency dependences of the capacitance, it is



Conclusion & Outlooks 165

possible to obtain the activation energy of dominant deep levels. The anal-
ysis of C(f,T) provides complementary information with respect to TSC
measurements. In fact, the last clearly distinguishable peak in TSC mea-
surements is ~0.43 eV (i.e. the activation energy of the V3 defect); while
from C(f,T) measurements it is possible to note that another deep defect
is located in the [0.443, 0.489] eV energy range. This is valid after irradia-
tions with 23 MeV and 188 MeV protons with fluences less than 10'* cm™2;
after 23 GeV protons irradiated with fluences of 3-10'* cm~2, the method
indicates that at least two defects play a role (see section[7.3);

3. The analysis of forward IV/CV characteristics suggested that the irradia-
tion has so much altered the semiconductor material that it is not lifetime-
but relaxation-like. The proposed explanations were based on the relax-
ation theory for the occurrence of ohmic IV and negative capacitance (see
subs. and respectively);

4. For the analysis of TSC spectra, three different analysis methods were im-
plement in Python. In the first case, a simplified model was implemented
for obtaining bulk defect concentration from TSC measurements with the
conventional filling temperature of 10 K, under the assumption that all the
defects are fully filled at the same temperature. The simplified model is
used in many studies of this thesis for historical reasons, and can be easily
adapted for analysis of TSC spectra for different materials, bulk type, and
particle type and energy.

The second analysis method is an extension of the first (simplified) method
and aims to analyze TSC spectra after T z;;; > 10 K. The second methods ac-
counts for the temperature-dependent capture coefficients according to the
multi-phonon process.

The third method is an innovative approach to the analysis of TSC spectra
in the presence of defect clusters. The new formalism is based on the SRH
statistics, modified to account for the occupation-dependent activation en-
ergy of cluster defects. The method allows for distinguishing point- from
cluster-like defects: in fact, it has been found that the variation of the acti-
vation energy SE for cluster-related defects is typically in the range of [10,
20] meV, while for point-like SE® assumes one order of magnitude lower
values. The method is being tested for analysis of TSC spectra after irradi-
ation with different particles and it is the object to a next publication [160].
The maximum variation in the concentration between the (first) simplified
model and the (third) SRH-based model is 6% for VO; defect, otherwise it
is less than 2 % for all other defects.

5. Thanks to annealing studies, it was possible to correlate the leakage current
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with the weighted concentrations of three main defects responsible for the
leakage current (V3, V,, and H(220K)). Comparing the information from
CV and TSC is more challenging, and pointed out that at least 4 or 5 defects
are contributing to the space charge in n- and p-type sensors, respectively.
In particular, positive contributions to the space charge of p-type sensors are
mainly due to the E(30K) and the B;0; defects, while three deep acceptors
(namely H(116K), H140K, and H(152K)) negatively contribute to the space
charge.

3) Simulations

It was instructive to simulate one bulk defect at a time, with all the possible infor-
mation at the best of the present knowledge from DLTS or TSC measurements:
this was the case for the E(30K) donor, the B;O; donor, and the H(152K) acceptor.
At the investigated q),,eq<7-1013 cm ™2, it was confirmed that the three defects are
responsible for changes in the space charge concentration, but not on the leakage
current which is mainly due to the trivacancy defects.

For the four above mentioned defects, the concentrations are obtained from TSC
measurements, while activation energies and majority capture cross-sections are
taken from literature (if available). The minority capture cross-sections for the
E(30K), H(152K) and B;0; defects are unknown, but, if varied over a wide range
with respect to the majority capture cross-section, they have no impact on I'V nor
CV characteristics.

The implemented concentrations were corrected for the values obtained from TSC
spectra at Ty;;; > 10 K; the capture cross-sections were corrected for the ratio of
thermal velocities for electrons and holes.

To complete the set of relevant bulk defects, it was suggested to obtain from C(f,T)
curves at low bias and TSC spectra at high temperature (i.e. the so-called “gen-
eration current”), the activation energies of the dominant deep defects (one deep
donor and one deep acceptor).

As noted from [80] and [161], the CCE is reduced by 15% and 10%, after 23 MeV
protons and 23 GeV protons at fluences of 3-10'* cm~2, respectively. Therefore,
extrapolations to the lower fluences considered in the present simulations (i.e.
7-10'3 em™2) point out that the reduction in CCE is transcurable. This is the rea-
son why CCE measurements and simulations where not compared.

4) Outlook

From the experimental point of view, a (practical) limitation has to be mentioned:
on one hand TSC measurements are time consuming, but on the other hand they
provide a wealth of information about bulk defects that are necessary in view of
developing a radiation damage model based on actual bulk defects. TSC mea-
surements at higher filling temperatures were even more time consuming, but
misleading conclusions about defect concentrations and proton-energy dependent



Conclusion & Outlooks 167

introduction rate of defects could be avoided. Moreover, they provided informa-
tion of defects which are expected to be responsible for trapping (this is the case
of the C;O; defect, which is not detected with the conventional Ty;; = 10 K be-
cause of its temperature dependent capture coefficient). In regard of simulations
of CCE characteristics, it is suggested to include the C;O; defect (detected in TSC
measurements with Ty;;; > 10 K) to account for trapping in future simulations at
higher fluences than the presently considered.

TSC measurements demonstrated that after high fluences (¢4 > 3-10% cm™?)
defects with negative contribution to the space charge are more abundant than
those with positive contribution. More work is necessary in order to sort out an
underestimation of [E(30K)] or undetected deep defects with positive contribution
to the space charge.

It should be noted that TSC measurements for highly irradiated samples are chal-
lenging (¢,eq > 10'* cm~2) because deep level emissions are indistinguishable
from the background current. The issue might be overcome by performing Zero-
Bias TSC (ZB-TSC) i.e. with no bias applied during the heating phase.

It is possible that the C;O; defect should be added in order to account for trapping.
More investigations about the boron removal at higher fluences are necessary in
order to confirm the saturation at high fluences, and correctly taking into account
the effect of such defect.

Detailed investigations are also needed for the H(40K) defect which in the present
study is not considered as contributor to the leakage current nor to the space
charge. From TSC measurements it is clear that it vanishes after 60 min at 80°C.

Defect engineering is needed in order to fight the occurrence of cluster of defects
after proton irradiation. It is planned to investigate the potential suppression of
vacancy and interstitial aggregates with nitrogen enrichment.
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Proton beam FZ MCz FTH
Energy | Fluence [10'* cm 2] n P n p
0.30 01/9 05/9 09/5 05/9
23 MeV 0.50 04/11 06/8 03/5 06/11 23/8
1.00 01/11 04/9 04/5 07/8 23/9
0.21 6g 3E13 | 2g 3E13 | 5g_3E13 | 3g_3E13 | 1g _3E13 | 4g 3EI13
188 MeV 0.35 I 52 5E13 | 10g_5E13 7g_5E13 | 9g_5E13
0.70 16g_1E14 | 12g_1E14 | 15g_1E14 | 13g_1E14 | 11g_1E14 | 14g_1E14

1.00 04/8 04/8 03/11 05/8

23 Gev 3.00 05/9 05/8 10/11 06/8

Table A.1: Summary of investigated 200 um silicon n- and p-types pad diodes. Black cells point out not available samples.
In most of cases, IV/CVf and TSC measurements were successfully accomplished at five subsequent annealing times (0, 8,
15, 30, 60) minutes at 80°C.
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Density of states

In the following, the formalism accounting for the temperature dependence of the
electron and hole masses is introduced, and it is needed for the TSC peak fitter
method presented in section

First of all, the temperature dependence of the band gap in silicon is computed
according to the Varshni equation [162]:

oT?

Egap(T) [eV] = Egap70 — T—_|_l__)), (Bl)

where:
Egapo = 1.1696,
a=4.73-10"%,
B = 636.

The temperature dependence of the electron mass is computed as follows:

me(T) = 623 (mye(T) - my) '3, (B.2)

where:

Eoupo
T) = 0.1905 29
mye(T) =0 905Egap(T)’

me = 0.9163.

The temperature dependence of the hole mass is:

a+bT +cT?+dT3 +eT?
mp(T) = < ) , (B.3)

1+ fT +gT?+hT3+iT*
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where:
a =0.443587, f=0.4683382F — 2,
b =0.3609528E — 2, g =0.2286895F — 3,
c=0.1173515E — 3, h=0.7469271E — 6,
d =0.1263218F — 5, i=0.1727481E — 8,
e = 0.3025581F — 8,

Thermal velocity for electrons or holes have the same temperature dependence:

| T
Vi, p(T) = v p(T =300K) - 300° (B.4)

vu(T =300 K) = 2.0420- 107 cm /s,
vp(T =300 K) = 1.563-10" cm/s.

The density of states in the conduction and valence bands are:

2mme(T)ksT \ >/ 21y (T)ksT >/
Ne(T)=2- (eT) and Ny (T)=2- — . (B.S)
Finally, the emission rates for electron for electrons and holes are computed as:
—AE,
np(T) =cn,pvtn,p<T>Nc,v<T>exp( kBT“). (B.6)

where G, , are the capture cross section for electrons or holes, respectively. The
activation energy for the emission of charge carriers from one trap is AE,.



List of TSC parameters

A quick overview and check-list before starting a TSC measurement is presented

in tab.

The ID number refers to the input parameter in the steering file for a TSC scan.

‘ ID ‘ Parameter Options Comments
| Filling T 5—-10K Precision =1 K
2 Cooling rate 1.0 K/s At =2 h for AT =280 K
3 Cooling bias 0 V or reverse Mandatory
4 Cryostat on 32 Mandatory
5 Filling bias 0 V or forward To be set after IV at 10 K
6 | Filling duration 30s Recommended
7 Waited time 30s Recommended
8 | Optical filling 520 or 670 nm Optional
9 Cryostat off 0 Mandatory
10 Final T 250 K/290 K TSC spectrum/LC
11 Heating rate | 0.183 K/s or < 0.200 K/s | TSC current linear with time
12 | Heating bias 0 or reverse Higher than V),
13 Cryostat off 0 Mandatory

Table C.1: Summary of parameters to be used for setting a TSC scan.
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List of o. values

0 min 8 min 15 min 30 min 60 min
E, bulk | type | « c o c [ c o o o o
MCZ n |496]0.79|4.09|065|371]|059 321051284045
MCZ p |461]0.74|3.86]0.62]|349|0.55]|3.09|049 277 0.44
23 MeV FZ n | 4941079 |3.74|0.60 | 3.58 | 0.57 | 3.20 | 0.51 | 2.80 | 0.45
FZ p [496]0.79|391|0.63|3.54|057]|322|0.51|282]0.45
dd-FZ | n |[4.60|0.74 | 373 | 0.60 | 3.42 | 0.55 | 2.98 | 0.48 | 2.55 | 041
dd-FZ | p |4.56 |0.73 | 3.37 | 054 | 3.22 | 0.52 | 2.87 | 0.46 | 2.57 | 0.41
MCZ n |570]091| 42 |067 371|059 |323 (052285046
MCZ p 544 1 0.87 | 393 | 0.63|3.56|0.57|3.11|0.50 | 2.80]| 0.45
188 MeV FZ n 544 1 0.87 | 402 | 0.64 | 3.54 | 057 |3.13]| 050|285 | 0.46
FZ p 557 1089|425 |0.68|3.76|0.60 | 3.34| 053295047
dd-FZ | n 521 1084|396 |0.63|3.60|058|3.08|049] 249 0.40
dd-FZ | p 551 1088|396 |0.63]|349|0.56|3.05|049 |2.71] 043
MCZ n 589135461 |1.03|425]098|3.44]0.79|2.65 | 0.61
23 GeV MCZ p 6.04 | 1.39 | 442 | 1.02 | 3.67 | 0.84 | 3.39 | 0.78 | 3.21 | 0.74
dd-FZ | n |5.15|1.18 389|090 |3.210.74|3.17|0.73 | 3.07 | 0.71
dd-FZ | p 563|129 410|094 |3.66 084 |3.10]|0.74 | 2.84 | 0.66

Table D.1: List of o values for different proton energies E),, bulk material and
annealing times. Mean @ values are provided in units of 10~!7 A/cm, together

with the corresponding standard deviation.
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Error from trapezoidal rule

We recall that, in the present work, the concentrations N; of bulk defects from
TSC measurements are obtained via eq.

_ 2A peak

N ;
qovdep

(E.1)

where the area A .4 = f&f I7sc(T)dT under a TSC peak is approximated with
the trapezoidal rule with n intervals. The largest error 64 on the computed area by
such type of numerical integration is [163]:

2
|max(%ITsc(T))| (Tnax — Tmin>3
12n2 ’

max(cy) < (E.2)

and it is directly proportional to the largest possible absolute value of the second
derivative for the function I7sc(T). The integration range is between [Tin, Tinax]
and an appropriate binning has to be adopted in order to minimize the overall er-
rofr.

In the present work, the second derivative has to be calculated for eq. [6.3] rep-
resenting a TSC peak. To make the calculations easier, we rearrange eq. as

follows:
k(l——77}——>
e B +1

ITSC<T) = T7T6+% * (E‘3)

e v +1

IR

177



178 Error from trapezoidal rule

The first derivative of Irsc(T) is

T-Tc+5 T-Te+%  T-T.—% T-1.—%
, T (T pe T -p)
—I T)=— E4
dT rse(T) T-T-$ 2 /1Y 2 (E4)
By (e B —|—1) (e v +1)
The second derivative of Irgc(T) is
d? T-%t3  Numerator
—=1 T)=ke v +——F7—— E.5
dT? rsc(T) = ke Denominator’ E-5)

with numerator and denominator defined as follows:

(- ch—) r-1.-%\ 2(7-7:+%)
Numerator = 'Yze —Ye P e v

(r-1-%) g
+(<zvz—zsy-s2>ef (-2 ~2By-2")e —BZ)e

2 TfTL-fg T— Tw—

( )
+ (V¥ —2By+p)e + (=7 —2By+2B)e +B%.

S AN ASE AN
Denominator = 2\(2( ) (e ¥ +1) .

For instance, the method is now applied to the VO; defect, found after irradiation
of a p-type MCz diode with 188 MeV protons and ¢,e,=7-10'3 cm~2. The VO,
concentration is 3.38-10'> cm ™3 resulting from a peak area Apear=1353 C. As it
can be noticed in fig. the largest possible absolute value of the second deriva-
tive is 14.95. Entering in eq. [E.2] the obtained values leads to a maximum error of
1% on the obtained concentration for the VO, defect.

Larger uncertainties up to 6% are found for the dominant defects soon after irra-
diations (i.e. those belonging to the V,, group), or the E(30K) and H(40K) defects
which are the dominant ones after annealing of 60 min at 80°C.

T*Tc+%
Y
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Figure E.1: First and second derivative applied to the fitting function I7gc(T)
for the VO; peak, in a p-type MCz diode irradiated with 188 MeV protons and
Oneg=7-10"3 cm 2.
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TCAD steering file

The TCAD version 2012.06 is used for running sdevice and inspect, while
the more recent version 2016.03 is used for svisual. In the calculations, the
dielectric constant for silicon is €=11.9; the thermal velocity is already declared
in eq. The lifetime of electrons and holes are 5 ms and 2.5 ms, respectively.
Hereby the TCAD steering file (diode_CV_des.cmd) is reported, as input file
for simulations of IV and CV characteristics in the presence of (six) bulk defects
(see Traps section).

Device diode {
File {* input files

Grid = "diode_msh. tdr"

Doping = "diode_msh. tdr"
Parameter = "Silicon.par"
Plot = "diode_CV_des.dat"

Current = "diode_CV_des.plt"}

Electrode {

{Name = "p—side" voltage = 0.0 Material = "Aluminum"}
{Name = "n—side" voltage = 0.0 Material = "Aluminum" }}
Physics {

areafactor = 2.5e7

Temperature = 293.15

Fermi

Mobility (DopingDependence
HighFieldSaturation)
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Recombination (
SRH (DopingDependence
TempDependence
ElectricField (Lifetime=Hurkx DensityCorrection=none))
eAvalanche (vanOverstraeten)
hAvalanche (vanOverstraeten))
EffectivelntrinsicDensity (Slotboom)

Physics (material="Silicon")

{

Traps (
x DA
(Acceptor Level fromCondBand EnergyMid=0.525
Conc=6el13 eXsection=le—14 hXsection=1e—14)
x DD
(Donor Level fromValBand EnergyMid=0.48
Conc=5¢el3 eXsection=3.3e—16 hXsection=3.99e—15)
x E30K
(Donor Level EnergyMid=0.1 fromCondBand
Conc=4.464¢el12 eXsection=1.276e—14 hXsection=1.276e—15)
x HI52K
(Acceptor Level EnergyMid=0.42 fromValBand
Conc=3.62¢el12 eXsection=1.768e—15 hXsection=1.768e—14
Tunneling (Hurkx)
x BiO1i
(Donor Level EnergyMid=0.23 fromCondBand
Conc=0.84el12 eXsection=1.37e—16 hXsection=1.37e—17)
x V3

(Acceptor Level EnergyMid=0.46 fromCondBand
Conc=11.35el12 eXsection=1.104e—15 hXsection=1.606e—13
Tunneling (Hurkx ))

)}

Plot {ElectricField/Vector Potential SpaceCharge
Doping DonorConcentration AcceptorConcentration
eLifetime hLifetime

x——Traps
TotalTrapConcentration }

CurrentPlot {

TrapOccupation (Average(Everywhere))}
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} % end of diode def.

File {

Output = "diode_CV"

ACExtract = "diode_CV"}

System {

diode sample ( "p—side"=cp "n—side"=cn)

Vsource_pset vn (cn 0) {dc=0}

Vsource_pset vp (cp 0) {dc=0}}

Math {
Method = Blocked
SubMethod = Pardiso
ACMethod = Blocked
ACSubMethod = Pardiso
Number_of_ Threads = 8
Derivatives
AvalDerivatives
RelErrControl
Digits=7
ErrRef(electron)=1.0e3
ErrRef(hole)=1.0e3
Extrapolate
Iterations=15
Notdamped=50
ExitOnFailure
MetalConductivity
BreakCriteria {

Current ( Contact = "n—side" Absval = le—3)}}

Solve {
* 1) initial solution
coupled (iterations=100) { Poisson }
Coupled (iterations=100) { Poisson Electron Hole }
Save( FilePrefix="diode_init")
QuasiStationary ( InitialStep=le—7

Minstep = le—10

MaxStep = 0.01

Increment = 1.25

Decrement = 4

Goal {Parameter=vp.dc voltage = —400 })

{ ACCoupled ( Iterations=10
StartFrequency=10000 EndFrequency=10000
NumberOfPoints=1 Decade
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Node(cp cn) Exclude(vp vn))
{Poisson Electron Hole}
Plot (FilePrefix = "diode_"
Time = (Range = (0.0 1) Intervals = 10)
NoOverwrite) }}



ADC
AGILE
ALD
ALICE
ATLAS
ASIC
BIM
BIFM
CCC
CCD
CCE
CERN

Cf
CMS
CT
CVf
DAQ
DLTS
DSSD
DUT
ECAL
FLUKA
FWHM
GCR

List of Acronyms

Analog to Digital Converter

A Large Ion Collider Experiment
Atomic-Layer Deposited

A Large Ion Collider Experiment

A Toroidal LHC ApparatuS
Application-Specific Integrated Circuit
Beam Intensity Monitor

Beam Induced Fluorescence Monitor
Clatterbridge Cancer Center

Charged Coupled Device

Charge Collection Efficiency
European Organization for Nuclear Research
(Conseil Europeen pour la Recherche Nucleaire)
Capacitance-frequency

Compact Muon Solenoid

Computed Tomography

Capacitance- Voltage-frequency

DAta AcQuisition

Deep Level Transient Spectroscopy
Double Side Strip Detector

Device Under Test

Electromagnetic CALorimeter
Fluktuierende Kaskade

Full Width Half Maximum

Galactic Cosmic Ray
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List of acronyms

GR
GLAST
HEP
HESS
HL-LHC
IMP

v
KAZ
KVI
LED
LEP
LGAD
LHC
LHCb
LID
MCNPX
MIP
MU
MWPC
NIEL
NCV
NRT
NTSC
PAMELA
PECVD
pCT
PMT
PS

PSI

QA
R&D
RICH
RMS
ROC
SAA
SCP

SC
SCR
SCSI
SEE
SEL

Generation-Recombination

Gamma-ray Large Area Space Telescope
High Energy Physics

High Energy Stereoscopic System
High-Luminosity Large Hadron Collider
Ionization Profile Monitors
Current-Voltage

Kompakt-Zyklotron

Kernfysisch Versneller Instituut

Light Emitting Diodes

Large Electron Positron

Low-Gain Avalanche Detector

Large Hadron Collider

Large Hadron Collider - Beauty
Light-Induced Degradation

Monte Carlo N-Particle eXtended Code
Minimum lonizing Particle

Monitor Unit

Multi-Wire Proportional Chamber

Non Ionizing Energy Loss

SC Concentration from CV (from initial rise)

Norbert-Robinson-Torrens
SC Concentration from TSC

a Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics

Plasma-Enhanced Chemical Vapor Deposition

proton Computed Tomography
Photo-Multiplier Tube
Proton Synchrotron

Paul Scherrer Institut
Quality Assurance

Research and Development
Ring Imaging CHerenkov
Root Mean Square

Read Out Circuit

South Atlantic Anomaly
Scribe Cleave Passivate
Space Charge

Space Charge Region

Space Charge Sign Inversion
Single Event Effects

Single Event Latch-up
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SLAC
SLL.C
SM
SNR
SPS
SSD
SST
ToT
TRIM
TSC
UFSD
VELO
VLSI
WEPL
WET
ZAG

Stanford Linear Accelerator Center
SLAC Linear Collider
Standard Model

Signal to Noise Ratio

Super Proton Synchrotron
Single Side Detector

Silicon Strip Tracker

Time Over Threshold
TRajectories of Ions in Matter
Thermally Stimulated Current
Ultra Fast Silicon Detector
VErtex LOcator
Very-Large-Scale Integration
Water-Equivalent Path Length
Water Equivalent Thickness
Zyklotron AG
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