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European X-ray Free Electron Laser (EuXFEL), eur6psky rontgenovy laser volnych
elektronov (dalej len rontgenovy laser), je v stucasnosti najvacsi zdroj rontgeno-
vého laserového ziarenia na svete, ktory sa vyznacuje vysokou brilanciou a ultra-
kratkymi pulzami s vysokou opakovacou frekvenciou. Prevadzkovanie detektora v
jeho radiacnom poli predstavuje pre detektor a jeho komponenty vysoké riziko ra-
diacného poskodenia. Stidium pogkodenia indukovaného ziarenim je nevyhnutné
pre pochopenie jeho vplyvu na kvalitu merani realizovanych detektorom, a tiez na
odhad Zivotnosti takéhoto detektora. Cielom prace bolo vyhodnotenie u¢inkov ra-
diacného poskodenia na detektor ePix100a. Ide o detektor, ktory je sucastou ePix
platformy zastresujucej rozne typy hybridnych pixelovych detektorov vyvijanych pre
pouzitie na rontgenovych laserovych zariadeniach. V. EuXFEL sa pouziva na dvoch
experimentalnych staniciach. Detektor ePix100a bol ozarovany priamym a ¢iasto¢ne
odtienenym réntgenovym laserovym zvizkom za kontrolovanych podmienok. Uéelom
bolo systematické studium vplyvu radidciou indukovaného poskodenia na operacné
parametre detektora. V studii sme sledovali a vyhodnocovali parametre, ktoré si
podstatné pre zabezpecenie spravneho fungovania detektora pocas vedeckych expe-
rimentov, ako napriklad ofset, Sum, konverzny faktor, alebo energetické rozlisenie.
Pri experimente sme pozorovali radiacné poskodenie nielen senzora, ale aj vycitava-
cej elektroniky. V polovodi¢ovom senzore detektora sa radiacné poskodenie prejavilo
najmé narastom zvodového pradu. V pripade vyéitavacej elektroniky sa poskodenie
prejavilo ako zmena v konverznom faktore. Ziskané vysledky sa pouzili na odhad
zivotnosti detektora pri jeho dlhodobom pouzivani. Vyrazné zniZzenie dynamického

rozsahu (Rpg > 50%) sa oc¢akava pre absorbovanu davku > 7.4 MGy pre integraény



¢as try = 50 ps na rozhrani Si-SiOs a pre tr,; = 800 us je hrani¢na davka 131 kGy. Z
tychto odhadov je zrejmé, ze ePix100a moze byt pouzivany niekol'ko rokov bez vy-
razného zhorSenia parametrov za predpokladu, Ze intenzita rontgenového laserového
zvazku pri experimentoch nepresiahne dynamicky rozsah detektora o niekol'ko radov.
Ziskané vysledky poskytuji cenné informécie pre pouzivanie detektora ePix100a na
podobnych réntgenovych laserovych zariadeniach. Pozorovania a zavery plyntce z
tejto prace su tiez relevantné pre buduci vyvoj radiacne odolnejsieho detektora pre

danu aplikaciu.

Klacové slova: detektory RTG Ziarenia, radiacné poskodenie polovodic¢ovych detek-

torov, charakterizécia detektora, rontgenovy laser volnych elektronov
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In September 2017, the world’s fastest and most brilliant X-ray free-electron laser
facility came into operation - the European X-ray Free Electron Laser (EuXFEL). It
is located in northern Germany, in the Hamburg metropolitan area. The European
XFEL is an international research facility, delivering an X-ray beam with unique
properties and opening up new areas of scientific studies. Spatially coherent X-ray
flashes in the energy range from 0.25keV to 25keV are provided in a unique time
structure with pulses arranged in trains containing up to 2700 pulses every 100 ms
with a pulse repetition rate of 4.5 MHz. The time structure, X-ray energy range,
and very high intensity of the FEL beam pose demanding requirements on the Eu-
XFEL’s imaging detectors. High radiation tolerance is among the requirements of
the detector system in use. Detector operation in the radiation environment of an
X-ray source of high brilliance, high repetition rate, and ultra-short pulses poses a
high risk of radiation damage to a detector and its components. Knowledge about
radiation-induced damage is vital for understanding its influence on the quality of
scientific data and a detector’s lifetime. This thesis aims to evaluate the effects
of radiation-induced damage on the ePix100a detector. The ePix100a is a mem-
ber of the ePix detector family, providing hybrid pixel detectors to support various
applications at FEL facilities. At the European XFEL, it is used at two scientific
instruments: the High Energy Density (HED) instrument and the Material Imag-
ing and Dynamics (MID) instrument. The ePix100a detector was irradiated under
controlled conditions with a direct, attenuated FEL beam to systematically study

the effects of the induced radiation damage on various detector parameters that



are commonly used as indicators of the good scientific performance of the detec-
tor, i.e., offset, noise, gain, and energy resolution. We have observed damage in
the sensor and the Application Specific Integrated Circuit (ASIC). The observed
radiation-induced damage effects in the sensor were mainly due to an increase in
the leakage current. We have observed changes in detector gain on the ASIC level
due to damage induced on the pixels’ pre-amplifiers. Based on the obtained results,
the limits for the long-term operation of the ePix100a at EuXFEL and other light
sources in terms of its scientific performance have been assessed. Significant reduc-
tion of the dynamic range, i.e. Rpr > 50% for t,; = 50 us is expected with a dose
absorbed in the Si-SiO, interface > 7.4 MGy and for t1,; = 800 us at 131 kGy. We
have determined that the ePix100a can be used without significant degradation of
its operating performance for several years if the incident photon beam intensities
do not outperform the detector’s dynamic range by several orders of magnitude.
The results we have obtained provide valuable input for the ePix100a operation at
FEL facilities. The observations and conclusions made are also relevant for future

optimization towards radiation-harder detectors for photon science.

Key words: X-ray detectors, Radiation damage of semiconductor detectors, Detector

performance characterization, Free-electron laser
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Chapter 1
Introduction

The European XFEL, an international research facility located in the metropoli-
tan area of Hamburg, Germany, started user operation in September 2017. As the
world’s most brilliant X-ray source, it enables scientific research using ultrafast spa-
tially coherent pulses with a peak brilliance up to 5 x 103 photons/s/mm?/mrad?/
0.1%BW. The EuXFEL provides the highest brilliance amongst FEL sources and
exceeds common synchrotrons by nine orders of magnitude, as is shown in Figure 1.1.
The X-ray radiation produced by the EuXFEL is of very high intensity and the short
pulse duration in the femtosecond range opens possibilities to observe and investi-
gate scientific phenomena under conditions that were previously not achievable in a

laboratory environment [1].

1.1 The European XFEL

X-ray pulses in the energy range of 0.25keV — 25keV are produced by electrons
accelerated in superconducting cavities up to 17.5 GeV. These highly energetic elec-
trons are further guided through a periodical arrangement of magnets, so-called
undulators, where they emit X-ray radiation. Laser-like radiation is produced by
a process known as self-amplified-spontaneous emission (SASE). During the SASE
process, the longitudinal velocity of accelerated electrons is modulated by means of
electron—X-ray radiation interactions, which results in a series of electrons organized
into micro-bunches. These emit light synchronously and with the same phase, thus
creating coherent laser-like radiation [2].

The constructive interference of the radiation emitted by electron movements
inside an undulator gives rise to equidistantly spaced energy levels of the photons

based on the undulator settings, so-called harmonics. The first harmonic line is the

27
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Figure 1.1: Comparison of the peak brilliance in dependency of photon energy be-
tween EuXFEL, other FEL facilities (e.g. LCLS, FLASH) and the third generation

synchrotron sources [1].

strongest with the highest flux. For the purpose of this thesis, it will be denoted as
the fundamental beam energy. Usually, on-axis radiation is of interest. Hence only

odd harmonics are present in the generated energy lines [3].

Undulator systems with a length of 175m and of 105m are used to produce
laser-like radiation with very short wavelengths (from units of nm to hundredths of
nm; the hard X-ray regime).

A unique characteristic of EuXFEL is the time structure of the X-ray pulses. As
shown in Figure 1.2, X-ray pulses with a duration of less than 100 fs are delivered
in so-called trains with a maximum of 2700 pulses per train. The individual trains,
lasting 600 us, are separated by a gap of 99.4 ms resulting in a train repetition rate
of 10Hz. The number of pulses in each train is a variable parameter, adjusted

according to an experiment’s needs.

The linear accelerator that is used to bring electrons up to an energy of 17.5 GeV
can drive several undulator systems at the same time. Each undulator system con-
stitutes a SASE beamline. For each beamline, X-ray radiation with different proper-
ties can be generated for the different, simultaneously operating experimental end-
stations. At the FEuropean XFEL, three SASE beamlines are operated, each serving

two scientific instruments. Thus six different experimental stations are available to

28



Chapter 1. Introduction

—— 100 ms ——»re—— [00 ms ——»

# y /4 ra.

Photon
pulse

a ﬂ Ilu - 100 fs
a t

FEL
process

Figure 1.2: Time structure of the European XFEL. Adopted from [4].

users in total. In the following, the three SASE beamlines with their experimental

station are introduced.

SASE 1

At SASE 1 the Single Particles, Clusters, and Biomolecules & Serial Femtosecond
Crystallography (SPB/SFX) and Femtosecond X-ray experiments (FXFE) instru-

ments [1| are operated.

e The SPB/SFX instrument’s primary goal lies in determining the structure of
objects at the sub-micron and pum scale, at nm resolution. Emphasis is given

to the study of biological samples, such as macromolecules, viruses or cells.

e The FXFE instrument mainly focuses on time-resolved investigation of the dy-

namics of the states of matter, i.e. solids, liquids, gases and plasma.

The photon energy used at the SASE 1 beamline ranges from 3 keV to 20keV. SASE

1 started user operation in September 2017.

SASE 2

At SASE 2 the Materials Imaging and Dynamics (MID) and High Energy Density
(HED) instruments are hosted [1].

e The MID instrument determines structure and investigates the dynamics of

nanoscale samples, in fields such as condensed matter physics to biology.

e The HED instrument investigates matter under extreme conditions, i.e. ex-

treme pressure, temperature or electric field using hard X-ray FEL radiation.
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The energy range used in SASE 2 is from 3keV to 25keV. The first lasing at the
SASE 2 beamline was in May 2018 and early user experiments started in the first
half of 2019.

SASE 3

At SASE 3 the Spectroscopy & Coherent Scattering (SCS) and Small Quantum
Systems (SQS) instruments are operated [1].

e Time-resolved studies of electronic and structural properties of nanosystems
and of non-reproducible biological objects are performed at the SCS instru-

ment.

e Fundamental processes in atoms, ions molecules and clusters in the soft X-ray

regime investigation are conducted at the SQS.

The SASE &8 beamline produces soft X-rays in the energy range of 0.25keV to 3 keV.

First user experiments at this beamline started in the last quarter of 2018.

1.2 Imaging Detectors at the EuXFEL

The unique properties of the EuXFEL beam and each beamline’s experiments set
demanding requirements towards detector performance and capabilities [5]. As there
was no existing detector technology capable of satisfying the requirements resulting
from the EuXFEL time structure, intensity of the FEL beam and specific needs of
scientific instruments, a demand for novel detector systems arose. Each detector
system was optimized to fulfil that portion of these requirements most important
for the dedicated use-case of the experiment. In the following, I summarize these
requirements and provide an overview of the detectors at the EuXFEL, together

with their performance and operating parameters.

1.2.1 Detector Requirements

Detectors capable of recording images at 4.5 MHz are needed to match the pulse
structure of the EuXFEL. This repetition rate corresponds to imaging individual
pulses in a train during a burst frequency of %"Efes = 4.5MHz. Moreover, the
short duration of the pulses (< 100 fs) has to be taken into account. In the scenario

of single pulse-per-frame detection, an image needs to be acquired and read out
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within the 220ns gap between two X-ray pulses. As a solution to this problem,
on-ASIC! memory is used to store images, which can be later read out during
the 99.4ms gap between trains. Ideally, the detectors would have 2700 memory
cells available, and thus store the maximum possible number of pulses per train.
However, such a high number of memory cells would lead to an increased pixel size,
which would consequently reduce the spatial resolution of the detector. Instead, a
smaller number of memory cells store only a fraction of frames while maintaining
reasonable spatial resolution. A veto system exists to compensate for the smaller
memory depth. It rejects images that do not meet pre-specified criteria, storing
only good scientific data and preserving the memory for consecutive frames from
subsequent pulses [5]. As some of the experiments do not require data acquisition
at 4.5 MHz pulse repetition rate, detectors with lower frame rates can be used, e.g.
detectors operated at frame rate matching with the train repetition rate of 10 Hz.

Imaging at a repetition rate of 4.5 MHz results in a high data rate of the order
of 10 — 12 GB/s per detector, which requires a complex data management as well as
data storage system [6].

The differing energies of the SASE beamlines call for optimization of the detector
sensitivity to the specific energy range of a beamline. In the case of experiments
with soft X-rays, (SASE 3 beamline) detectors have to provide a low noise level,
maximizing the signal-to-noise ratio, in order to retain single-photon sensitivity.

Imaging of 2D scattering experiments requires detectors with a high dynamic
range as intensities within the same frame may vary significantly, between 1 ph /pixel
and several thousand ph/pixel. These detectors have to resolve single photons then
and integrate up to 10° ph/pixel/pulse, ideally in each pixel independently.

A highly intense X-ray beam can be a danger, not only to the detector’s sensors
but also to the co-located detector electronics. At the EuXFEL two concepts are

used to avoid contact with the primary beam:

e Segmented detectors have movable parts able to create a pass-through opening

for the beam flexibly;

e Detectors have physical hole laser-drilled in the sensor.

However, a pass-through opening is only a protection against instantaneous damage
by the primary beam. The long-term operation of detectors under X-ray photon

irradiation leads to deposition of dose in the sensor material, which is estimated

LASIC: Application Specific Integrated Circuit
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to be up to 1 GGy in three years of normal operation [5|. This estimate excludes
accident scenarios, such as the direct beam hitting a detector or unwanted scattering
on a detector resulting from a direct beam hitting parts of the experimental setup
within the beam path. There is a need to design radiation-hard detector systems
to cope with the high radiation dose without changing the detectors performance
parameters significantly. Several studies have been made on radiation damage effects
[4, 7], from which estimates for the expected radiation damage of the sensor can be
made. For a detector irradiated with photons in the keV range, surface radiation
damage due to an increase in the number of traps at Si—SiO, interfaces is expected,

having the following consequences on the detector:

e increase of a leakage current,
e breakdown voltage reduction,
e increase of the depletion voltage,

e increase of the interpixel capacitance.

Even though sensors for EuXFEL detectors were designed to be radiation hard,
considering the constraints and expectations based on detailed radiation-damage
studies, a real-time performance study will help evaluate the actual changes in de-
tector performance. Such a study of radiation-induced damage effects can give an

estimate of a detector’s lifetime based on two concepts:

1. The detector parameters have changed to a level that the performance of a

detector not longer meets its scientific requirements;

2. The detector received such a high dose that sensors/electronics became dys-

functional.

Several detectors were explicitly developed for the needs of the European XFEL
considering the requirements for detector performance stated earlier, i.e. the Adap-
tive Gain Integrating Pixel Detector (AGIPD), the DEPFET Sensor with Signal
Compression (DSSC) and the Large Pixel Detector (LPD). Other detector tech-
nologies primarily developed for other FEL facilities were adapted for such use at
the EuXFEL. A summary of 2D detectors in use at the European XFEL is listed in

Table 1.1, providing also reference for each detector.
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Table 1.1: Performance parameters of the 2D imaging pixel detectors in use at the European XFEL.

5D Detoctor Pixel Size Energy Dynamic EuXFEL Maximum Instrument
(pm?) Range (keV) Range Frame Rate Frame Rate
AGIPD |8 200 x 200 3 — 16 10°ph @ 12keV 4.5 MHz 4.5MHz SPB, MID
DSSC DEPFET 9] 204 x 236" 0.5 — 6x103ph @ 1keV 4.5 MHz 4.5MHz SCS, SQS
DSSC mini-SDD [10] 204 x 236" 0.5 - 10°ph @ 1keV 4.5 MHz 45MHz  SCS, SQS
ePix100a |11, 12] 50 x50 2 — 18 102ph @ 8keV 10 Hz 240Hz HED, MID
FastCCD [13, 14] 30 x 30 025 — 6 103ph @ 0.5keV 10 Hz 120 Hz SCS
JUNGFRAU [15] ox 75 3 — 25 10'ph @ 12keV 10 Hz 1.1kHz HED
LPD [16] 500 x 500 5 — 20 10°ph @ 12keV 4.5 MHz 4.5 MHz FXE
pnCCD [17] 5 x 75 003 — 25 6x10°ph @ 1keV 10 Hz 150Hz SCS, SQS

" Hexagonal pixels.

‘T 10ydeyn)

Uo1ONPOIU]



Chapter 1. Introduction

34



Chapter 2
Silicon as Semiconductor Material

Silicon is a semiconducting chemical element abundant in the natural environment,
composing 27 % of Earth’s crust and is the most commonly used material in the
semiconductor industry. It occurs mainly in the form of various silicon compounds
and very rarely in its pure form. In this chapter, silicon as a detector material will

be discussed.

2.1 Introduction to Semiconductors

Silicon is the most commonly used semiconductor material. Materials can be clas-
sified into three categories according to their electrical conductivity: conductors,
insulators or semiconductors. Electrons in an isolated atom have only discrete ener-
gies and occupy specific energy levels based on these energies. The allowed energy
levels for a given quantum number (e.g. n = 1 ) consist of one doubly degen-
erate level. For a periodically arranged crystal lattice, N atoms are present. In
case the atom-to-atom separation is many times larger than the usual lattice con-
stant, discrete energy levels of a single atom are justified. However, by reducing the
atom-to-atom separation to form a crystal, the atoms start interacting. The doubly
degenerate energy levels will split into two levels due to the interaction between the
atoms. This interaction causes a shift in energy levels. N levels which are closely
spaced are formed. When N is large, the result is a continuous energy band. The
highest occupied energy band is known as the valence band, defined by the highest
energy level of its electrons F,. The conduction band is the lowest unoccupied band,
characterized by free electrons, which after excitation from the valence band con-
tribute to the material’s conductivity. The conduction band is defined by the lowest

electron energy in the conduction band, E.. A region of forbidden energy states,
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defined by the energy difference between the valence and the conduction band, is
the so-called band gap F,. The energy of the band gap F, is an indicator for the
electrical conductivity of material: In the case of an insulator, the band gap is so
large (E, > 5eV) that the probability of an electron to gain enough energy to move
to the conduction band is close to zero, as can be seen in Figure 2.1a. If a material’s
valence band and conduction band overlap or the conduction band is partially filled
with electrons, the material is classified as a conductor (Fig. 2.1d, e). In the case
of a conductor, the band gap is zero. The band gap energy of semiconductors is
low enough to create conductivity by absorption of thermal energy. The conduction
band of semiconductors is entirely empty at 0 K and consequently, they behave like
insulators. On the other hand, the absorption of thermal energy by a semiconductor
can cause electrons to be excited from the valence to the conduction band, resulting
in an increase of the semiconductor conductivity due to free electrons. The vacancies
created in the valence band by these electrons are called holes, which can be seen as
equivalent to a positive charge. Increase of the temperature increases the number of
electrons with sufficient kinetic energy to overcome the band gap and to be excited
into the conduction band. Therefore, the electrical conductivity of a semiconduc-
tor increases rapidly with increasing temperature, in contrast to the behaviour of a
metal crystal, as the higher the temperature is, the higher the number of electrons
excited to the conduction band is. Figure 2.2 illustrates the difference between the

temperature dependence of semiconductors’ and metals’ conductivity.

f
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conduction band
E Al
z E mpty most empty Partially filled
> 4 conduction band conduction band X .
< 900000000 Conduction band conduction band
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° Z ’ Valence band
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Figure 2.1: Energy band structure of insulators (a), semiconductors at 7' =0 K (b),

semiconductors at 7' > 0 K (c¢) and conductors (d,e).
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Figure 2.2: Dependency of conductivity of the semiconductor Si and the metal W

on temperature [18].

2.1.1 Intrinsic Silicon

Silicon is a material of the IVth group of periodic table with atomic number 14.
Its outer atomic orbital consists of four covalently bonded electrons. The silicon
crystalline structure corresponds to a diamond lattice with a structure of two inter-
penetrating face-centered cubic (fcc) primitive lattices as shown in Figure 2.3. The
lattice constant a is 5.431 A.

Figure 2.3: Diamond lattice structure of silicon. The parameter a represents the

lattice constant of silicon [19].

Figure 2.4 shows a diagram of the silicon energy band structure in relation to
the lattice constant. With decreasing interatomic distance, silicon atoms start to

interact and overlap, their energy levels split to N closely spaced levels, and with N —
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Figure 2.4: Schematic structure of the valence and conduction bands as a function

of lattice spacing [19].

00, these levels merge into the energy bands. Silicon is an indirect semiconductor,
which means that the maximum energy of the valence band and the minimum energy
of the conduction band occur at different values of crystal momentum. Consequently,
the creation of an electron-hole pair by indirect transition has to be accompanied
by a momentum change. This is achieved by an electron interaction with a phonon,
the energy quantum of lattice vibration.

The probability of an electron occupying a certain energy level E of an atom is

described by the Fermi-Dirac distribution function given as

1

1+ eXP(Ek;ETFy

f(E (2.1)

where kp is Boltzman constant, T' the temperature and Er represents the Fermi
level. The Fermi level is a hypothetical energy level of an electron at which the
state occupation probability in thermal equilibrium is one half. Using equation 2.1,
the concentration of free charge carriers can be evaluated. The concentration of free
electrons in the conduction band n at energy level E., with effective density of states
N,, is given as

E.— F
n=N, eXp(—TTF), (2.2)

while the concentration of free holes in the valence band p at energy E,,, with effective

density of states N,, is given as
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Er— E,
p:Nwmp_%ﬁr¢ (2.3)

For intrinsic silicon under thermal equilibrium conditions, the concentrations of

electrons and holes are the same, hence (according to the mass action law)

n; =n=pn,

E (2.4)
n; = /N :\/NCNveXp(—2kg ),

B

where n; represents the intrinsic concentration of charge carriers. At room temper-
ature the formula given in [20] results in n;(300 K) = 9.68 x 10 cm™3. The band
gap energy of silicon is F,(300 K) = 1.12eV [21] and the average energy needed to

create an electron-hole pair is (Epqir) =~ 3.6V [21].

Using the neutrality condition from equation 2.4 and rearranging yields

N, 2bp — B, — E,
v 2.

C

resulting in

E.+E, kT N,

where FE; is the intrinsic energy of the Fermi level of an intrinsic semiconductor,

Ep

which is located in the center between the valence and the conduction band. The
deviation of the energy level from the center is due to the difference between the

effective masses of electrons and holes.

2.1.2 Extrinsic Silicon

Most applications require higher conductivity than intrinsic silicon has. By intro-
ducing impurity elements, so-called dopants, the concentration of charge carriers
can be altered. As silicon has four valence electrons, dopant elements from group
IIT or V are used to incorporate additional energy levels in the band gap. If the
dopant is of the IIIth element group (acceptor), one electron is trapped to create a
bond between the silicon and the dopant. As a result, the concentration of electrons
decreases (minority charge carriers), and hole conductivity is dominant (majority
charge carriers). The resulting material is a so-called p-type semiconductor. In the

case of a dopant with one more valence electron than silicon (V group element),
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Figure 2.5: Impact of doping on the Fermi energy. Shift of the Fermi level closer
to the conduction band, in case of n-type (donor doping) and close to the valence

band for the p-type (acceptor doping) semiconductor [22].

this additional electron cannot form an electron pair. It is left unbound, thus in-
creasing the conductivity of the silicon. As the electron concentration exceeds the
hole concentration, the resulting semiconductor is of n-type with electrons as major-
ity charge carriers. Dopants with excess numbers of electrons are so-called donors.
This doping of silicon results in a shift in the Fermi level, as shown in Figure 2.5.
The Fermi level for a donor concentration Np with completely ionized donors and
electron density n = Np is then given by
N,

E.— FEr =kgT1 <. 2.7
F B HND ( )

Likewise for an acceptor concentration N4 and hole density p = N4, the Fermi level
changes to
N,

Er—FE, =kgT1 2. 2.
F B HNA (8)

The carrier concentration can be expressed in terms of the Fermi level energy as

Er — E;

n = n; exp( T ), (2.9a)
E,—E
p=n; exp(TTF). (2.9b)

In a non-equilibrium case, where no constant Fermi level exists, a quasi-Fermi level

has to be defined for electrons Ep, and holes Ef,, resulting in
Er — F;

kB—T), (2.10a)

n = n; exp(
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E; — Ep,

) (2.10D)

p=n exp(

2.2 Interaction of X-rays with Silicon

Electromagnetic radiation interacts with semiconductors mainly by the photoelectric
effect, Compton scattering, Rayleigh scattering and electron-positron pair produc-
tion. Figure 2.6 and Figure 2.9 illustrate the significance of these effects based on
the incident X-ray energy. The most relevant effect for the EuXFEL energy range
is the photoelectric effect and, to a lesser extent, coherent Rayleigh scattering and

incoherent Compton scattering. Hence these are discussed in the following section.

10* ; ; . .
— coherrent
10° . |
incoherrent
2 102 — photoeffect |
3 total
2
3

10 20 30 40 50
E, (keV)

Figure 2.6: Mass attenuation coefficient in silicon as a function of the photon energy
in the range of (1 — 50)keV with contributing sources of attenuation: coherent
scattering (blue), incoherent scattering (green) and photoelectric effect (red). Data
from [23].

The photoelectric effect

The photoelectric effect is an interaction between a photon and an electron tightly
bound to an atom. During the interaction, the photon is completely absorbed, and a
photo-electron is released. The release occurs when the photon energy E,;, exceeds
the binding energy of the electron to atom FEj. The kinetic energy of the photo-
electron (FE}) is equal to the incident photon energy reduced by the binding energy

of the photo-electron in its original shell:

Ep = E,, — By, (2.11)
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Moreover, the release of a photo-electron creates a vacancy filled by an electron from
a shell with lower binding energy and a characteristic X-ray, or Auger electron is

emitted as shown in Figure 2.7.

(2) (b)

M M

Ejected Photoelectron ®

K-Xray

Figure 2.7: Schematic visualization of the photoelectric effect. Left plot shows
ionisation of the electron and the right one demonstrates the filling up of the vacancy

and production of the characteristic X-ray. Figure adopted from [24].

If the incident photon energy is higher than the binding energy FEj, and the pre-
dominant interaction mechanism for low energy radiation is the photoelectric effect.
The cross-section of the photoelectric absorption per unit mass is approximately

proportional to:

Z _
Tphotoelectric X T35 ~ Z5Eph3.57 (212)

where Z is the material atomic number. The exponent n varies between 4 and 5
and E,, is the incident photon energy [25]. The cross-section exhibits character-
istic absorption edges when the energy of the absorbed photon coincides with the

ionization energies of electrons for certain atomic shells.

Compton scattering

Figure 2.8 illustrates the Compton effect. It is the scattering of an incident photon
on an individual atomic electron. When the photon transfers part of its energy to
the electron, it is deflected by an angle 6 with respect to its original direction. The
photon deflection causes a decrease of the photon energy, and its change is given by

the Compton wavelength shift formula
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AX=XN — X=X (1—cosb),
h (2.13)

mec’

and A\, =

where A and )\’ are the initial photon wavelength, respectively the photon wavelength
after the scattering, A\ is the Compton shift wavelength of the incident photon, \.
is the Compton wavelength of the recoil electron and amounts to 2.4 x 1072 m and
¢ is the scattering angle of the photon. The energy of the scattered photon E, for

a given incident photon energy E,; = % is

o Eph
PR 4 (B /mec?) (1 — cos @)’

The Compton scattering cross-section is given by the Klein-Nishina formula [26],

(2.14)

which assumes that the scattering is elastic. This is a good approximation if the
photon energies are higher than 1 MeV [27, 28]. When the photon energies are lower
(e.g. EuXFEL energy range), the electron binding energy must be considered, and

Compton scattering becomes inelastic.

Recoil Electron

Scattered Photon

Figure 2.8: Schematic vizualization of Compton scattering. The incident photon is

scattered on an atomic electron and a recoil electron is released. Figure adopted
from [24].

Rayleigh scattering

Rayleigh scattering is an elastic process of the scattering of photons by atom-bound
electrons, leaving the atom neither excited nor ionized. The recoil energy of the
atom after absorbing the photon transferred momentum is small, and the scattered

photon has essentially the same energy as the original photon. Therefore, Rayleigh
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scattering does not contribute to photon absorption. It does, however, have an
impact on the direction of the scattered photon.

The probabilities of the photoelectric effect, Compton scattering and the electron-
positron pair creation as a function of the photon energy and the atomic number of

the target material are shown in Figure 2.9.
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Figure 2.9: The probability of the photoelectric effect, Compton scattering and pair
production as a function of a photon energy and atomic number of the material.
The hatched area visualizes the energy range of the EuXFEL. Figure adopted from
[29].

Attenuation of X-rays by Matter

When X-ray radiation traverses matter, individual photons are absorbed or scattered
by the mechanisms described earlier, thus attenuating the intensity of the X-ray
radiation. The radiation intensity I(x) after passing a distance z in the material is

given by the Lambert-Beer law as

I(x) = lye ™", (2.15)

where [ is the initial intensity and yu is the linear attenuation coefficient. The linear
attenuation coefficient expresses the extent of the radiation intensity reduction by
traversing the material. It can be interpreted as the average distance travelled by
the photon inside the material before an interaction occurs. The coefficient depends
on the material as well as on the energy of the radiation. It is often expressed as a
mass attenuation coefficient, which is the attenuation coefficient divided by the mass
density, i.e. p, = %. The mass attenuation coefficient of silicon as a function of the
photon energy is shown in Figure 2.6, also visualizing the contribution of individual

processes.
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Basic Semiconductor Devices

The following section presents the basic structures used in semiconductor detectors.
Knowledge about the properties of these devices is necessary in order to understand
the operational principle of semiconductor detectors.

The detection of photons or charged particles by semiconductor detectors is
based on electron-hole pair creation, induced by the interaction of ionizing radiation
with the detector material. Electrons and holes are separated by an electric field
and drift to the electrodes, where the resulting signal is measured. To have a good
detector system, large signal amplification and low noise are typically two essential
requirements. In order to satisfy the requirement of large signal amplification, radi-
ation should produce many electron-hole pairs, which requires low ionization energy
and hence a small band gap. Having a small band gap is in contradiction with the
low noise requirement as a smaller band gap implies a higher number of thermally
generated charge carriers. If not compensated, the signal from thermally generated
electron-hole pairs would be several orders of magnitude higher than the signal gen-
erated by photons or charged particles. A depleted region (where the density of free
charge carriers is so low that signals in the order of 103 electron-hole pairs can be
detected) needs to be created to solve this problem. A depletion region suitable for
detection is created by using a reversed biased p-n junction. In the following, its

basic characteristics will be discussed.

3.1 The p-n Junction

The p-n junction is formed by creating a connection between a p-type and an n-

type semiconductor. Consider two homogeneously doped regions: the p region with

2
doping concentrations p, = N4 and n, = ;A and the n region with doping concen-
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Figure 3.1: Schematic drawing of a p-n junction in thermal equilibrium. Band dia-

gram of separated p-type and n-type semiconductor (left), formation of p-n junction
(right).

trations n, = Np and p, = ;\i are initially separated and in thermal equilibrium
(Figure 3.1, left). When the two regions are brought into contact, electrons from
the n region will diffuse into the p region and holes from the p region into the n
region. As a result, surplus negative charges in the p region and positive charges
in the n region are created. Electrons and holes at the boundary will recombine,
and a depleted region is created, where the free charge carrier density is strongly
reduced (Figure 3.1, right). The diffusion of electrons creates a static space charge
of positively charged donor ions in the n region.
Similarly, the space charge of negatively charged acceptor ions is created in the
p region. The static charges create an electric field, which creates a drift current
in the opposite direction of the diffusion current. The equilibrium state of the
p-n junction is reached when the drift and the diffusion current are equal. The
electrostatic potential present at the p-n junction interface, known as the built-in
voltage, prevents further charge diffusion. The built-in voltage V;; is given as the
difference in the intrinsic levels on the neutral p and n regions. Using equation 2.9
and setting acceptor and donor concentrations equal, this gives
Vio= (57— i) = (YA (3.)
q q n;

Poisson’s equation (1D scenario) has to be solved to estimate the width of the

depleted region W. Using the abrupt change approximation (abrupt change between
neutral and completely depleted space charge region (SCR)), one gets
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5% 0 r < —x, and > x,,

I Np

02 — €60 - —Age 0 <z < T, (32)
q Na —x, <2 <0.

€53i€0
Requiring, that the electrical field at the boundaries of the space charge region is
zero and that the built-in voltage is equal to the potential difference, i.e. Vj; =
é(xn) — ¢(—x,), together with the charge neutrality condition Npx, = Nax,, the

integration of equation 3.2 yields

2¢5:€0 Na + N
W:xn+xp:\/ 6260 J@ANDDV”"‘ (3.3)

In the case of practical detectors, one side is usually doped very asymmetrically,
where N4 > Np, resulting in a smaller width of the depletion layer of the p region,

hence the expression for W in eq. 3.3 can be simplified to

2esi€0 Vii

W = .
qg Np

(3.4)

If the p-n junction is forward biased, the externally applied voltage will decrease the
potential barrier by the value of the applied voltage V' to V;,; — V. The width of the

depletion region reduces to

2eg;60 1
W= 2o L), (3.5)

and the charge transfer across the junction is increased. On the other hand, when
connecting a p-n junction with reverse bias, where positive voltage is applied to the
n-side of the junction, the potential barrier is increased by the value of V' yielding

Vi + V. For the width of space charge region, this gives

265’160 1
W = \/ . N (Ve + V). (3.6)

The reverse bias acts as a supporting built-in potential, suppressing the diffusion
current across the junction. A reverse bias causes the width of the depletion region
to increase as the majority carriers are attracted towards the external potential.
The drift-driven current flowing through the space charge region is the so-called
leakage current and is typically several orders of magnitude smaller than the forward

diffusion current.
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Using equation 2.9 the carrier concentration at an arbitrary position within the
junction can be expressed by the potential or the intrinsic energy level F; at that

position as

Ny (x) = n;exp (Pl;,?) exp (F(T)) : (3.7)

Since n,(z) = n,, = Np and the potential in the neutral n-type region is ¢,, we

can write

Ep — E}
ksT

where n,, is the equilibrium electron concentration in the n region, n, and E! =

(3.8)

Ny = Np(T) = Ny exp

E; + q¢n (p, and E?) are the electron (hole) concentration and intrinsic energy level
in the neutral n region (p region). Combining the two latter equations, for the region

rn, < x < oo this yields

4(P@) — én)
kT

Assuming the charge carrier concentration to be n, (electrons) and p, (holes) in the

Ny () = Ny €XP (3.9)

p-region and n,, and p, in the n-region, minority charge carrier concentration at the

edges of the depletion region can be defined as

Q((bp — $n)

ny(—2,) = Ny, €Xp T (3.10)

Since ¢, — ¢, =V — V4;, where V' is the applied voltage, we get

—q Vs qV
Np(—Tp) = Ny €XP (/{:B—T) exp (kB_T> : (3.11)
The equilibrium potential (built-in voltage) defined by equation 3.1 can be rewritten
as
kgT n
V= L, <pp02 °> . (3.12)
q n;

Combining equation 3.11 and equation 3.12 and knowing that n,, = g we obtain
0

qV
ny(—x,) = np, €xp T (3.13)

Similarly, for the holes at the boundary of the neutral n region, we would get,

qV

pn(xn) = Pno €XP ij—T (314)
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In the neutral regions of the junction a current flows due to diffusion, i.e the current

density in the neutral n region equals

d
J, = —qud—p, (3.15)
and current density in the neutral p region is
dn
Iy = and—. (3.16)
The continuity equation for holes in the n-type region is
apn a2pn Pn — Png
— = — 3.17
ot P a2 (P (3.17)
where D, is the diffusion coefficient of holes, 7, is the hole lifetime and L, = /D, 7, is
the diffusion length of holes. Assuming a stationary situation (g—f =0), we get

a2pn Pn — Pnyg

D = 3.18
P a2 T ( )
The solution of the above differential equation can be given as
—x x
Pn(T) = pny + Aexp — + Bexp —. (3.19)
Ly Ly

Using equation 3.14 and p,,(c0) = p,, as boundary conditions for equation 3.19 this

yields:

pn(oo) = Pno = B = 07

qV —Ty,
Pn(Tn) = Py €XP T = Pn, + Aexp L
qV T,
A = pn, {GXP (k;B_T) - 1} exp I, (3.20)
U
qV —(x — )
p"(x) = Png +pno [exp (I{JB_T> — 1} exp L—p

Therefore, the hole diffusion current in the neutral n region is

qDppny  —(z —zy) [ < av ) ]
Jp = exp exp| —= ) —1]. (3.21)
rTLL L, kT

Using a similar calculation for the diffusion current in the neutral p region, results

n
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qDpny, (x + xp) qV
Jn = — | —1]. 3.22
I exp I exp T ( )
The current density in the device is given by
J = constant = J,(z) + J,(z). (3.23)

Assuming no generation/recombination of charge in the transition zone yields

Ip(—=xp) = Jp(x0),

(3.24)
In(—xp) = Jn(zn).
Therefore, the total current in the depletion region can be expressed as
D, D,p, Vv
J = Ju(=xp) + Jp(xn) = @7nlpo 45 pPno exp A B | ,
L, L, kgT
(3.25)

v
J=Js {exp (;B—T) —1} ,

where Jg is known as the saturation current density and is equal to

Ny Dy, o D
JSZQ(pz _’_pz p),

- ’ - (3.26)
ql(NA\/Tn Np Tp>'

Equation 3.25 is known as the Shockley equation. It is to note that the above

equations are only simplifications, as no charge generation and recombination in the
depletion region were taken into account.

As previously mentioned, if the p-n junction is reverse biased, a small current
flows through the depletion region; the leakage current J;,. The leakage current has
two contributions, the generation current J; and the diffusion saturation current

JS, ie.

Jp, = Jg+ Js. (3.27)

The generation current is given as

Jo = —qGW(V), (3.28)

where G is the generation rate in the depletion region given by G = ™, under the
g

assumption that n - p < n? and with 7, as generation lifetime. The minus sign
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follows from the convention that currents in a forward-biased diode are taken as
positive (n-type part connected to the negative terminal and p-type part connected
to the positive terminal). As given in equation 3.6, the width of the depletion region
depends on the applied voltage, which will also affect the generation current. The
additional current generated in the depletion region by the applied voltage can be

estimated from the change in the depletion volume as
n;
Jog = —q— (W — W),

Tg

=™ \/265160 NA + ND /—Vm /_V;n)
Tg

gNaNp

(3.29)

For asymmetrically doped regions, the diffusion term of the highly doped region
can be neglected. In the case of a p™-n junction, the diffusion of the n region
will dominate due to the higher concentration of minority charge carriers, diffusing
through the depletion region towards the p* region. For such a case, the leakage

current is given as

n; W n? |D
Jr = LI Y =2 3.30
b= 0" ) (330

The above equation shows that if the width of the depletion region is small (forward
bias), and the generation lifetime 7, is long, diffusion will dominate. On the other
hand, for a large depletion width (reverse bias) and short 7, the generation current
dominates. Additionally, if high currents flow through the junction, the voltage drop

from the series resistance Rg - I has to be taken into account yielding

V—Rsg-1
ﬁkﬁBT
Here the additional n factor is the so-called ideality factor and varies between one

I = Isexp(q ). (3.31)

and two, depending on the recombination process in the diode. In the case of the
ideal diode n = 1. Figure 3.2 shows the current-voltage characteristic of an ideal
diode calculated with equation 3.31 neglecting the series resistance voltage drop and
with n = 1.

3.2 Metal-Oxide-Semiconductor Structure

Next to the p-n junction, the metal-oxide-semiconductor (MOS) structure proper-

ties and characteristics have to be understood to gain essential knowledge about
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Figure 3.2: Current-voltage characteristic of an ideal diode as a result of the equa-

tion 3.31 (adopted from [19]).

semiconductor detectors. The MOS capacitors are the standard structures of the
detectors used at the EuXFEL. Knowledge of the MOS structure will be essential
for understanding radiation damage expected from X-ray radiation of EuXFEL. The
MOS structure is a semiconductor with an additional insulator layer. This is usually
an oxide of the substrate used; in the case of silicon, this is silicon dioxide (SiOs).
On top of the SiO,, a layer of metal or polycrystalline silicon is deposited, creating
an electrode known as a gate. The metal and semiconductor that are separated
by an insulator can be viewed as a planar capacitor. The left panel in Figure 3.3
schematically shows such a MOS structure. In the following, a detailed discussion

of the MOS capacitor operation will be given.

3.2.1 Operation modes

Flat-Band Condition

Suppose the charge carrier concentration in the homogeneously doped n-type semi-
conductor is uniform and the electric field through the semiconductor is zero. In
that case, the so-called flat-band condition is used to describe the situation. A plot
of the flat band diagram is shown in Figure 3.3 on the right. The energy difference

q¢ between Er and F; defining the Fermi level is calculated as

N
=3 (3.32a)

n;

q¢B, = Er — E; = kgTIn
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Figure 3.3: Schematic structure of metal-oxide-semiconductor capacitor (left) and

its energy band diagram [4].

N
q¢p, = Ei — Ep = kgT'In 2, (3.32b)

1y

The semiconductor work function ®g can be calculated using the silicon electron
affinity x5 = 4.05eV, which is the energy difference of the conduction band and the

vacuum level, giving

q®s, = qxs + E. — E; — q9B,, (3.33a)
q®s, = qxs + Ec — E; + q¢p,. (3.33b)

The energy required to excite an electron from the Fermi level to the vacuum level
is the so-called work function. As the work function of a metal ®,, does not equal
the work function of the semiconductor ®g, the so-called flat-band voltage Vg has

to be applied to achieve the flat-band condition

Vg = &y — Os. (3.34)

This equation can only be used in the case of a charge free oxide and/or silicon-oxide

interface. If charges are present, the expression has to be adapted accordingly [30].

Accumulation

Suppose a voltage Vrg and V' > Vpp is applied to the metal gate. In that case,
excess electrons will be present at the Si-SiO, interface, and the potential at the

interface will adapt in the positive direction, causing the energy bands to bend
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Figure 3.4: Energy band diagram of an n-type MOS structure: (a) accumulation,
(b) depletion, (c) inversion. Adopted from [4].

downwards. In this case, the carrier concentration in the semiconductor has an
exponential dependency on the energy difference Er — F;, i.e.
— =exp—————.
n; P k BT
The downward bending causes a lowering of the energy Er — E;, thus giving rise to

(3.35)

an accumulation of electrons near the semiconductor-oxide interface. This process
is the so-called accumulation mode of a MOS structure. The corresponding energy

band diagram is shown in Figure 3.4a.

Depletion

When a voltage V < Vip is applied to a MOS structure, the energy bands will bend
upwards, electrons are repelled from the surface, and a depletion layer is created.
An abrupt change approximation from space charge to the undepleted region can
be used to find the electric properties of the depletion region, as the charge carrier
concentration will drop to a negligible value compared to the doping concentration
on a very short distance. The depletion-layer surface-charge density Q)g, electric
field & and potential ¥, at the semiconductor surface can be expressed through the

depletion-layer depth d, as

QB = qNDdsa (336&)
N

g=-L2g (3.36b)
€s€0
qND 2

Uy = — dy. 3.36
2 (3.36¢)

The electric field in the oxide £, can be derived from &, as
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B N
goxze_gs:_q D

€ox €ox€0

ds. (3.37)

For the relation between applied voltage and the depth of the depletion layer, we
get

N ds  dox
97D g (== 4 Sy, (3.38)

€0 268 €ox

V_VFB = ‘Ps_'_doxgox = -

The depth of the depletion layer is then given as

2
ds - \/6860 (VFB - V) + <€—Sdox) - E_SdOX‘ <3'39>

qNp €ox €ox
To bend the energy bands upwards, a potential W, of size
N
y, = — LD g2 (3.40)

26469

is required. The corresponding band diagram of the depleted case is shown in
Figure 3.4b.

Inversion

If the applied negative voltage is further increased, the energy bands will bend even
stronger, and the intrinsic energy level at the surface increases beyond the Fermi
level (Vg < ¢p) as shown in Figure 3.4c, creating an excess of holes at the Si-SiO,
interface. This situation is known as "weak inversion". When further increasing the
negative voltage, the hole concentration will exceed the electron bulk concentration,
and the state known as "strong inversion" is reached. Once strong inversion occurs,

the surface depletion layer reaches its maximum, i.e.

46860¢B
dmax = N 3.41
\ N, (3.41)

and the charge in depletion layer () can be quantified as

QB,max = qNdeax =V 46860¢BQND' (342)

The charge per unit area in the semiconductor (), is equal to the sum of the charge
Qinv in the inversion layer and the charge in the depletion region Q. The charge

in the inversion layer ();,, is proportional to the applied voltage as the gate voltage
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variation causes a charge variation in the inversion layer. The proportionality con-
stant between the charge and the applied voltage is the gate oxide capacitance C.

For the charge density of the inversion layer, this gives

Qinv = COX(VT - V)7 (343)

and the charge in semiconductor (), is then equal to

Qs = Quy + Qs = Cox(Vr = V) 4+ ¢Npdiax. (3.44)

The voltage Vr is referred to as the threshold voltage. It is the voltage required to

form the inversion layer

Vr = Vrp — 2¢B + Eoxclox. (345)

To reach strong inversion, the surface potential ¥, has to be moved twice the distance

between the Fermi level and the intrinsic energy level in the undepleted bulk, i.e.

U, = —2¢p. (3.46)

Considering the term &y doy to be equal to

Eody — _QB,madeX _ _M (3.47)

)
€ox€0 Cox

equation 3.45 can be rewritten as

VieseodpqNp
COX .

A further increase of the negative gate voltage below the threshold voltage Vi will

Vi =Vrp —2¢p — (3.48)

cause a large increase of ()i, in the inversion layer, but only a negligible increase of
the depletion depth. The depletion depth thus remains a constant at dp,... The MOS
device with an n-type substrate is commonly referred to as pMOS since the inversion
layer is due to holes attracted to the oxide-semiconductor interface. Correspondingly,
the MOS device with a p-type substrate is known as nMOS since the electrons are

attracted to the oxide-semiconductor interface.

3.2.2 Capacitance-Voltage Characteristics

The capacitance-voltage characteristics provide valuable information about the struc-

ture and properties of the MOS device, e.g. determining the oxide thickness d,,
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the substrate doping concentration Np, the flat-band voltage Vi or the threshold
voltage V. The C-V curve is measured by adding a small sinusoidal signal to a
constant DC bias voltage Vi of the MOS device, where sinusoidal capacitive current
is measured. The capacity is then calculated as the ratio of the measured capaci-
tive current and the applied sinusoidal voltage. As three different biasing situations
of a MOS device are possible, the C-V characteristic will reflect this change and
show different behaviour according to the applied gate voltage. It is to note that
C-V characteristic is frequency dependent and the change is the most dominant in
the inversion case as a certain time is needed to generate minority carriers in the
inversion layer. A low frequency measurement maintains thermal equilibrium at all
times. At high frequency measurements, one observes that the charge in the inver-
sion layer does not change from the equilibrium value depending on the applied DC
voltage. The high frequency capacitance therefore reflects only the charge variation
in the depletion layer and the (rather small) movement of the inversion layer charge.
Here, only the low frequency and high enough frequency cases, for which thermal
equilibrium conditions are met, are discussed.

To obtain the capacitance-voltage characteristic, a simple capacitance model,
assuming abrupt-change approximation and series connection of two capacitors (ox-
ide capacitance and depletion layer capacitance), can be used. In the accumulation
case, only the oxide layer contributes to the capacitance, as no depletion layer exists.

This situation can be described as

C=Ch= 6;"—60, for Vg > Viog. (3.49)

For the depletion mode, two capacitances connected in series have to be considered,
giving
CoxCs 1 ds, 4
=—" = +—) 7, for Vi < Vg < Vg, 3.50
Cot G T E) roem (3:50)
where the depletion width d, varies with the applied gate voltage V; as given by

equation 3.39.

In the case of inversion, the capacitance becomes independent of the applied voltage.
The low frequency capacitance during inversion is given by the oxide capacitance
C = Cy as the depletion layer width stays constant and changes happen only
in the inversion layer surface charge density. In addition to the gate voltage, the
high frequency capacitance is measured by applying also an AC voltage. At high

frequencies, the inversion layer stays constant, while the depletion layer width varies
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with the applied voltage. Hence, the capacitance at high frequencies are given by

the oxide capacitance and by depletion layer capacitance

1 n ds
C(OX ES
The frequency relation of the MOS C-V curve depends on electron and hole lifetime

C = ( )71, for Vg < Vr. (3.51)

and the energy levels of the defects in silicon. As an example an ideal MOS C-
V curve is shown in Figure 3.5 based on the abrupt change approximation and
simple capacitance model described above. A MOS device with a SiO, thickness of
dox = 200 nm on a silicon substrate with doping concentration Np = 1-10'3 em =3 was
assumed. Firstly, a flat band voltage has to be calculated as given by equation 3.34,
where ®,; = 4.1¢V if a gate electrode is made from aluminium. The work function
of silicon can be calculated as

N
Oy = xs + E,. /2 — ¢, where ¢p = kpTIn =2 (3.52)

)

For the flat-band voltage this yields Vg = —0.39 V. Similarly, a threshold voltage
can be calculated with the usage of equation 3.48, assuming that ¢, = 11.7 [31] and
€ox = 3.9 [32]. This results in a threshold voltage of Vi = —0.68 V. Once Vip and
Vr are known, capacitance for each of the three regions (accumulation, depletion and
inversion regions) can be evaluated according to equations 3.49-3.51. The resulting

approximated C-V characteristic of MOS capacitor is shown in Figure 3.5.

3.2.3 Discussion to p-Type MOS

In the previous paragraph, the MOS device characterization was based on an n-
type semiconductor as many EuXFEL detectors use it as a primary building sensor
component. The following paragraph describes the differences between the n-type
and the p-type MOS devices and provides the most relevant relations for the p-type
MOS.

As explained previously, accumulation in the n-type MOS occurs by applying a
positive voltage to the metal gate. On the contrary, to operate the p-type MOS in
accumulation mode, a negative voltage has to be applied to the gate. The negative
charge on the gate attracts holes from the substrate to accumulate near the oxide-
semiconductor interface.

Following the mechanisms described for the n-type MOS, the depletion of the
p-type MOS happens by applying a positive voltage. In this situation, the applied

electric field repels holes from the interface region and a depletion layer forms.
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Figure 3.5: Capacitance-voltage characteristic of n-type MOS on silicon substrate

3 and silicon dioxide thickness of

with doping concentration of Np = 1- 103 cm™
dox = 200nm. For the calculation of a MOS C-V, a simplified capacitance model
with abrupt-change approximation was used. The dashed line represents inversion
capacitance at high frequency. No difference exists between low frequency (LF) and

high frequency (HF) in the other regions.

When the applied voltage is further increased, the depletion layer goes deeper
into the silicon and the concentration of electrons increases, forming an inversion
layer at the oxide-semiconductor interface. The maximum width of the depletion

layer is given as

dese0B
dmax = . 3.53
N (3.53)

The threshold voltage beyond which the inversion occurs is for the p-type MOS

device given as

VieseoppqN 4
COX ‘

The capacitance-voltage characteristics of the p-type MOS device is shown in
Figure 3.6.

Vi = Vip + 205 + (3.54)

3.2.4 Si-SiO, MOS Structure

The Si-SiOy MOS structure is one of the most used and extensively studied metal-
oxide-semiconductor systems. The major difference between an ideal MOS structure
and a real Si-SiO, system is the presence of oxide charges in the SiO5 bulk and at the

Si-SiOs interface which will have an influence on the behaviour of a MOS structure.
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Figure 3.6: Capacitance-voltage characteristic of p-type MOS on silicon substrate

3 and silicon dioxide thickness of

with doping concentration of Np = 1-10%cm™
dox = 200nm. The dashed line represents inversion capacitance at high frequency

(labelled as HF). Inversion capacitance at low frequency is labelled as LF.

The properties and nature of such oxide charges will be described in the following
chapter. These additional charges will change the flat-band voltage, which depends
on the amount and distribution of the charge inside the oxide. To illustrate the
problem, we consider a sheet of positive charges with a surface charge density o at
a distance x from the metal. This sheet charge will induce charge partially in the

semiconductor and partially in the metal and cause a flat-band voltage change of

ox

AVpp = — (3.55)

on€0'
As can be seen from eq. 3.55, the flat-band voltage depends on both, the surface

density of the sheet charge o and its position within the oxide z. If the sheet charge
is located very close to the metal (z = 0), no charge will be induced in the silicon
and the flat-band voltage Vrp will not change. On the other hand, if the charge
is very close to the semiconductor, the change in flat-band voltage will reach its
maximum. The distribution of charge within the oxide as well as its effect on the

flat band voltage will be described in the subsequent chapter.
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Chapter 4

X-ray Radiation Induced Defects in

Silicon

The detectors’ performance in a harsh radiation environment degrades due to the
absorbed radiation dose inducing and triggering changes in the detector material.
The basics principles of radiation-induced damage will be introduced in this chapter
to understand the effects leading to radiation damage and degradation of detectors
performance.

Radiation damage effects can be divided into two classes: bulk damage and
surface damage. Bulk damage is caused by the interaction of an incident particle
with the nuclei of the lattice atoms, causing their displacement from their lattice
location [33, 34]. The displacement results in the creation of a Frenkel pair, silicon
interstitial and a left-over vacancy. To displace a silicon atom from its lattice posi-
tion, a minimum recoil energy Fy of approximately 25V [35] has to be imparted.
Photons need an energy of at least 300 keV [36] in order to provide sufficient energy
to create a Frenkel pair. For photon energies < 300keV, surface driven effects are
expected, i.e. damage mainly at the Si-SiO, interface. Hence for the EuXFEL en-
ergy range (0.25keV — 25keV) only surface damage needs to be considered. In the

following, only these relevant surface damage mechanisms are discussed in detail.

4.1 The Si-SiO, Interface

The symmetry of a silicon crystal is strongly disturbed at its surface due to ter-
mination of silicon crystal periodicity as cutting a crystal at some crystal plane
leaves open or "dangling" bonds. Considering that the density of silicon atoms at

the surface is ~ 10'® cm~2, this results in the same amount of open bonds. As the
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silicon surface is oxidized, most of the bonds will be bound to oxygen, but some will
remain open. The term interface trap corresponds to an interface trivalent Si atom
with an unpaired valence electron. As the interface traps are electrically active, the

following behaviour is expected:

e The interface traps act as generation—recombination centres. They can capture
and emit electrons and holes. In the detector’s space charge region, this leads

to an increase of the reverse-bias current;

e The interface traps act as trapping centres, capturing electrons or holes. Con-
sequently, these are then re-emitted with some time delay. This will lead to
less efficient detection in a detector as the amount of the trapped charge will

reduce the signal;

e The interface traps change the charge density in the space charge region. The

detector thus requires a higher bias voltage to make the detector fully sensitive.

As already mentioned in 3.2.4, the Si-SiO, interface contains oxide charges, which
are of different type. A classification of these charges following Deal [37] is shown in
Figure 4.1. It includes interface-trapped charges (it), fixed-oxide charges (f), oxide-
trapped charges (ot) and mobile ionic charges (m). For the quantification of oxide
charges, the following quantities are used: the charge per unit area at the Si-SiO,
interface @) (C - cm™?), the number of charges per unit area N (cm™?), the charge
density D in units of (cm™2 - eV ') and the volume charge density p (cm™2).

Interface-trapped charges (Q;, Ny, D;): These are positive or negative
charges in the Si-SiO, interface. They occur because of the electronic energy levels
located at the Si-SiO, interface with energy states in the silicon band gap that
can capture or emit electrons or holes. The electronic energy levels are due to
structural defects, oxidation-induced defects, metal impurities or defects caused by
radiation bond-breaking processes. They are dependent on the chemical composition
of the interface, and the interface trap density D;; is orientation dependent. For
<100> crystal orientation, the interface trap density is approximately one order of
magnitude smaller than for <111> orientation [19].

Fixed-oxide charges (Qf, Ny): This is a positive charge located in the tran-
sition region of the Si-SiO, interface within approximately 3 nm distance from the
interface [19]. It is a charge created during the oxidation process; when oxidation
is finished, some ionic silicon can be left near the interface and, together with open

silicon bonds (e.g., Si-Si or Si-O bonds) at the surface, may result in a positive
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Figure 4.1: Terminology of the charges associated with thermally oxidized silicon.
Adopted from [19].

interface charge ();. This charge is fixed and can not change its charge state by
exchanging mobile carriers with silicon. It is dependent on oxidation and annealing
conditions and as well on silicon orientation. It can be regarded as a charge sheet
located at the Si-SiO interface. Typical fixed-oxide charge densities for a carefully
treated Si-SiO, interface system are about 10'° cm=2 for <100> oriented silicon and
about 5 x 10 cm™2 for <111> oriented silicon [19].

Oxide-trapped charges (Q., No): The oxide-trapped charges are associated
with the electrons or holes trapped in the bulk of the oxide. They can be both
positively or negatively charged. They may result from X-ray radiation, high-energy
electron bombardment or similar processes. Most of the oxide-trapped charges can
be removed by low-temperature (<500 °C) annealing.

Mobile ionic charges (Q,,, N,,): Impurities such as alkali ions Nat, K, Li*,
primarily cause the mobile ionic charges which are mobile within the oxide under
raised temperature (>100C°) and high electric field operation. Under high-bias or
high-temperature conditions, ions may move freely and cause a shift of the C-V
curves along the voltage axis.

As discussed in 3.2.4, the presence of oxide charges causes the C-V curve of the real
MOS diode to deviate from the ideal one, as will be shown later in this section. The

following discussion is based on the work done by Sze and Lee [19]. To exemplarily
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evaluate the influence of the charges as mentioned earlier; a positive sheet charge
per unit area ()., within the oxide as illustrated in 4.2 will be used. This charge
induces negative charges both to the metal and semiconductor, as shown in the top
left panel of Figure 4.2. The field distribution shown at the bottom left panel of
Figure 4.2 was obtained by integrating the Poisson’s equation under the assumption
of A® = 0.

To reach the flat-band condition, i.e. no charge is induced in the semiconduc-
tor (Fig.4.2 top right), a negative voltage has to be applied to the metal. With
the increasing negative voltage, the electric field distribution shifts downward until
the electric field at the semiconductor surface is zero (Fig.4.2 bottom right). This

corresponds to the condition

Qox Qox Lox
Vg = —Eoxloxy = ———Tox = — . (4.1)

EOX OOX OoxX

ot p
Qo
0 dox
X
XOX
Metal Oxide | Silicon Metal Oxide Silicon

€ €

Figure 4.2: Visualization of the sheet charge effect within the oxide. The top left
panel shows the SiOy sheet charge ()., inducing charges in the metal and silicon,
characterized by volume charge density p. The bottom left panel visualizes the
electric field e distribution of charges when Vi; = 0. The right half of the plot shows
the same charges (top) and electric field (bottom) when V; = Vg, i.e. under the
flat-band condition. Figure adapted from [19].
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For the general case of an arbitrary charge distribution within the oxide, we get a

flat-band voltage

Vis =t [ aptad (4.2)
= ——= xp(z)de. .
FB Coed Js P
The volume charge densities of the oxide-trapped charges p,(z) and of the mobile

ionic charges p,, () are defined as

1 dox
Qot = i Tpor(v)dz, (4.3a)
oX J0
1 dox
oX J0

For the case of fixed-oxide charges, which are located very close to the Si-SiO,

interface, i.e. xox = dox acknowledging equation 4.1 we find for Q;

Qe
@r=2

Under the assumption that the MOS work function ®,,5 # 0 and the number of

. (4.4)

interface-trapped charges is negligible, the flat-band voltage of the real MOS diode

will equal to

(Qf + Qm + Qot)
COQ?

This will cause a shift of the C-V curve as shown in Figure 4.3. Curve a) represents

Vip = Pus — : (4.5)

the ideal MOS C-V curve and b) the curve shifted by the amount given by equa-
tion 4.5. Additionally, for a high density of interface-trapped charges the curve as
illustrated by Figure 4.3, will be parallel shifted and distorted due to the dependency

of interface-trapped charges density on the surface potential.

4.2 Physical Processes Underlying Surface Defects
Induced by Radiation

The major physical processes leading to radiation-induced surface damage will be
discussed in the following based on Mclean and Oldham [38], and Schwank et al. [39].
Figure 4.4 shows a schematic energy band diagram of a MOS device indicating the
main processes leading to the build-up of surface damage induced by radiation. In
this case, the MOS structure is biased with a positive voltage and exposed to X-

ray radiation. The incoming radiation creates electron-hole pairs. In SiOs, due to
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Figure 4.3: Effect of oxide charges and interface traps on the MOS C-V curve: a)
Ideal MOS C-V curve, without oxide charges. b) Parallel shift of the curve due to
fixed-oxide charge, mobile ionic charge and oxide-trapped charge present in SiOs. ¢)
Parallel shift and distortion of the C-V curve due to interface traps. Figure adopted
from [19].

differing mobilities of created electrons and holes [40], the electrons drift within pi-
coseconds towards the gate electrode. However, a fraction of the electrons and holes
will recombine. It is to note that the fraction of recombined electrons and holes
depends on the energy and the type of incident radiation [41]. The holes escaping
recombination have lower mobility than the electrons and remain close to their gen-
eration point, causing a negative threshold voltage shift in a MOS capacitor. As
shown in Figure 4.4, electron-hole pair generation/recombination is the first mecha-
nism of MOS radiation response. The second process is the transport of holes that
escaped the initial recombination in the Si-SiO, interface, which is accomplished by
hopping through localized states in the oxide. When the holes reach the interface
region, a fraction of them falls into deep, long-lived trap states, forming a positive
oxide-trap charge. The fourth process is the radiation-induced build-up of interface
traps located directly at the Si-SiO, interface. As interface traps are highly depen-
dent on the applied electric field, this will result in a voltage-dependent threshold

shift. In the following, the above-mentioned processes are described in greater detail.
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Figure 4.4: Schematic energy band diagram of a positive biased MOS device, in-
dicating the main processes leading to radiation-induced surface damage. Figure
adopted from [42].

4.2.1 Electron-Hole Pair Generation

The number of electron-hole pairs generated by ionizing radiation in SiO, depends
on the mean energy needed for the generation of one electron-hole pair £,, which
is £, = 18eV £ 3¢V (Ausman and McLean [43]). A more accurate measurement
yields the currently established value of E, = 17e¢V £ 1€V [44]. From the value of
E,, the initial electron-hole pair density per unit dose gy can be determined. For
SiO, this results in gy = 8.2 - 10" em ™Gy " [44].

Initial Hole Yield The fraction of holes which escape the initial recombination
fy(Eox) depends on the magnitude of the electric field in the SiO, separating the
electron-hole pairs and on the initial line density of electron-hole pairs generated by
the incident radiation. The line density of pairs is determined by the linear energy
transfer and is a function of the incident particle type and energy. Furthermore,
the line density is inversely proportional to the average separation distance between
electron-hole pairs. Therefore, if the line density is high, the spacing of the pairs
is low. For a given electric field, this leads to higher recombination with a lower
hole yield. The effect of recombination for various incident particles is shown in
Figure 4.5, where the fraction of unrecombined holes is shown as a function of the
applied electric field. According to Leray and Paillet [45], the hole yield for X- and
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Figure 4.5: The fraction of holes escaping the initial recombination as a function
of the applied electric field for different incident particle species. Figure adopted
from [42].

~-rays can be approximated by

fy(on) = |:1 + (4.6)

E ™
Eox ’
where m and E,. (MV /cm) are coefficients which depend on the radiation type. For

10 keV X-ray photons this results in

fy(on> =

. —17-0.9
[1+ 1.35 MV - cm 1 . (4.7)

Eox
The total number of holes generated in the oxide that escape the initial recombina-

tion, N, for a given dose D and an oxide thickness d,y is given as

Nh = fy(on)gODdox- (48)

4.2.2 Hole Transport

The transport of holes can be well described by the continuous-time-random-walk
hopping transport formalism originally developed by Montroll et al. in [46]. The
transfer mechanism is accomplished by polaron hopping of the holes between local-
ized trap states. The moving hole will polarize the neighbouring environment due
to its charge forming a polaron. The term polaron refers to the interaction between

charge carrier (hole) and surrounding material, creating a lattice distortion in its
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immediate vicinity. The polaron increases the effective mass and decreases the mo-
bility of holes. The hole transport in the oxide is highly dispersive, electric field and

oxide thickness dependent and above ~ 140 K also temperature-dependent [42].

4.2.3 Oxide Traps

Due to incomplete oxidation at the Si-SiO, transition region, oxygen vacancies are
present, acting like trapping centers. These traps are also known as deep hole traps
[47]. Oxygen vacancy as presented in [48] is an oxygen atom missing from the SiO,
lattice leaving a weak Si-Si bond as shown on the left of Figure 4.6, where each
Si atom is bonded to three oxygen atoms. After a hole is trapped, the Si-Si bond
is broken and the lattice relaxes into two configurations. The silicon atom obtains
an unpaired electron and remains in a tetrahedral configuration, while the other
silicon atom possesses the trapped hole with a positive charge and relaxes into a
planar configuration of the three remaining oxygen atoms as depicted on the right
plot of Figure 4.6. This asymmetrical relaxation is possible due to the flexibility of
the Si-O-Si bond. The defects produced by such an asymmetrically relaxed oxygen
vacancy are known as E’ centres and play the most important role in radiation
damage related to oxide traps. Oxygen vacancies occur in the greatest density close
to the Si-SiOs interface due to the lattice mismatch between the silicon bulk and
the oxide and due to the diffusion of oxygen from the oxide to the interstitial sites

in the Si substrate.

h* —> O Si

OOX

Figure 4.6: Model of an oxide trap creation in SiOy. The left half of the plot
illustrates the oxygen vacancy and week Si-Si bond. After a hole is trapped, the bond
is broken, and two configurations are created; silicon with an unpaired electron and

silicon with the trapped hole (shown on the right half). Figure adopted from [49].
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As oxygen vacancies act like trapping centres, a fraction of holes approaching the
interface will be trapped. The fraction of trapped holes is given by the capture cross-
section near the interface, which depends on the applied electric field and fabrication
process. The number of trapped holes can vary between a few percent for radiation-
hard oxide to as much as 50 to 100% for radiation-soft oxide. The positive charge

of trapped holes causes a negative threshold voltage shift in the MOS capacitor.
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Figure 4.7: Threshold voltage shift due to oxide-trapped charge as a function of
time for different levels of irradiation to indicate oxide traps neutralization. Figure
adopted from [39].

Oxide-trapped holes undergo a long-term annealing process, sometimes lasting
up to years. The time dependence of trapped hole neutralization at room tem-
perature is shown in Figure 4.7, where the oxide-trapped charge induced threshold
voltage shift AV, is plotted as a function of time for radiation-hard MOS designs.
The neutralization or trapped-hole annealing proceeds by two mechanisms: 1) the
tunnelling of electrons from silicon into either oxide traps or electron traps associ-
ated with trapped holes, and 2) the thermal emission of electrons from the oxide
valence band into oxide traps. The rate at which charge neutralization occurs is
strongly affected by the spatial and energy distribution of the oxide traps. For tun-
nelling, a close vicinity of oxide traps and the Si-SiO, interface is required. For
thermal emission to occur, the energy levels of oxide traps have to be close to the
oxide valence band.

For a sample annealed under a positive bias at 100 °C, it was observed that part

of the trapped charge is restored after applying a negative bias, while the other part
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of the trapped charge is removed. This led to an idea that instead of an electron
tunnelling to the positively charged Si and neutralizing it to reform the Si-Si bond,
it tunnels to the neutral Si, forming a dipole structure, where the electron can tunnel
back and forth to the substrate in response to bias change [50, 51|. Such oxide traps
which can communicate and exchange charge with the silicon substrate are known
as border traps. The border traps can be mistakenly accounted for interface traps

in C-V measurements.

4.2.4 Radiation-Induced Interface Traps

Interface traps are amphoteric defects, having two energy levels in the Si band gap.
Traps in the lower half of the band gap act like donors, i.e. if the Fermi energy at
the interface is below the trap energy level, the trap "donates" an electron to the
silicon. The trap is hence positively charged. Similarly, the traps in the upper part
of the band gap behave like acceptors. Similar to when the Fermi level is above the
trap energy level, the trap "accepts" an electron from the silicon. Thus, the trap
is charged negatively. Considering an n-type MOS structure under the flat-band
condition, the electrons occupy states below the Fermi energy. Therefore, the states
in the lower half of the band gap are neutral (occupied donors). The states between
midgap and the Fermi energy are negatively charged (occupied acceptors), and the
states above the Fermi energy are neutral (unoccupied acceptors). Applying a bias
voltage in accumulation mode bends the bands down and thus increases the number
of occupied acceptors. In inversion mode, the fraction of interface traps between
the midgap and the Fermi level consists now of unoccupied donors, thus leading to
a positively charged interface causing a negative threshold-voltage shift.
Interface-trap build-up is a much slower process than the oxide-trap build-up,
taking up to 10®s until saturation is reached after exposure [42]. The radiation-
induced interface trap is based on a Si-atom bound to three Si-atoms and an H-atom.
The dominant process has been initially described by McLean [52]. When the Si-H
bond is broken, the Si is left with an unpassivated dangling bond. The Si-atom is
then depassivated during a two-stage process. In the first stage, radiation-induced
holes transport through the oxide and liberate hydrogen in the form of protons.
During the second stage, the protons undergo hopping transport to the interface,
where they break SiH bonds, creating Hy and trivalent Si defect. However, other
models assume diffusion of neutral hydrogen rather than the drift of protons as

the main mechanism for interface trap production. However, the effect of neutral

71



Chapter 4. X-ray Radiation Induced Defects in Silicon

hydrogen was discovered to be small. The effect called a latent interface trap build-
up was also observed and originates in hydrogen diffusion into the gate oxide region,
presumably from the field oxide or an encapsulating layer. The latency is caused by
diffusion happening on relatively long distances. This effect is difficult to measure
as its time scale is beyond the typical duration of laboratory tests, i.e. up to scales

of months.

4.3 Factors Influencing Surface Damage

The density of radiation-induced charges, i.e. oxide-trapped charges and interface-
trapped charges, are sensitive to operating conditions during irradiation. The most
important aspects influencing the level of produced charges, hence the overall radiation-

induced damage, will be discussed.

4.3.1 Oxide Layer Thickness

Oxide layers with a thickness in nanometre range lead to an effect known as dose
enhancement. Dose enhancement is an effect that arises in the regions near interfaces
between materials with different atomic numbers if irradiated with photons. In a
MOS capacitor, it is due to the Si substrate material and the Al gate material, which
have different atomic mass and total photon interaction cross-sections than SiOs,.
This leads to the uneven production of secondary electrons in the adjacent materials
causing a dose gradient. The effect is largest for low-energy photons because most of
the energy deposition happens via the photoelectric effect as described in section 2.2.
The critical aspect for the dose enhancement effect is charged particle equilibrium
(CPE). In a homogeneous material, the number of secondary electrons scattering
into an increment of volume is equal to the number of electrons scattering out.
When the MOS device consists of several thin layers of different materials with
different total cross-sections, the CPE is not maintained. This happens because
more secondary electrons cross an interface from the high-7 side than from the low-
Z side [42]. Figure 4.8 visualizes the difference in the observed dose for a MOS
device with a thick (left panel) and thin (right panel) oxide layer. Solid lines in
both plots indicate a dose calculated for 10 keV X-rays, using the mass absorption
coefficients alone, without secondary electron transport. The dashed line represents
the observed dose when secondary electron transport is evaluated. For a thin oxide

layer, the secondary electrons can pass through the entire oxide, thus enhancing the
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Figure 4.8: Schematic diagram of the dose enhancement effect in the MOS structure
with a thick (left plot) and thin (right) oxide layer. Solid lines show the equilibrium
bulk dose. Dashed lines represent the actual dose. Figure adopted from [53].

absorbed dose. The oxide thickness has to be at least the thickness of the average
secondary electron range to maintain equilibrium, which for 10keV X-ray photons
is &~ 500nm. As reported in [41]|, approximately 80% of the incident intensity is
transmitted through the 200nm thick Al gate. However, in the first 100 nm of
oxide, almost all of the energy deposition occurs. The dose enhancement factor
(DE) can be defined as

local dose in transition region

DE = (4.9)

equilibrium bulk dose
Figure 4.9 shows the dose enhancement factor as a function of oxide thickness. A
dose enhancement effect is clearly observable for low-energy X-rays, with an en-
hancement factor of ~ 1.5 for oxide thickness of 100nm (black dots labelled as
"This work").

4.3.2 Dose-Rate Effects

Different dose rates result in different densities of electron-hole pairs. The density
of electron-hole pairs for a high dose rate is larger than that for a low dose rate.
As previously described in section 4.2.1, a higher dose rate will lead to increased
recombination, hence to a lower overall dose and consequently to less radiation-
induced charges. Dose rate effects are observed when a given dose is delivered at
different rates in different measurements due to the varying irradiation times.

An additional explanation exists for the lower density of radiation-induced charges
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Figure 4.9: Measured and calculated dose enhancement as a function of SiOy thick-
ness for 10keV X-rays. Adopted from [44].

in the case of high dose rates. The accumulated oxide traps result in a space charge
which alters the electrical field of the SiO, layer. When a positive gate bias is ap-
plied, the accumulation of positive charge in the oxide enhances the electrical field
between the space-charge region and the silicon. It reduces the electrical field be-
tween the space charge and the gate to almost zero. The altered local oxide field will
alter the local charge yield and enhance the recombination of electrons and trapped
holes.

Fleetwood et al. concluded [54] that the build-up of interface traps with post-
irradiation annealing time is independent of the dose rate if the time of post-
irradiation annealing after the short irradiation (higher dose rate) equals the time

of the irradiation with a lower dose rate.

4.3.3 Time and Temperature Effects

Radiation induced charges that are built up in the SiOy and at the Si-SiO, inter-
face undergo an annealing process. The annealing process is time and temperature
dependent with significant variations depending on the nature of the oxide charges.
In general, higher annealing temperature and longer annealing times results in more
oxide and interface-trap charges being cured. However, at some temperatures re-
verse annealing may occur, i.e. the charge density increases with the annealing time

and hence an optimal ratio between the annealing time and temperature has to be
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found.

4.4 Effects of Induced Radiation on MOS Devices

4.4.1 Threshold Voltage Change

As already shown in section 4.1, charges present in the oxide or at the Si-SiOj
interface cause an overall shift of the C-V characteristics. The oxide-trapped charges
cause a shift of the C-V curve and the threshold voltage. The interface-trapped
charges cause distortion and stretch of the C-V curve as shown in Figure 4.3c. For
the nMOS capacitor, an increase of the threshold voltage will be observed with
an increasing density of the radiation-induced charges. As explained previously,
irradiation with a low dose rate under positive bias voltage will lead to a higher

threshold voltage increase.

4.4.2 Increase of Leakage Current

A build-up of radiation-induced interface-trapped charge causes an increase of the
surface recombination velocity. This leads to larger surface generation currents and
thus to a higher leakage current with increasing dose [55]. The increased leakage
current will consequently increase the dark current in the detector. The dark current
level in the sensor is a crucial characteristic as it impacts many operational param-
eters of the detector, e.g. noise, dynamic range, and others. A detailed discussion
on the detector parameters and the role of leakage current will be discussed in the

following chapters.

4.4.3 Decrease of Charge Transfer Efficiency

The radiation-induced charges at the Si-SiO interface act like trapping centres.
This effect is very important for charge-coupled devices (CCDs). A charge resulting
from a photon interaction has to be transferred through many channels (pixels,
where each pixel represents a MOS capacitor) to read out a CCD detector (based
on MOS). If part of the charge is trapped during the transfer at the readout node, a
lower charge than expected will be measured. The parameter measuring the charge
losses in a CCD device is the so-called charge transfer efficiency (CTE), i.e. a ratio
of charge transferred between two neighbouring pixels to the total amount of charge

contained in the pixel before the transfer
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Increased charge trapping hence decreases the CTE [55], and this reduction will lead

CTE =

(4.10)

to an inaccurate representation of the measured quantities, e.g. wrongly measured

energy of the incoming radiation.

4.4.4 Decrease of Breakdown Voltage

As experimentally observed by Blackburn et al. [56] and Pugh et al. [57], the break-
down voltage of a MOSFET is strongly affected by ionizing radiation. The break-
down voltage is significantly decreased with increasing total radiation dose for both
n- and p-channel devices (Figure 4.10). It was also shown that the response of
a breakdown voltage on the total dose depends on the method used to optimize

preradiation breakdown voltage [57].
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Figure 4.10: Response of breakdown voltage of a high-voltage MOSFETs to increas-
ing radiation dose for n-channel device (left plot) and p-channel device (right plot).
Adopted from [58].

4.4.5 Decrease of Charge Carrier Mobility

The charge carrier mobility degrades with increasing radiation dose. The mobility of
charges is vital for the detectors operated at high frame rates, e.g. 4.5 MHz detectors
at the EuXFEL (see Table 1.1) as the collection of the radiation generated charges
has to happen within nanoseconds. Consequently, the decreased charge mobility may
result in incomplete charge collection within the integration window of the detector
and hence lead to wrongly measured quantities. Sexton and Schwank [59] showed

that the mobility decreased is caused by a build-up of interface-trapped charge,
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which is induced by radiation. Schwank et al. also showed that the decrease of
charge carrier mobility does not depend on the density of the oxide-trapped charge.

Figure 4.11 shows a decrease of the carrier mobility with the increasing interface

trap density.
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Figure 4.11: Normalized effective channel mobility as a function of radiation-induced

interface trap density. Adopted from [58|.
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Chapter 5

Dissertation Thesis Aims

The main goals of the dissertation thesis can be arranged to the following points:

79

. Description of detector parameters, from which radiation damage effects could

be estimated and introduction of the tools to analyze and characterize radia-

tion induced effects.

. Radiation hardness tests of the ePix100a detector in the EuXFEL radiation

environment. The detector is important for the scientific operation of the
facility. Since it has not been built explicitly for the EuXFEL needs, its

tolerance to FEL radiation has not been assessed before.

. Calculation of the absorbed dose during the observation duration, to analyse

impact of the dose to detector components.

. Understanding the observed radiation damage effects for a specific sensor de-

sign.

. Evaluation of the dose limit reducing the detector operation parameters to

such extent that they no longer meet pre-requirements for reliable scientific

data production.

. Estimates on the lifetime of EuXFEL detector systems based on the conducted

experiments.
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Chapter 6

Detector Performance Parameters

Relevant for Radiation Damage

The detector performance parameters that are used to characterize the quality of
the data produced by the detector can also be used to indicate radiation-induced
damage. The parameters evaluated in the radiation damage study are presented in

the following.

6.1 Dark Signal

The dark signal Sy results from a detector signal when the detector is not exposed to
any radiation. It has two contributors, i.e. the dark current and the pedestal. The
dark current Ip,. is due to a current [; induced by thermally generated electron-
hole pairs and an additional leakage current I; resulting from, e.g. radiation-induced

damage, i.e.

Ipark = It + 1) (6.1)

Ranuérez et al. [60] discuss different components of the leakage current, the models
and mechanisms, also involving the role of the radiation-induced interface traps, are
presented by Nathan and Das [61] and by Larcher et al. [62].

The pedestal P as used in this thesis is a baseline value generated by detector
electronics for its proper functioning, e.g. to avoid negative values at the Analog-
to-Digital Converter (ADC) or shift the signal values to a specific ADC range. The
contribution of the thermally generated charges can be efficiently decreased by cool-

ing the detector’s sensor.
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The two parameters associated closely with the dark signal are offset and noise.
In general, offset is the average value of the dark signal integrated by the detector,

i.e.

N
offset = Z (Ipark + P). (6.2)

The detector’s noise represents variations of the dark signal, which are due to con-
tributions of different noise sources, e.g. noise from readout electronics (marked as
readout), thermal noise, leakage current variations, and so on. The noise observed
at the detector is a superposition of all the contributing sources. A superimposed
noise observed for a given detector is usually evaluated by an equivalent noise charge

(ENC) given in units of e~ or eV. It is given as

— — 2 2 2
ENCtOt = Otot = \/aThermal + ULeakage + OReadout to (6?))

As explained in previous chapters, the radiation-induced damage often induces an
increase in the leakage current. Since the leakage current is a contributor to the
dark current, its increase will affect both the offset and noise parameters, as shown
above. Consequently, the change observed on the offset and noise can be directly
linked to the radiation-induced damage, assuming no changes were applied to the

sensor or the electronics setup.

6.2 Dynamic Range

The dynamic range of a detector determines its ability to detect low-intensity signals
alongside high-intensity signals. In detector systems, where the measured analog
quantity is digitized by the ADC, the upper limit is given by the maximal signal the
ADC can resolve. The dynamic range is hence given as

DR — Max. signal (e_)‘

(6.4)

Otot
As shown in the equation above, the dynamic range represents the signal-to-noise
ratio (SNR) for the highest detectable signal, if contribution of the background to
the signal is negligible. The lower limit of the dynamic range is determined by the
noise of the detector. However, in the detector community, the dynamic range is

often understood as the number of ADC levels available for photon detection. The

82



Chapter 6. Detector Performance Parameters Relevant for Radiation Damage

resolution of the ADC M is usually expressed as bit depth, which represents the

number of signal quantization levels

N =2M (6.5)

which gives a limit to the maximal signal. As explained before, the detector offset is
always present in the measured signal, thus acting as a lower limit of the available
range of values. Taking the offset as "background" (denoted as "bg"), the number

of available levels N4 for our measurement is

N4y =N — bg, (6.6)

which may then be used to describe the dynamic range of the ADC. This approach
is justified if the noise is small in comparison to the overall signal. In the previous
section, we have discussed the relation between the leakage current and the detec-
tor offset. Analogously, if the offset rises due to radiation-induced leakage current
increase, the dynamic range decreases. Hence, we can talk about dynamic range

reduction Rpgr, which can be defined as

Ny’ (6.7)
and Abg = bgpost — bGpre,
where bgpre and bgpest are offset values before irradiation of the detector, respectively

after irradiation.

6.3 Energy Resolution

The energy resolution of a detector determines its capability to distinguish photons
with different energies. If one considers mono-energetic photons, the number of

generated charges will oscillate around the mean value

(N) = —, (6.8)

where w is the mean energy needed to create an electron-hole pair (3.65eV for
Si [19]) and E is the energy of the incoming photon. Thie signal osscilation is due
to statistical fluctuations in the excitation and ionization processes inside the sensor
material. Assuming the charge creation is an independent random process (describ-

able by Poisson statistics), according to the central limit theorem, the distribution
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of a sum of a large number of independent variables (generated charges) converges
to a normal distribution. Therefore, a Gaussian distribution is often a good descrip-
tion of the shape of a photo-peak with the Full Width at Half Maximum (FWHM)
denoting the energy resolution. The measured FWHM of the photo-peak is gener-
ally used to describe the energy resolution of a detector. However, as described by
U. Fano [63] the energy resolution of a detector is better than described by Poisson
statistics as part of the absorbed energy does not invoke ionization but is used for
other processes as e.g. lattice vibrations. Hence the process of charge creation is not
purely random. The coefficient describing the deviation from Poisson statistics is
known as Fano factor F', and it is a material-specific constant. For silicon it amounts

to F' = 0.115 [64]. The energy resolution of a detector is then given as

FE
FWHM = 2.355 x w| —, (6.9)
w

where F'is the Fano factor. Additionally, the contribution of the detector noise to

the energy resolution has to be considered, yielding

FWHM = 2.355 x VRMS? + FEw, (6.10)

where RMS (root-mean-square) is the detector noise expressed in eV.
As the energy resolution is also a function of noise, it is expected that a noise
increase due to radiation-induced damage will also impact the energy resolution of

the detector, resulting in a broadening of the photo-peak.

6.4 Signal-To-Noise Separation

Often, experimental applications (e.g. low energy spectroscopy experiments, imag-
ing experiments) require a detector with single-photon sensitivity, i.e. the capability
to resolve single photons from noise. A common requirement for imaging detectors
used at FEL facilities is a false hit detection probability per megapixel area, e.g. less
than one false hit per million of pixels per image. This approximately corresponds to
a photon peak-to-noise separation of 5o at a certain energy. The lowest acceptable
signal-to-noise value is usually considered to be 3o, which corresponds to ~ 2700
false hits per million pixels. In this context, the detector’s noise and the peak width
are important performance parameters, which, as already shown, both increase with

radiation-induced damage.
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6.5 Absolute Gain

In the case of an energy or intensity resolving detector, a relation converting the
measured signal into a physical quantity, i.e. energy, is needed. The electrical signal
created inside the sensor is amplified, shaped and digitized by the detector electron-
ics. The detector provides output in digital units, so-called Analog Digital Units
(ADU). The factor converting the digital unit at the detector output to the physical
energy unit at its input is known as absolute detector gain. It is determined by
the detector’s amplification and digitization stages. The existence of an absolute
gain as a conversion coefficient between energy and ADU units is justified when
related purely to the measured photo-peak, neglecting the secondary effects of pho-
ton redistribution to lower channels, e.g. due to Compton scattering, escape peaks
due to internal fluorescence in the sensor material, backscattering'or other processes
mentioned in section 2.2. Potential changes of the absolute gain due to radiation
damage may suggest damage to other detector components, e.g. the pre-amplifier
or ADC.

!Compton scattering of the incoming photons with the material surrounding the detector at an

angle > 90°.
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Chapter 7
Detector Characterization

The parameters described in chapter 6 are used in this thesis as indicators for
radiation-induced damage and provide information about the quality reduction of
the produced data. We can evaluate changes in detector performance employing
standard detector characterization methods. The basic principles of detector char-

acterization will be therefore discussed.

We can divide the characterization procedures into two categories by the type of
detector images used. The first category of procedures uses dark data to estimate
the effects of the dark signal, i.e. offset and noise, which we can use to monitor
the leakage current increase (see chapter 6). Parameters like energy resolution or
absolute gain can be estimated from detector data when illuminated by X-rays. For
detector characterization purposes, it is usually desired to irradiate the sensor with
photons homogeneously and with the same intensity across the whole sensor area.

We refer to such characterization data as flat-field data.

7.1 Dark Characterization

Dark signal characterization of a pixelized detector evaluates detector offset and
noise on a per-pixel basis. The result of such a characterization is a set of pixel
maps describing the behaviour of the measured dark signal. A value at a defined
position in the characterization map refers to the value in a pixel with the same
position. Equation 7.1 gives the relation for the offset values, where p, , . represent
values in a pixel defined by its (x,y) coordinates in a specified image (z). The total

number of dark images is specified with N.
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1 N-1
]_?w’y = N Z Pay,z- (71)
z=0

We use the offset calculated from the dark images to subtract its value from the
corresponding images.

Variations in the voltage supplying the readout electronics might induce noise
affecting a group of channels with the same value. This effect is the so-called common
mode (CM). We determine the CM by calculating the median value per group of
channels, e.g. row, column, for which common characteristics exist, e.g. grouping
of multiple channels to common readout node. Equation 7.2 gives an example of a
common mode calculation for a row. The calculation and correction of the common

mode are performed after offset subtraction.

6x7y7z = media'nx7z SCC,y,Z ye 0,Nch ’Where SCE7y,Z = px,y,z - 2_91’ : (7'2)
Y

A noise map is calculated after offset and common mode correction was applied.

The noise map is calculated as

N—1
1
_ — 2 . -
Ozy = A| 77 E :(Tz,y,z - Tay) swhere 74y . = Spy . — Coyz

N
#=0 (7.3)

N-1
47 1
an szz—g Ty,
) N '
z=0

The offset and noise calculation [65] is performed by numerically stable Welford’s
algorithm [66]. Suppose the calculated offset map or noise map contains pixels,
which are significantly above or below the average distribution of values. In that

case, these pixels have to be masked and excluded from the analysis.

7.2 X-ray Characterization

The raw flat-field data are corrected for the offset calculated from the dark data
taken shortly before the flat-field measurements to keep conditions as similar as
possible. Afterwards, the offset corrected data are corrected for common mode.
In the next step, we evaluate the charge sharing effect. Charge sharing happens
between neighbouring pixels due to the finite size of pixels and charge diffusion.

The number of pixels holding charge from one photon event is referred to as an
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event pattern. The algorithm [65] evaluates the number of pixels contributing to
the event pattern and evaluates if the detected pattern can be attributed to a single
photon. The detected pattern is classified as valid only if the neighbouring pixels
do not contain another pattern so that the partial charge from the event occurring
in the adjacent pixel is excluded. Charge sharing events are classified based on
three event thresholds. Primary and secondary threshold are given as n X o0,,.
The primary threshold probes the signal in all the pixels, and values exceeding it
are marked as photon events. Subsequently, pixels adjacent to a pixel exceeding
the primary threshold are checked against the secondary threshold. If any of these
pixels exceeds the secondary threshold, the signal is considered to be resulting from
the same photon. It is summed up and stored in a pixel containing the highest
proportion of the split charge (primary photon incident pixel). It is to note that
more-evolved algorithms to correct for a split charge, providing a sub-pixel resolution
exist [67]. The upper event threshold verifies if the detected photon event results
from an X-ray photon. This is tested by supplying a value in ADU units above
which one does not expect the occurrence of the X-ray photon. Event exceeding the
upper threshold can result from minimum ionizing particle (MIP), e.g. cosmic ray
muon [68|. Event patterns for which no charge sharing with adjacent pixels exist
are the so-called single-pixel events (singles). After charge sharing correction, we
apply the relative gain correction to remove small pixel-to-pixel variations due to
different characteristics of the pre-amplifiers implemented in each pixel. Per-pixel
relative gain is calculated using only single-pixel events. These are not biased with
the relative differences from other pixels, as is the case for the split event. The
calculation is done by estimating a position of a photon peak in each pixel with a
Gaussian model and dividing this value by a mean peak position across the whole
sensor. A result of the relative gain calculation is a so-called relative gain map.
During the relative gain correction, the value in a pixel is divided by a value saved
in a relative gain map corresponding to the pixel position.

The spectrum of detected and corrected photon events is modelled with a Gaus-
sian distribution to evaluate energy resolution and the absolute gain of the detector
(see chapter 6).

Flowchart of procedures applied on data during characterization process is shown

in Figure 7.1.
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Figure 7.1: Flowchart illustrating the data correction and characterization steps
applied to the dark and flat field data. Black arrows visualize the sequence of steps.
Blue lines, on the other hand, are illustrating the results obtained from the dark

data analysis that are needed as an input for the flat-field data characterization.
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The ePix100a Hybrid Pixel Detector

The ePix detector family developed at SLAC provides multiple variants of hybrid
pixel detectors to support a wide range of applications at free-electron laser (FEL)
facilities. The ePix detectors are by design a versatile and easy re-configurable cam-
era system with common mechanical, electrical and data acquisition interfaces [69].
The ePix100a variant designed for low noise spectroscopy applications is used at two
EuXFEL scientific instruments, namely HED and MID.

8.1 ePix100a Camera Description

The ePix100a is a backside illuminated low noise camera optimized for X-ray exper-
iments requiring high spatial resolution and signal to noise ratio in the energy range
between 2keV and 18keV [12].

The ePix100a detector module comprises four ASICs flip-chip bonded to a 500 pm
thick silicon sensor with pixels of 50 x 50 um?, the front-end electronics, the cooling
system, its mechanics and housing. It is a 0.5 Mpixel camera with 704 x 768 pixels.
A summary of the main ePix100a characteristics is given in Table 1.1.

The left panel of Figure 8.1 shows a schematic view of a vertical cross-section
of the ePix sensor. The backside plane made from aluminium acts as the photon
entrance window. The bulk of the sensor is made of p-doped high resistivity silicon
with a phosphorus implanted backside (n) and a boron implantation at the side
of the metal gates (p*) to create a low resistance contact. Solder bump bonds
provide a connection to the ASIC. The 500 um thick sensor enables the detection
of X-ray photons with energies between 3 keV and 13 keV with a quantum efficiency
> 80% and at the same time efficiently shields the underlying ASIC from X-ray

radiation. Due to its backside-illuminated design, sensor structures sensitive to
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radiation-induced surface damage (e.g. Si/SiO; interfaces) are effectively shielded
by the sensor in this energy range.

The ePix100a’s ASIC provides signal processing and readout to an array of
352 pixels x 384 pixels. The dynamic range of the camera is equal to 220 ke~ which
is equivalent to &~ 100 x 8keV photons per pixel. The ePix100a can be operated
at a maximum frame rate of 240 Hz. At the EuXFEL, the camera is operated at
10 Hz (train repetition rate). Figure 8.2 shows a simplified schematic of the ePix100a
pixel. A low noise charge sensitive pre-amplifier (CSA) with pulsed reset processes
the analog signal provided by the sensor, which is subsequently low pass filtered.
Next, a correlated double sampling (CDS) stage performs a baseline correction and
noise reduction of the signal. Finally, the corrected signal is stored in a buffer. Fur-
ther processing of the analog signal is organized in a column-parallel fashion. Each
ASIC is divided into four banks. The analog output of the pixels of one bank ac-
commodates 96 columns. Columns of each bank are multiplexed to a single analog
output and subsequently digitized by an external sigma-delta ADC. Figure 8.1 on
the right schematically illustrates a structure of the ePix100a readout. The analog
output nodes are arranged on the top and bottom sides of the ASICs and sensor.
For a detailed description of the ePix ASIC, detector design and a performance re-
view, the reader is referred to Markovic et al. [11], Blaj et al. [12] and Nishimura et
al. [69].

The ePix100a module under study was specifically dedicated to perform the
radiation-induced damage study. The module has two ASICs with a good noise
performance, one ASIC exhibiting significantly higher noise and one unresponsive
ASIC. For the purpose of this study, only the two good ASICs were considered and
evaluated. All detector components and structures are identical to the modules used
for experimental applications at HED and MID. It is to note that the module under
study is not expected or required to provide the scientific grade performance. as

described earlier.

8.2 Characterization of the ePix100a Performance

To evaluate the ePix100a performance in terms of parameters described in chapter 6
we have taken sets of dark and flat-field data. Data analysis was done following the
procedures described in chapter 7. In the following section, a detailed discussion of

the ePix characterization and its results are given.
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Figure 8.1: Left: Schematic view of the ePix100a sensor cross-section including
interconnection bump bonds and the readout ASIC (kindly provided by M. Kuster).
The sensor is illuminated from the backside, i.e. from the bottom. Right: Schematic
drawing of the ePix100a sensor showing the arrangement of the 4 ASICs required to
read out one sensor section with a size of 352 pixels x 384 pixels pixels. Each ASIC is
divided into four banks accommodating 96 columns multiplexed to a single analog

output digitized by an external ADC.
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Figure 8.2: Simplified schematic of the ePix100a pixel.
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Figure 8.3: Offset maps of the ePix100a resulting from dark data taken at ¢y, = 50 us
shown on the left and at t,,; = 800 us shown on the right. Top and side panels on

both plots show the offset along columns, respectively rows.

8.2.1 Dark Signal Characterization

Characterization measurements were performed under vacuum conditions and at -
9°C to suppress thermal charge generation and with two different integration times,
i,e. 50us and 800 us. The integration time of ¢, = 800 us was selected due to
the higher sensitivity even to small changes in the leakage current induced by the
radiation damage, while ¢,y = 50 us corresponds to a typical integration time used
at HED.

Figure 8.3 shows offset maps calculated for the two integrations times. The panel
on the left corresponds to the offset measured at t,; = 50 us, while the offset map
for t1,; = 800 ws is shown on the right. The block structure visible in both maps is
due to the ASIC readout design as previously described in section 8.1. The spatial
offset distribution is comparable for both integration times. The mean value of the
offset across two ASICs at ty,, = 50 us is (1589 + 173) ADU and for t¢1,, = 800 us we
measure (1595 + 174) ADU. Following the analysis steps, as shown in Figure 7.1,
dark data have to be corrected for the common mode. As stated by Blaj et al. [12],
the common mode of the ePix100a is induced from the interference of the signals due
to the external (off ASIC) digitization. A common mode correction was applied to
the data to reduce the influence of common mode noise on the subsequent analysis

in three steps:

1. Common mode correction per ASIC
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2. Common mode correction per column

3. Common mode correction per row

Figure 8.4 shows the influence of the common mode correction on the dark data.
Starting from the top left, the dark image after offset subtraction and before com-
mon mode correction is shown. Stripe-like patterns are visible in both row- and
column-direction. The difference between the left and right ASIC is also observable.
The relative difference of offset-corrected signal variation between the two ASICs is
about 7%. Applying CM correction per block of the ASIC yields signal distribution
visualized in the top right plot. The difference between the two ASICs reduces to
4%.

Further, correction of common mode per column is applied, removing the vertical
noise patterns as shown in the bottom left plot. Finally, a common mode correction
to remove the additional signal variation along rows is performed. The fully common
mode corrected dark image is shown in the bottom right plot of Figure 8.4.

The left plot of Figure 8.5 shows a histogram of the offset corrected data at
different levels of the CM correction; blue line for the dark offset corrected signal,
orange line for the dark offset corrected signal with CM correction per ASIC (denoted
with B for "block") and green line for the CM correction applied per ASIC, column
and row (marked as B4+C+R). As can be seen, the peak is narrowing down, and the
common mode correction helped decrease its width by ~ 30%.

After the common mode correction has been performed, the noise calculation
follows. The spatial distribution of the noise on the sensor can be seen in Figure 8.6
for t1,x = 50 us on the left panel and for ¢,y = 800 us on the right panel. The bank
structure of the two ASICs is also recognizable in the noise map, with two banks
exhibiting a slightly higher noise in comparison to the rest of the banks. The bank
on the left ASIC has an RMS noise higher by 1.7e™ in comparison to the overall
RMS noise of 40.2 e~ and the bank on the right ASIC by 7.7e.

Moreover, a cloudy noise feature becomes dominant with higher integration time.
As the history of the sensor and the readout-ASICs is unknown to the author of this
thesis, the origin of the cloudy feature remains unclear. For the radiation damage
experiment, we have selected a region with good and homogeneous noise performance
to minimize the impact of the cloudy feature, referred to as the region of interest
(ROT).

The RMS noise measured at t1,; = 50 us amounts to 40.2 e~ and for tp,; = 800 us

we observe an RMS noise of 48.4e~, which is approximately 1.2x higher noise in
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Figure 8.4: Effect of different stages of a common mode correction on the spatial
distribution of the offset corrected dark signal. The top left plot shows the offset
corrected dark image before CM correction, the top right plot shows the same dark
image after the common mode correction per ASIC. The bottom left plot shows the
image after applying the ASIC CM correction and correction for columns. The last

image on the bottom right shows the image after applying ASIC, column and row

wise CM correction.
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Figure 8.5: Left plot: Histogram of the offset subtracted dark signal at different
stages of common mode correction. Blue line - before CM correction, orange line -
CM correction per ASIC block (B), green line - CM correction per ASIC, column
and row (B+C+R). Right plot: Effect of the common mode correction on the noise.
A shift of the noise distribution to lower values after performing common mode

correction is apparent.

comparison to the noise at ty,; = 50 ps.

As shown later, the noise is expected to scale linearly with integration time if the
primary source of noise is a leakage current, i.e. with a factor of 800 us/50 us = 16.
However, we observe only an increase by a factor of 1.2. Hence, the contribution
of the leakage current is negligible. Since the sensor is cooled to —9°C, the main
contributor is the noise from the readout electronics.

Reduction of the noise after performing the common mode correction is visualized
in the right panel of Figure 8.5. The RMS noise after common mode correction
decreases from 52.7e~ to 40.2e~, which is an improvement by 30%. Histograms of
the offset (left) and noise (right) for both integration times are shown in Figure 8.7.

Offset (top left 1, = 50 us, top right ¢1,; = 800 us) and noise maps (bottom left
tine = 50 s, bottom right ¢y, = 800 us) of the area selected for the radiation damage
experiment to be irradiated with a direct beam are shown in Figure 8.8. The average
offset found in the ROT is (1755 4+ 113) ADU at ¢1,, = 50 us and at ¢, = 800 us we
found the offset of (1762+113) ADU. The RMS noise of the selected region amounts
to 37.8 e at try = 50 us, respectively to 47.1e~ (¢, = 800 us).

8.2.2 Gain Calibration and Performance under Illumination

To characterize the gain and the detector’s energy resolution, flat-field data was

acquired by homogeneously illuminating the ePix100a sensor with Cu fluorescence
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shown on the left and at tp,; = 800 us shown on the right.
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Figure 8.7: Histograms of the offset (left) as measured at ¢, = 50 us (orange
line) and at ¢, = 800 us (blue line). The right plot shows the noise at the same

integrations time, i.e. at ty, = 50 us (green line) and at tr,; = 800 us (red line).
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Figure 8.8: Offset and noise maps of a 20 pixels x 20 pixels sensor area selected
for irradiation with the direct beam. Top plots visualize the offset measured at
tme = 50 us on the left and at tr,; = 800 us on the right. Bottom plots show the

noise measured with the same integration times.
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Figure 8.9: Setup used for calibration measurements of the ePix100a. The attenu-
ated beam is directed onto a Cu target. The ePix100a module is moved off-axis to
avoid contact with the direct beam. In addition to the Cu fluorescence’s photons,
the FEL beam (see figure 8.13) was detected due to the placement of the detector

in transmission geometry.

photons resulting from the FEL beam impinging a Cu target. The energy of Cu
fluorescence photons is Fk,, = 8047.78 eV and Fk,, = 8027.83eV. As can be seen
in Figure 8.9, the detector was placed at an angle of 90° with respect to the beam,
slightly shifted off the beam axis, and a Cu target was installed in a transmission
geometry. This detection geometry yielded a detector illumination with additional
9keV photons originating in the FEL beam due to scattering of the beam on the
target material (see section 2.2).

In accordance the data processing steps described in chapter 7, the collected
flat-field data are offset and common mode corrected. Afterwards, charge sharing
is evaluated and corrected for, and single-pixel events are used for the following
characterization steps. The spectrum of single-pixel events (singles) measured with
the ePix detector is shown in Figure 8.10. The energetic proximity of the two Ko
lines makes them indistinguishable in measurements with the ePix100a. Instead, we
observe a blend of lines with an average energy of 8037.81eV. The spectrum also
contains peaks resulting from multiple photon hits incident on a pixel within one
integration cycle (peaks to the right of the main photo-peak).

Gain calibration was performed in two steps: first, the data were corrected for
relative gain. The absolute gain (conversion factor between digital and energy units)
was subsequently determined from the resulting spectra. The relative gain is cal-
culated from single-pixel events, with a signal above 6 o noise threshold in a given
pixel. A relative gain map calculated from the Cu fluorescence single-pixel hits is
shown in Figure 8.11 on the left, and the zoom into the region of interest during

direct beam irradiation is on the right. The gain variation between pixels is &~ 4.2 %.

100



Chapter 8. The ePix100a Hybrid Pixel Detector

107
—— Singles
106 [0 1 photon
2 photons
3 photons
1IN
104 .
2
§ 103
o
102 A
101 4
100 1
0 5 10 15 20 25 30

Energy (keV)

Figure 8.10: Cu-K fluorescence spectrum of photons interacting with single pixels.
The spectrum consists of Cu-Ka line blend of 8.037 keV and the 9keV line resulting
from photons of the primary FEL beam (red region), visible as a shoulder on the
right side of Cu-K line and lines due to multiple photon hits during one integration
window. Peaks resulting from multiple photon hits are marked by the green region
(2 photons) and by yellow region (3 photons). Note: The plotted error bars are

smaller than the symbol size.

Before the relative gain correction, the 9keV line is present only as a bump on the
Cu-K line blend, without clear separation between the two. The relative gain cor-
rection narrows the peaks in the spectrum, thus making the Cu-K and 9keV line
more pronounced (see Figure 8.12). The pixel-to-pixel differences reduce to 0.3% on

average.

The absolute detector gain is calculated from a corrected spectrum by determin-
ing the positions of the observed lines employing a Gaussian model. In our scenario,
I have used three Gaussian lines; two lines to model the Cu-K line and 9keV line
and the third one to compensate for the low energy shoulder of the Cu-K peak due
to incorrectly reconstructed events. The incorrect event reconstruction arises when
the split charge in the adjacent pixels is not high enough to overcome the secondary

threshold. Each of the Gaussian lines is of the form of:
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Figure 8.11: Left panel: Relative gain map of the ePix100a used to correct the
collected data for pixel-to-pixel variation of the characteristics of the pre-amplifiers
present in each pixel. Right panel: Relative gain of the 20 pixels x 20 pixels large
ROLI.

fla) = Aexp (—M> , (8.1)

202
where A is the amplitude of the observed line, i represents the line’s position and
o being the standard deviation of the line. The best-fit Gaussian model with its
components is shown in Figure 8.13 on the left.

In the next step, the determined position of the Cu-K line and the 9keV line are
plotted against the expected energy. The absolute gain is then represented by the
slope of the linear fit of the data. The absolute gain of the ePix100a was calculated
to be g = (69.6 £ 0.5) eV/ADU. The calibrated spectrum is shown in Figure 8.13,
where also the expected and measured peak positions are denoted, showing very
good agreement between the two with the difference being < 0.5%.

The same procedure has been performed for the region of interest selected for
the irradiation experiment. Here we find the absolute gain of (70.1 +0.5) eV /ADU.

This value is consistent with the global gain uncertainties.

8.2.3 Signal to Noise Ratio, Dynamic Range and Energy Res-

olution

As presented earlier, the noise level of the non-irradiated ASIC is ¢ = 147eV RMS
for the integration time of 50 us. The signal to noise ratio (SNR) for the Cu-K
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Figure 8.12: Comparison between uncorrected single pixel hit spectrum (blue line)

and spectrum corrected for relative gain (orange line). The Cu-Ka line blend and

9keV line become clearly distinguishable.
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Figure 8.13: Left: The Gaussian model applied to the measured data to determine

the position of the lines and their widths. Right: Calibrated spectrum of single-

pixel events showing Cu-Ka line average at 8.037keV and primary beam at 9keV.

Measured (solid green lines) and expected (dashed green lines) energy peaks show

good agreement.
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fluorescence hence amounts to 55.

The dynamic range as presented in section 6.2 can be given as n number of pho-
tons that the ePix100a can resolve instead of ADU values. The ePix100a dynamic
range is specified for 8 keV photons, so the same notation is followed here. Using
the already determined absolute gain to convert between energy and digital units
for the dynamic range, we get 128 x 8keV photons.

The energy resolution derived from the Gaussian model applied to the data was
found to be (594 £ 43) eV FWHM, while for the ROI, we determined an energy
resolution of (641 £ 45)eV. The two FWHM values are compatible within the
given uncertainties. Following equation 6.10, we can calculate the expected energy
resolution if the measured photo-peak is Fano noise driven. For the calculated energy
resolution of the Cu-K line blend across two ASICs, we get 698 eV, while for the ROI,
we get an energy resolution of 656 eV. These results suggest the measured energy
resolution follows the theoretical value derived from the Fano noise relation and the
measured noise, confirming that the photo-peak is Fano-driven.

A summary of all the ePix100a characterized parameters presented in this section

is given in Table 8.1.

Table 8.1: Summary of the performance characteristics of the ePix100a detector.

Parameter tint 2 ASICs ROI

20 1589 £ 173 1755 £113

Mean offset (ADU
( ) 800 1595+ 174 1762 £ 113

_ 50 40.2 37.8
RMS noise (e7)

800 48.4 47.1
Gain (ev/ADU) 50/800  69.6+0.5 70.1+0.5
Dynamic range (n x 8keV) 50/800 128 128
Energy resolution (eV) 50 594 + 43 641 £ 45
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Chapter 9

Radiation Damage of the ePix100a

Detector

The ePix100a plays a key role in the experimental program of the HED instru-
ment. Hence its good scientific performance is essential. The detector is required to
provide low noise, i.e. < 80e”RMS and a peak-to-noise separation > 5o @5keV,
thus an radiation-induced noise increase is an important parameter to observe and
evaluate closely. Another important parameter is the detector’s dynamic range, as
its significant reduction will lead to a decreased capability to resolve high-intensity
signals.

Understanding the effects of radiation-induced damage on the detector’s perfor-
mance and assessing the detector’s lifetime is essential to ensure reliable scientific
operation (based on the parameters described above and in chapter 6). It is im-
portant to provide a time frame for damage compensation measures to take place
in terms of re-calibration, repair or module exchange. In the following chapter, a

radiation damage study of the ePix100a will be discussed.

9.1 Motivation for the Radiation Damage Studies
of the ePix100a

As discussed in section 1.2, detectors have been specifically designed and built for the
needs of the European XFEL. Since high radiation tolerance is one of the require-
ments for these detectors, the AGIPD detector, together with the LPD detector,
have been optimized to incorporate a higher level of radiation hardness into their

design. Thorough studies of the influence of X-ray radiation on silicon sensors have
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been conducted during the design and development phase of the first generation of
these detectors.

At the time of the AGIPD development, no previous studies were addressing
highly irradiated silicon sensors by X-rays of the FuXFEL energies. Results by
Zhang et al. [70, 71, 72| give insight on the parameters determining the damage
depending on the induced dose and their influence on the operation of various types
of silicon sensor designs. These studies provided valuable knowledge to design and
optimize the sensor parameters as reported by Schwandt et al. |73, 74]. An overview
of the AGIPD design challenges and development strategy is given by Klanner et
al.[75].

The radiation hardness studies performed for the LPD detector [76] aimed to
investigate X-ray radiation damage on different components of the detector assembly,
e.g. sensor, ASIC, ASIC memory or bias circuitry. The observations led to an
optimization of the assembly layers and to the addition of extra shielding for the
most sensitive parts of the detector assembly, e.g. ASIC memory.

Other detectors, not explicitly built for but used at the EuXFEL, were also ex-
amined for their radiation hardness and exhibit a certain level of radiation tolerance,
e.g. the JUNGFRAU 77| detector.

The studies cited above provide helpful knowledge and valuable observations for

the here presented experiment results.

9.2 Experiment Setup

The ePix100a radiation damage experiment conducted at the HED was designed
to investigate effects induced by irradiation with the FEL beam. The detector
was irradiated with a direct attenuated beam. We have used a beam with a photon
energy of 9keV, corresponding to the commonly used energy at the HED instrument.
The full beam energy of the EuXFEL is of the order of mJ. Exposing the detector to
the direct beam would cause instantaneous and permanent damage to the detector
hardware. We have attenuated the beam below the immediate damage threshold
with a configurable stack of Chemical Vapour Deposition (CVD) diamond and Si
foils of various thicknesses to avoid the mentioned scenario. An X-ray Gas Monitor
(XGM) was continuously monitoring the beam intensity. The XGMs are designed
to perform a non-invasive measurement of the X-ray pulse energy with an absolute
accuracy of 7% — 10%. A detailed description of the XGM is provided by Sorokin et

al. [78], and performance details and an overview of usage scenarios at the EuXFEL
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Attenuator Attenuator Irradiation
Stack Stack Position
FEL Beam XGM ePix
| Module
HED
VVacuum Chamber

Figure 9.1: Experimental setup used to irradiate the ePix100a detector with the
direct beam at the HED instrument (kindly provided by M. Kuster). The primary
beam intensity is attenuated by two stacks of absorbers located before and after the

X-ray Gas Monitor.

are given by Maltezopoulos et al. [79].
Throughout the course of the experiment, we have operated the detector under
vacuum at a pressure of 1 x 107° mbar, cooled to —9 °C and biased with 200 V. The

2 covering an area of ~ 20 pixels x 20 pixels

beam spot area was approximately 1 mm
of the ePix100a sensor. The beam spot was placed in the area having the lowest pre-
irradiation noise as explained earlier in section 8.2. The placement of the irradiation
spot on the sensor is shown in Figure 9.2. A summary of the FEL beam settings and
detector parameters is given in Table 9.1. The experiment setup used to irradiated

the ePix100a with the direct FEL beam is schematically shown in Figure 9.1.

9.3 Experiment Methodology

We have performed the ePix100a irradiation in cycles. Each irradiation cycle con-
sisted of a 20 minutes exposure with a direct FEL beam, followed by dark image
measurements with 50 us and 800 us long integration times. We used the dark mea-
surements to monitor the state of the detector module after each irradiation cycle.
We have irradiated the sensor with a dose rate of approximately 180 kGy/ mm>h at
the Si/SiO, interfaces in the sensor. In total, we repeated the irradiation cycles 15
times during the course of the study. The sequence of individual steps during the
experiment is shown in Figure 9.3.

The experiment further involved calibration data taking prior to and after irra-

diation to evaluate the performance evolution of the detector. The taken calibration
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Figure 9.2: The noise map of the ePix100a measured at ty,; = 50 us, visualizing
placement and size of the area irradiated by the FEL beam (blue square). The
bottom left ASIC exhibits a higher noise level than the two ASICs located on the
top. The ASIC on the bottom right does not provide any data.

108



Chapter 9. Radiation Damage of the ePix100a Detector

Table 9.1: Summary of the relevant beamline and detector operation parameters as

used during the irradiation experiment.

Beam parameters

Average beam energy at the detector 10nJ/Pulse

Photon energy 9keV

Number of X-ray pulses per train 100 Pulses

Dose rate at the Si/SiO, interfaces ~ 180kGy/h

Beam intensity monitoring XGMs at HED beamline

Detector parameters

Pixel size 50 pm x 50 pm

Sensor size 704 pixels x 768 pixels
Sensor thickness 500 pm

Irradiated sensor area 20 pixels x 20 pixels (1 mm?)
Full well capacity 220 ke~

Frame rate 10Hz

Integration time 50 pus and 800 us

Bias voltage 200V

Sensor temperature —9°C

Environment Vacuum, p < 1 x 107° mbar
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Calibration data — Irradiation cycle —— Calibrationdata ——  Monitoring

PN

Dark data Direct beam
on sensor

Figure 9.3: Flowchart illustrating individual steps of the irradiation experiment to

study radiation-induced damage of the ePix100a detector.

data consists of flat-field measurements using Cu-K fluorescence photons resulting

from the irradiation of a 50 um thick Cu target, taken at 50 us integration time.

9.4 Dose Evaluation

As stated above, the intensity of the beam was measured by an XGM. However, the
XGM measurement does not provide information about the spatial distribution of
the beam intensity on the ePix’s sensor. In order to determine the intensity profile
of the beam, we have performed measurements of the beam profile at low X-ray
intensities with the ePix100a detector. These measurements provided us information
on the spatially resolved distribution of the beam intensity on the ePix100a sensor.

As explained in section 1.1, the generation of the FEL beam results in the pro-
duction of harmonic lines of higher energies. In our case, the beam profile contained
the fundamental beam energy of 9keV, and a significant contribution of the third
harmonic at 27 keV.

We have measured the beam profile for various attenuation levels of the ab-
sorbents to determine the beam’s profile more precisely. As the desired attenuation
is calculated and optimized for the fundamental energy, higher harmonic energies
are attenuated only weakly. Using very high attenuation levels, such that the beam
intensity is reduced by 12 orders of magnitude, almost completely suppressing the
fundamental beam, allows measuring third harmonic contribution.

The contribution of the third harmonic can be seen in Figure 9.4 on the left. By
decreasing the attenuation by two orders of magnitude and subtracting the third har-
monic measurement from the measurement with fundamental beam not suppressed,
a clear profile of the 9keV can be obtained as shown on the right of Figure 9.4.

Irradiating the detector with a high beam energy of 2 65pJ led to saturation

of the signal. Pixels located in the core of the beam became unresponsive during
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Figure 9.4: Left: Average beam energy observed with the highly attenuated 9 keV
beam showing a contribution of the third harmonic at 27keV. Right: The beam
profile of the 9keV beam after subtraction of the third harmonic contribution (shown
on the left side).

the time of irradiation. The size of the resulting unresponsive area is approximately
equal to the size of the ROI, i.e. 20 pixel x 20 pixels. This effect is discussed more
closely in section 9.5. Here, the importance of the observed effect lies in the pos-
sibility to monitor the position of the beam during each irradiation cycle on the
ePix100a sensor, thus allowing for a more precise calculation of the per-pixel dose.

The data processing steps performed to calculate the total absorbed per-pixel
dose are shown in Figure 9.5. The procedure starts with the evaluation of the
position of the inactive pixel area. The Canny edge detection algorithm [80] is
employed to detect the edges of the inactive area and assigns a circle to it. The
detected circle’s centre is assumed to be the beam core’s centre. The left panel of
Figure 9.6 shows an exemplary result of the inactive area detection. The inactive
area is marked with light blue dots, and the white cross corresponds to its centre.
Based on the detected circular area, a proportional per-pixel beam distribution F, ,
is applied, calculated as

Foy= —mv (9.1)

where Ep, , is the beam energy deposited in a given pixel. The pixel with the highest
value from the proportional beam distribution is identified as the circle’s centre. In

the next step, the XGM intensity is converted to photon count numbers N, and
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distributed into the inactive area based on the given proportionality. This procedure
is repeated for every image taken during irradiation. The result is the number of

photons delivered to a given pixel denoted as photon intake Cpy,_ .

n—1

= Z(Nphz ’ Fw,y)‘ (9.2)

z=0

Con

z,Y

The total per-pixel photon intake can be seen in figure 9.6 on the right.
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Figure 9.5: Flowchart of the analysis steps to calculate the per-pixel intake of the

incoming photons throughout the course of the irradiation experiment.
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Figure 9.6: Left: The inactive region detected for one image frame. The light blue
colour marks the circular area used to determine the centre (marked with white
cross). Right: Per-pixel photon intake (photons/pixel) calculated for all irradiation

runs.

To estimate the absorbed dose, the MULASSIS tool [81] was used to simulate
the dose at different depths of the ePix100a sensor. It is a Geant4 based Monte

Carlo simulation tool used to analyse particle fluence and dose in various shielding
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materials. The user can configure the type of the radiation source and its energy
distribution, the geometry and the shielding materials, the analysis requirements,
e.g. particle fluence, the total ionizing dose or pulse-height spectrum (PHS) and de-
fine a physics model to be used for the simulation. The MULASSIS uses Geant4 [82]
physics models, e.g. standard electromagnetic (EM) processes [83], low energy EM

processes [84], coupled hadronic processes [85] and others.

In my simulation, I have used the standard EM physics model [83] with a 9 keV
monoenergetic point source. The analysis output was the total ionizing dose. The
dose deposited in the ePix100a sensor was simulated by using 13 layers representing
the vertical structure of the sensor as shown in Fig. 8.1, namely: 1pum Al 10 X
50 um Si, 2 pym SiOs and 30 um Sn. The per-layer simulated dose normalized to
1 photon/ cm? was combined with the already calculated spatial photon distribution
integrated throughout all irradiation cycles yielding a per-pixel dose profile shown

in Figure 9.7.

The top image of Figure 9.7 shows dose distribution in the sensor at the depth
of the SiOy structures. A vertical projection of the dose profile visualizes the dose-
depth-distribution through the column (left) and row (right) with the highest ab-
sorbed dose in the bottom half of Figure 9.7. As can be seen from the top panels of
both plots, the distribution of the dose along the row is broader. This is due to the

horizontal movement of the beam spot during irradiation.

The region closest to the surface at the entrance window has received a maximum
dose of 1.3 MGy at column number 10 and row number 9. This dose is reduced by a
factor of 240 to 5.4 kGy deposited at a depth of the SiO, structures due to absorption
by the sensor material. The total dose integrated over the spot profile amounts to
180 MGy delivered to the sensor’s surface when neglecting absorption in the sensor
material. Correspondingly the beam spot integrated dose absorbed at the SiO, level
is 760 kGy. The dose received by the ASIC is further reduced and can be estimated
to < 24kGy at the surface of the ASIC. The other structural features of the ASIC

are neglected in this calculation.

It is to note that we do not expect effects related to dose enhancement as the
thickness of the oxide layer is ~ 2 um (see section 4.3.1). Moreover, the dose calcu-
lations are not only based on the mass absorption coefficient of the given material
but were estimated via Monte Carlo simulation, where the generation and range of

secondary electrons in the given material were assumed.
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Figure 9.7: Top: The per-pixel dose distribution deposited at a depth of the SiO,
layers in the region of interest (ROI) is shown. The bottom left corner of the plot
corresponds to the bottom left corner of the ROI marked as a blue rectangle and be-
ing labelled "Irradiated Area" in Figure 9.2). Bottom: The depth dose distributions
along the column 10 (left) and row 9 (right) of the region of interest. The image
orientation is the same as the schematic view of the sensor shown in Figure 8.1 left,
i.e. the 1uym thick Aluminium entrance window is located at the bottom and the
pixel structure on the top of the images. It is to note that the dose values are shown

on a linear scale in the top image and on a logarithmic scale in the bottom images.
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9.5 Results

9.5.1 Immediate Effects

We have irradiated the ePix100a sensor with a beam attenuated below the immedi-
ate damage threshold to maximize the delivered dose. The beam intensity threshold
was tested on a noisy ASIC. We have determined that the ePix100a module can
withstand intensities with an energy of up to Eg > 1 uJ for longer periods of time
in the order of minutes. Hence this intensity was used for the module irradia-
tion. Irradiation of the sensor with this intensity caused pixels in the centre of the
20 pixels x 20 pixels large ROI to become unresponsive. Despite their unrespon-
siveness during irradiation, these pixels were fully functional during the dark signal

measurements.

After each irradiation run, the dark data collected exhibited an increasing num-
ber of individual pixels with their offset surpassing the upper level of the ADC
dynamic range. Figure 9.8 shows the behaviour of pixels shortly after the last ir-
radiation. Most of the area shown has pixels completely saturated with a signal
(visualized in yellow colour). A discussion to the observed effects of unresponsive

pixels and high-level offset is given in section 9.6.

é 15000 1 — Mean
< 10000 -
Qe 5000 14000
°
175 * 3 13500
15.0 12000 9 < e
?
125 & 13000
w ~ o
£ 10.0 S 10000 4
] o)
T 55 < T T T
' = 0 20 40
Q .
5.0 £ 8000 Time (s)
2.5 o
- ®
0.0 —
10 6000 + ®
Columns " "
—— Exponential fit
Dark
signal (ADU) 4000 - ® Data
X N, B Yo Ry %y . T . . : ;
P v P % 9 % 0.0 0.5 1.0 15 2.0 2.5
Dark signal (ADU) Time (h)

Figure 9.8: Left: Irradiated sensor area demonstrating saturated pixels with a dark
signal above the dynamic range of the ADC. Right: An exponential decrease of the

dark signal in a span of three hours after the irradiation.
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9.5.2 Post-Irradiation Performance
Offset and Noise

During the first three hours following the last irradiation cycle the offset of individual
pixels decreased exponentially with time with a decay constant of —0.413h™" as
shown in the right part of Figure 9.8 for ¢, = 800 us.

The offset stabilized three days after irradiation at a higher level of 1832 ADU in
comparison to the pre-irradiation level of 1762 ADU. As apparent from Figure 9.9,
the level of offset and noise change measured 3 days after irradiation remains the
same also for the consecutive days. In general we observe a larger offset and corre-
sponding ENC increase for tp,; = 800 us.

Evaluating the offset change 46 days after irradiation, yielded an offset increase
by approximately 15% for t1,; = 800 us and by 1% for t1,; = 50 us. As shown in the
right part of Figure 9.9, the RMS noise observed in these pixels follows the same
behaviour. While the noise at t1,; = 800 us has increased by 85%, for ty,, = 50 us
the increase is at the level of 30%.

The measured increase in offset scales linearly with the integration time, i.e. with
a factor of 800 us/50 us = 16, which is expected if the effect is caused predominantly
due to an increase of the dark current. As shown in Figure 9.10, the ratio of offset
change for the two integration times approaches the expected factor of 16 when the
leakage current increases, which happens for doses above &~ 4kGy. The function
qualitatively modelling the data consists of three regions describing the expected
behaviour of the offset with different integration times. The first region, constant
at one, expresses negligible contribution of the leakage current (dose = 0 Gy), hence
no difference between shorter and longer integration time exists. As the dose in-
creases, the leakage current exhibits a linear increase (the second region). Finally,
it approaches the third region at a value of 16, which is expected when the leakage
current dominates.

The spatial distribution of the induced offset (left) and noise (right) changes 46
days after irradiation is shown in Figure 9.11 for ¢, = 800 us and for ty,,; = 50 us
in Figure 9.12.

Since different pixels within the ROI have received a different dose and assum-
ing the pixels inside the ROI react similarly to radiation-induced damage, we can
evaluate the change of the offset and RMS noise between pre- and post-irradiation
conditions depending on the dose. As the design of the pixels is the same, and

minor variations in the sensor production process can be neglected, this assumption
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Figure 9.9:  Left: Evolution of the offset as observed in the pixel showing the

highest relative offset change for the two integration time settings, i.e. tr,; = 50 us

and t1,; = 800 us. A stabilized state at increased offset values (with respect to the

pre-irradiation offset level) follows the exponential decrease of the offset observed

during the first days. Right: Relative change of the noise as observed during the

days following the last irradiation cycle. The noise behaviour as a function of time

mirrors the time evolution of the offset.
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Figure 9.10: Ratio of the offset change measured at 800 us and 50 us (blue dots).

The black line shows the scaling factor of 16 expected from the ratio of the inte-

gration times. The ratio of offset change for the two integration times approaches

the expected factor of 16 when the leakage current contribution dominates, which

happens for doses above ~ 4 kGy.
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Figure 9.11: Radiation-induced changes of the offset (left) and noise (right) for
tme = 800 us evaluated 46 days after irradiation.
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Figure 9.12: Radiation-induced changes of the offset (left) and noise (right) for
tme = 50 us evaluated 46 days after irradiation.
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Figure 9.13:  Left: The offset change observed in pixels of the ROI (difference
between pre- and post-irradiation values) depending on the accumulated dose at
the depth of SiO, layers is shown for 1, = 50 us (orange) and tp,; = 800 us (blue).
Right: Dependency of the ENC observed in pixels of the ROI on the accumulated

dose in units of electrons for the same integration times (green: 50 us, red: 800 us).

is justified.

Figure 9.13 shows the offset (left) and noise (right) changes depending on the ab-
sorbed dose at the depth of the SiO, interface as measured 46 days post-irradiation.
Here the influence of the longer integration time is clearly visible. The slope de-
rived from fitting a linear function to the data yields an offset and ENC change
rate of (56.0 £ 0.6) ADU/kGy and (8.7 £ 0.1) e~ /kGy for t1,, = 800 us and (1.0 +
0.2) ADU/kGy and (2.0 £ 0.1) e~ /kGy for t1,, = 50 s, respectively.

If absorption of the radiation in silicon is neglected when calculating the dose, the
offset and ENC change rate yields (235.9+2.6) ADU/MGy and (37.4+0.6) e~ /MGy
for tr, = 800 us and (4.2 +0.6) ADU/MGy and (8.3 +0.4) e~ /MGy for tp,, = 50 us
The maximum observed increase of the offset reduces the available dynamic range

of the detector by approximately 2% for t1,; = 800 us and ~ 0.1% for t1,; = 50 us.

Gain and Energy Resolution

In order to characterise the gain and energy resolution of the ePix100a after irradia-
tion, we took post-irradiation Cu-fluorescence flat-field data. The data taking took
place approximately one and a half hours after completion of the last irradiation
cycle. At that time, most of the pixels in the central part of the ROI were still
saturated, thus not detecting the charge created by a photon interaction. Due to
time-constrained access to the instrument and beam, performing calibration mea-

surements at a later time was not possible. Therefore, we have used pixels located
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Figure 9.14:  Left: The spectral distribution of the Cu-Ka photons and 9keV
photon peak (detected by pixels in the periphery of the ROI) before irradiation
(black) and after irradiation (red). Right: The Cu-Ka peak width (assessed as
FWHM) depending on the dose absorbed in the SiOs layer. Values extracted from
the measurement are marked with green dots, while the yellow squares shows the

expected FWHM values calculated from the noise.

in the periphery of the saturated area to compare the pre- and post-irradiation
performance of the gain and energy resolution.

Figure 9.14 on the left shows a comparison of the measured spectrum of the
Cu-K, line blend and the 9keV line before (black) and after irradiation (red). The
spectrum was calculated from periphery pixels in the ROI. The FWHM of the lines
is larger after irradiation, and the lines have a more pronounced low energy tail.

The right plot of Figure 9.14 shows the relation of FWHM on the dose ac-
cumulated by each pixel. We observe an increase of the FWHM at the level of
(115 £ 71) eV /kGy. Following the Fano statistics-driven energy resolution of a de-
tector described in section 6.3, an expected energy resolution can be calculated based
on the measured noise. The yellow squares (labelled as "Calculated") refer to values
calculated as given by Equation 6.10. The increase of the FWHM values follows
the same slope (within the estimated errors) as the calculated intrinsic resolution
values. The intercept values of the linear models are separated by (267 4 82) ¢V,
which is approximately consistent with the mean noise of peripheral pixels measured
after irradiation, i.e. (167 4 87)¢eV. These results suggest that a radiation-induced
noise increase drives the observed broadening of the Cu-K lines. It is to note that
in order to convert ADU values to eV /e~ units a pre-irradiation absolute gain value
of g = (70.1 £ 0.8) eV/ADU was used.

Before irradiation we find (114.75 £ 0.07) ADU for the position of the C-K, line

blend. Figure 9.15 shows the position of the Cu lines extracted from single-pixel
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Figure 9.15: Position of the Cu-K line as a function of the absorbed dose in different

pixels. The line position was determined by fitting a Gaussian model to the spectra.

spectra of irradiated pixels as a function of the absorbed dose. Applying a linear
model to the data yields a slope consistent with 0, indicating that the position of the
Cu-K line does not change with dose. The C-K, lines after irradiation are located
at (113.62 +0.37) ADU as we determined from the linear model.

As the flat-field calibration measurement contained only pixels with an absorbed
dose below 2kGy, we could not evaluate the behaviour of the gain for the most

irradiated pixels.

In order to identify potential gain changes, we performed a charge injection scan
with the current sources implemented in each pixel 240 days after irradiation. During
this scan, an increasing amount of charge is injected into the pre-amplifier with an
internal 10-bit pulser, thus simulating the charge created by photon interactions in
the sensor material. In this mode, the sensor does not contribute to the measured
signal. We used 1024 steps of the pulser to scan the full dynamic range of the ADC.
Gain values depending on the absorbed dose calculated from Cu-K fluorescence data
are shown on the left panel of Figure 9.16. The plot shows only gain values for doses
below 2kGy. The slope (—4.6 & 5.7) x 107> ADUkeV "Gy ' derived from a linear
model fitted to the data is consistent with zero. This indicates that the gain does
not change significantly up to a dose of ~ 2kGy. This behaviour changes as soon
as higher dose levels were reached. Taking the charge injection data covering the
range between 3500 Gy and 5500 Gy into consideration (right part of figure 9.16),
we find the gain decreasing with the rate of (—=7.4 £0.5) x 107> ADUkeV 'Gy ™' as
indicated by the black line in the right panel of Figure 9.16. Based on the estimated
slope we expect a gain decrease by 1 ADU/keV per ~ 13.5kGy.
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Figure 9.16: Left: Gain estimated from the Cu-K fluorescence data depending on
dose. The black line shows a model derived from charge injection data (marked as
"CI model") extrapolated to the dose range of (500 — 5500) Gy. Right: The gain
calculated from the internal charge injection data in relation to the absorbed dose

is shown. Only gain values for a dose above 3.5 kGy were evaluated.

9.6 Discussion of the Observed Effects

9.6.1 Unresponsive Pixels upon Beam Irradiation

Irradiation with the high intensity FEL beam at an energy of Epean > 1 1J caused
unresponsive pixels for the beam centre with an area of approximately 20 pixels x
20 pixels. As the ASIC does not implement protection circuitry for signals signif-
icantly above the detector’s dynamic range, and the pixels are not permanently
damaged, the mechanism by which this occurs has to be further investigated. In
that matter, we have established contact with the ASIC designers, who are follow-
ing up with simulations of the electronic circuitry. One should emphasise that the
observed effect is short-term and only present during ongoing beam irradiation. It
does not lead to permanent damage: after irradiation, these pixels exhibit a dark

signal saturating the detector’s dynamic range (see section 9.6.2), but recover to an

offset level comparable to the surrounding pixels within the following 48 hours.

9.6.2 Offset Surpassing the Dynamic Range of the ADC
Heat Simulation

The energy deposited to the sensor from the intense FEL beam can lead to a tem-
perature rise of the irradiated area. Heating up of the sensor material leads to the
generation of thermal charge carriers contributing to the leakage current. To inves-

tigate the observed high level of offset surpassing the dynamic range of the ADC, I
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have performed a simulation of the heat distribution resulting from irradiation with
the FEL beam. The main motivation was to investigate the time-scale of heat dissi-
pation to the sensor material and understand if the accumulated heat could explain
the increased offset.

The simulation of heat dissipation was done by numerical solving of a two-

ou *u  0%u

- = -+ — 9.3

o~ @ (ax2 * ayz) (9:3)
with a Finite-Difference Method (FDM). The FDM is used to solve differential

equations by approximation of derivatives with finite differences as explained in the

dimensional heat equation

following. The method is based on Taylor’s theorem giving an approximation to an

n-times differentiable function around a given point a by a series expansion given as

n

— () n
o) =3 oy (9.4)
n=0
The derivative of the function f at point a is defined as

) tim L0 = S @)

h—0 h ’

(9.5)

and if this limit exists, the function is differentiable. The Taylor’s expansion of the

function f, known as the Taylor polynomial, can be then written as
f(wo + Az) = f(xo) + Axf'(z0) + Ra(x), (9.6)

where R;(x) corresponds to the difference between the original function and the
first order Taylor approximation. If R;(z) is sufficiently small, it can be neglected.

Taking o = a and Az = h, one can write

fla+n) ~ f(a) + hf'(a), o
I ARIRS (O] -

The last expression gives a linear approximation to the derivative defined by equa-
tion 9.5 [86].
To numerically solve the heat equation (Eq. 9.3) using the FDM, the spatial

domain (z,y) and time domain () are partitioned as shown in Figure 9.17 left,

yielding;:
x; = 1Az,
yj = JjAy, (9.8)
t, = nAt.
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Figure 9.17: Left: Coordinate system for FDM partitioning, where z, y are spatial
coordinates and t is the temporal coordinate. Right: Stencil of the explicit finite

difference method for a two dimensional problem.

A solution of the heat equation is then given by
(i, gy, t) = . (9.9)
Using an explicit method of FDM, based on the stencil visualized in Figure 9.17,

right panel, the heat equation can be rewritten to

n+l
4J

At

u

uj; Uy = 2up; H Ul Uy — 22U U
- =0. 9.10
Ax? * Ay? ( )

Taking Az = Ay, a solution of the heat equation in time n + 1 is given as

4daAt

uz;‘l = u:;](l - A—x2> + T(u?_,_ld + U/,?_Lj + U/ZJ_;'_]_ + qu—1)7 9 11

. At (9-11)
whnere r = oa—-—-;.
Az?

This explicit method is numerically stable when

(9.12)

The coefficient « is known as the thermal diffusivity of the material.

The sensor to be simulated was represented by a plate of 10 mm x 10 mm. The

boundary conditions were defined as follows:
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u(z,0,t) =
u(z, H,t) = —=9°C,
ul0y,8) = ~9°C, (9.13)
u(W,y,t) = =9°C,
(a: y,0) =0°C,
u(z =5,y =5,0) = Tinit,

where W, H are the width and height of the plate and T},;; is the initial temperature

rise induced by the FEL beam during a 20 minutes long irradiation cycle given as

Q
Tiit = ——. 9.14
! cpV ( )

With Q = 9.9 x 1200s, ¢ = 0.71 &, p = 233 &5, V = (1 x 1 x 0.5) mm?, where

@ is induced thermal energy, c is the specific heat capacity of silicon, p is the silicon

Cm3 ?

density, and V' is the volume of the irradiated part of the sensor. As thermal energy,
the average energy of the beam delivered per second was taken into account. In
reality, the thermal energy delivered to the sensor is lower since a fraction of the
beam energy is used for ionization processes. Therefore, using the total beam energy
will provide an upper estimate of the time needed to dissipate the accumulated heat
in the sensor material. Figure 9.18 shows the temperature distribution across the
sensor area of (10 x 10) mm?, 150 ms after the end of beam irradiation. The result
shows that the accumulated heat can be sufficiently dissipated to the sensor material
within a fraction of a second. Therefore the contribution of the thermal current
several minutes after the irradiation, when dark measurements are performed, is

negligible.

Distortion of Depletion Boundary

Another potential explanation of the offset exceeding the dynamic range of the ADC
is the mechanism suggested by Schwandt et al. [73]. The generation of electron-hole
pairs close to the Si—SiO, interface and build-up of positive charge lead to high elec-
tric fields near the interface, causing changes to the depletion boundary. Coulombic
repulsion between positively doped boron implantation and positive charges accu-
mulating near the oxide layer might result in the shrinking of the boron implanted
region on its edges, thus exposing the metal contact as depicted in Figure 9.19.

The distorted boron-doped region allows the depleted area to extend to the region
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Figure 9.18: Temperature distribution on the 10 mm x 10 mm silicon sensor repre-
sentation (neglecting its depth) 150 ms after a 20 minutes long irradiation with the
direct FEL beam.

close to the metal contact. Potentially, the bending of the depletion boundary can
reach the edges of the metal contact and thus increase the electron leakage current.
When the generation of new charge carriers is interrupted, the recombination pro-
cess dominates. Hence, the leakage current will decrease exponentially as observed
and shown in the right part of Figure 9.8. A device simulation based on the specific
design of the ePix100a sensor would be required to explain the observed behaviour

in more detail, which is beyond the scope of this thesis.

9.6.3 Gain Changes

The radiation-induced effects on the gain, visible in the charge injection scan data,
were pronounced at higher doses. Performing a charge injection scan allows separat-
ing different sources for the potential gain changes. Following the sensor and ASIC
layout shown in Figure 8.1, we can identify two sources for the observed effect, radi-
ation damage induced in the sensor and the readout electronics located in the ASIC.
As the sensor-induced signal does not significantly contribute to the charge injec-
tion measurements, the observed gain changes indicate a radiation-induced effect
on the readout electronics in the ASIC. Different mechanisms could lead to such an
observed gain decrease. Presently, it is not fully understood which of these mecha-
nisms contribute to the gain change observed in the ASIC, and further investigation

is required, which is out of the scope of this thesis.
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Figure 9.19: Schematic visualization of an ePix100a pixel when irradiated with
high intensity. Dashed orange line shows the p™ boron implanted layer under nor-
mal operating conditions. When charges are accumulated near the SiOy the boron

implantation shrinks and exposes the metal contact to the depleted area.

9.7 Lifetime Estimate of the ePix100a

I have used the radiation-induced damage presented in the previous to estimate
the lifetime of the detector depending on the beam energy used during experiments
and limits for the measurement time beyond which the performance of the detector
will significantly degrade. The estimates presented in the following are based on the
extrapolation of the measured relationship of the induced damage and dose absorbed

in the SiO, layer.

Figure 9.20 illustrates the time needed to reduce the dynamic range depending
on the beam energy. A reduction of the dynamic range by 50% can be expected at
a dose of ca. 131 kGy for ¢, = 800 us and at ca. 7.4 MGy for ¢y, = 50 us deposited
in a single pixel. This amounts to ca. 13MGy for t,; = 800 us and 740 MGy
for ty = 50 us of dose deposited in the SiOy layer per 20 pixels x 20 pixels area
(ROI), assuming a per-pixel beam distribution obtained during radiation damage
study. Saturation of the ADC dynamic range will occur at 262kGy (t1,, = 800 us),
respectively at 14.8 MGy (tr,¢ = 50 us) for a single pixel, i.e. at 26 MGy (tr =
800 us) and at 1.48 GGy (tr; = 50 us) of the total absorbed dose in the ROI. The
left panel of Figure 9.20 shows three exemplary cases for the expected dynamic
range behaviour: a dynamic range reduction as observed in this radiation damage
study (blue dots), an extrapolated loss of 50% of the ADC range (orange dots)
and the saturation of the ADC dynamic range due to the leakage current (green

dots) for 800 us integration time. The same cases are plotted for t,, = 50 us on
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Figure 9.20: Estimate of time needed to reach specific level of the dynamic range
reduction at a certain beam energy. Three scenarios are shown; the reduction level
observed during this radiation damage study (blue dots), reduction to 50 % of the
initial dynamic range (orange dots) and complete saturation of the ADC by the
leakage current (green dots). The left plot shows the estimate for t1,, = 800 us and
the right plot is for #,,; = 50 ps.

the right. The lowest beam energy shown in both graphs corresponds to an energy
equivalent to the upper limit of the ePix100a dynamic range, i.e. 100 photons at
8 keV. We assumed that mostly the same region of the detector is illuminated during
scientific experiments for the estimate. This assumption is reasonable for small-angle
scattering experiments. The horizontal lines in both plots visualize the number of
hours the detector can be exposed to the beam during one, three and five years of
operation at the EuXFEL to reach the corresponding dynamic range reduction. For
our estimate, we assumed 4216 hours of beam time operation per calendar year at
the EuXFEL. This value corresponds to the planned X-ray delivery time for the
year 2021. As one beamline serves two scientific instruments, the allocated time is
shared equally between the two instruments. Moreover, we estimate the detector to
be exposed to X-rays only 50% of the available time. If the exposure time is taken as
a variable, one can get a complementary estimate to the one shown in Figure 9.20.
The estimates are provided for 5 years of operation at the EuXFEL, thus considering
in total 10540 hours of the beam. Figure 9.21 illustrates the proportion of beam
irradiation on the detector to reach a certain level of the dynamic range reduction
at given beam energy.

As explained in section 6.4, peak-to-noise distinction expressed in the unit of
standard deviation is often used as a parameter to evaluate the performance quality
of spectroscopic detectors. Figure 9.22 shows decrease of a separation power below

50 (cyan) or 3o (magenta) at 9 keV if the detector is exposed to a given beam energy
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Figure 9.21: Fraction of an allocated beam time delivered to a detector needed
to reach a specific level of the dynamic range reduction at certain beam energy.
Three scenarios are shown; the reduction level observed during this radiation damage
study (blue dots), reduction to 50 % of the initial dynamic range (orange dots) and
complete saturation of the ADC by the leakage current (green dots). The left plot
shows the estimate for ¢, = 800 us and the right plot is for ¢, = 50 us.

for a specific amount of time. A plot on the left shows the separation power reduction
at 800 us integration time and the right plot at the integration time of 50 us. As
in the previous figure, the horizontal lines represent hours of exposure referenced to
number of beam hours at the EuXFEL per calendar year. A critical noise increase,
hence reduction in peak-to-noise separation is only expected with exposure to beam
energies above the detector’s dynamic range. Irradiating the detector for 2 years
with a beam energy of 2.5nJ would cause a drop below 3¢ at 800 us integration
time, while at t1,; = 50 us the same energy during 5 years would lead to a drop
below 50. Assuming 5years of operation at the EuXFEL, i.e. 10540 hours and
identifying this time with 100 % of detector exposure time to beam an estimate for
reduction of a peak-to-noise separation power based on detector exposure to the
beam given as a fraction of the total allocated hours for specific beam energy can
be made as shown in Figure 9.23

Table 9.2 summarizes estimates for SiO, dose thresholds above which the detector
will demonstrate degraded performance in terms of reduced ADC range or reduction
in peak separation strength.

Gain changes as shown in section 9.5.2 are depending on the absorbed dose
only weakly due to significant attenuation by above-located metal connections and
silicon sensor. Hence, the primary source for reduced performance is an increase in
the detector noise, worsening the detector’s energy resolution and reducing photon-

to-noise separation power.
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Figure 9.22: Estimate of time needed to reduce a peak-to-noise separation power
below 50 (green) and 3o (pink) for ¢r,; = 800 s, shown on the left panel and for
tt = 50 us shown on the right, in dependency of the used beam energy.
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Figure 9.23: Proportion of detector exposure to beam (given as fraction of the total
allocated beam hours during 5 years) needed to reduce a peak-to-noise separation
power below 50 (green) and 3¢ (pink) at a given beam energy for t,, = 800 us,

shown on the left panel and for ¢, = 50 us shown on the right.

Table 9.2: Estimate of dose thresholds to experience degraded detector performance

in terms of ADC range reduction and reduction in peak separation strength.

Dose absorbed in SiO,

Integration time ADC range reduction Peak separation

50 % 100 % <d0 <30

50us 7.4MGy 14.8MGy 28kGy 32kGy
800us 131kGy  262kGy 9kGy 10kGy
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Chapter 10
Conclusions and Outlook

In this thesis, I investigated the radiation damage of the ePix100a since its tolerance
to FEL radiation has not been assessed before. The detector plays a key role in the
scientific program of two EuXFEL instruments, i.e. HED and MID. In chapter 4, I
introduced the mechanisms leading to surface radiation damage in detectors based
on MOS structures and the effects this radiation damage induces. As was shown in
chapter 6, the induced radiation damage effects influence the performance param-
eters of the detector, i.e. offset, noise, dynamic range, energy resolution, signal-to-
noise and gain. Hence, the radiation damage of the ePix100a was evaluated and
discussed in connection to these parameters. The influence of radiation-induced
damage on the performance of the ePix100a detector is presented in chapter 9.

The ePix100a detector was irradiated under controlled conditions with the direct
and attenuated EuXFEL beam with X-ray photons with an energy of 9keV and a
beam energy of 1 uJ. Pixels irradiated by this energy do not show a signal-dependent
response upon irradiation but remain functional under normal operating conditions.
The irradiated area of 1 mm? has received a dose of approximately 760kGy at the
depth of Si/SiOs in the sensor, which corresponds to 180 MGy delivered to the
surface of the sensor.

The offset and noise were evaluated for two integration times, i.e. 50 us and
800 ps. The integration time of ¢, = 800 us was selected due to the higher sensitivity
even to small changes in the leakage current induced by radiation damage, while
tmt = 50 ps corresponds to a typical integration time used at HED. The dominating
source of the noise before irradiation was noise induced by readout electronics, while
after receiving 2 4 kGy at a depth of SiOs, the contribution to the noise due to higher
leakage current dominates. Hence I can conclude that the observed increase of the

offset and noise is due to an increase of the leakage current. The same can be stated
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Figure 10.1: Estimates for a gain decrease by 1 ADU/keV for the photon energy of
9keV (red) and the photon energy of 20keV (green). Left: The estimate of time
needed to observe a gain decrease depending on the used beam energy. Right: The
plot shows the proportion of the allocated beam time the detector has to be exposed

to during five years of operation at certain beam energy.

for the observed broadening of the Cu-K fluorescence line measured one and a half
hours post-irradiation since the measured FWHM is scaling with the increasing noise
observed in the pixels. I have observed a FWHM increase by =~ 115eV /kGy.

A change of the gain is not expected for a dose < 4kGy. Nevertheless, a charge
injection scan showed a slight gain decrease for the most irradiated pixels and sug-
gested weak damage occurring at the pixels’ readout electronics. The gain depends
on an absorbed dose only weakly as the incoming radiation was significantly atten-
uated by above-located metal connections and silicon sensor. In the case of higher
photon energies, the ASIC will become more susceptible to radiation damage. The
same energy deposited by, e.g. 20 keV photons would lead to an absorbed dose which
is more than three orders of magnitude higher in comparison to 9keV. Suppose the
induced radiation damage on the readout electronics irradiated with 20 keV photons
follows the same relation as observed for 9keV photons. In that case a comparison
for a time range to observe gain decrease by 1 ADU /keV can be made. Figure 10.1
illustrates the effect of photon energy on the time needed to observe a gain decrease
by 1 ADU/keV at a given beam energy. The horizontal lines on the left panel visual-
ize the number of hours the detector can be exposed to the beam during one, three
and five years of operation at the EuXFEL to reach the mentioned gain decrease.

The results from the study of detector performance parameters on radiation-
induced damage were extrapolated to assess the lifetime of a detector with regards
to the impact of the detector parameters and their time evolution with irradiation

on reliable scientific operation. Significant reduction of the dynamic range, i.e.
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Rpr > 50% is expected if the beam energy deposited in the pixel exceeds the
dynamic range of the ADC by at least five orders of magnitude (for ¢, = 800 us).
Single-photon discrimination at a level of > 5 ¢ can be achieved with the ePix100a
up to a dose of 9kGy at ¢, = 800 us and up to 28 kGy at ¢y, = 50 us. The results
presented in this thesis are not exclusive to the EuXFEL but are of generic nature,
thus can be transferred to other use cases and facilities.

In the near future, we plan to investigate the possibility of mitigating the radiation-
induced damage and restoring the non-irradiated detector performance by sensor
annealing to conclude the ePix100a radiation damage study. In the case of experi-
encing reversible (non-destructive) radiation damage during scientific experiments,
this could potentially cure the module without the need to replace it.

I have shown that the main radiation-induced effect causing change to detector
performance parameters is the radiation-induced leakage current. As was also shown,
the level of the effect on the detector parameters depends on the integration time
of the detector, i.e. the longer the integration time is, the higher increase of offset
and noise can be expected. The imaging detectors operated at 4.5 MHz have the
integration time in the range of tens to hundreds of nanoseconds, e.g. the LPD
detector (see appendix A) has integration time of 90ns. This is more than 500
times shorter time in comparison to the standard integration time of the ePix100a.
The leakage current contribution to the noise of the LPD is a factor of 100 lower in
comparison to the other noise sources |76], which means that in order to observe an
increase of the noise caused by the increase of leakage current, the integration time
would have to be two orders of magnitude higher. Figure A.2 in appendix A.2 shows
the RMS noise during one year of operation of the most irradiated tiles compared to
the least irradiated one. The values between tiles and throughout the whole year are
comparable. The spatial noise distribution (see Fig. A.3) does not show any arca
exhibiting radiation-induced noise increase. The noisier pixels (ASIC) are within
expectations and their noise is not related to radiation-induced damage. Hence,
the radiation-induced damage comparable to the level presented by this study for a
4.5 MHz operated detector can not be characterized by the offset or noise increase.
Instead, the effect on the gain, in the case of irradiation with higher photon energies
or charge collection efficiency due to charge mobility decrease, could be of interest
(see section 4.4.5).

This study proved that the ePix100a could be used without significant degra-
dation of its performance for several years if the deposited energy in a given pixel

throughout this time does not exceed 1 nJ. In such a case, the ageing of the detector
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and its electronics will be driven by other processes than radiation damage effects.
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V mojej praci som sa zamerala na skiimanie radiacného poskodenia detektora ePix100a,
kedZe detektor zohrava dolezitu tlohu pri experimentalnych meraniach na dvoch
experimentalnych staniciach v EuXFEL (HED[87] a MIDI88]). Ide o jedine¢ny a
dolezity vyskum v tejto oblasti, kedZe doterajsie zdroje neuvadzaju existenciu ob-
nobnych merani.

Vplyv radia¢ného poskodenia som skimala vzhladom na operacné parametre
detektora: ofset, Sum, dynamicky rozsah, energetické rozliSenie, pomer signal-sum a
konverzny faktor. Detektor bol ozarovany priamym a ¢iastno¢ne odtienenym rontge-
novym laserovym zvéizkom, s pouzitim 9keV foténov s energiou 1 uJ. Pixely ozaro-
vané takouto energiou zvizku nevykazovali pocas merania ziadny meratelny signal.
Po ukoné¢eni ozarovania vSak opét nadobudli svoju funkénost.

Oziarena plocha velkosti priblizne 20 pixelov x 20 pixelov, odhadom 1mm?, ab-
sorbovala davku priblizne 760kGy na rozhrani Si/SiOs, ¢o zodpoveda priblizne
180 MGy na povrchu senzora.

Ofset a Sum sa vyhodnocovali pre dva integra¢né casy, a to pre 50 us and 800 us.
DIhsi integracny ¢as sme zvolili pre jeho vyssiu citlivost na malé zmeny vo zvodo-
vom prude senzora a kratsi ¢as je zvyCajnym integra¢nym casom pouzivanym pri
meraniach.

Pred ozarovanim bol hlavnym zdrojom Sumu deketora Sum pochadzajuci z vy-
Citavacej elektroniky. Ked déavka v SiOy vrstve presiahne ~ 4 kGy, radiacné posko-
denie sposobi, ze sa hlavnym zdrojom Sumu stane zvodovy priad. Hlavnou pric¢inou
pozorovaného narastu ofsetu a Sumu bol teda narast zvodového pridu, ktory zapri-
¢inilo naindukované radia¢né poskodenie.

Narast Sumu viedol aj k zhorSeniu energetického rozlisenia detektora. V zavislosti
od davky sa fotopik rozsiril priblizne o 115¢eV /kGy.

Pre davky nizgie ako 4 kGy sa zmena konverzného faktora neocakava. Vzhladom
na distribuciu zvéizku na ozarovanej ploche 20 pixelov x 20 pixelov, jednotlivé pixely

s vySSou absorbovanou davkou vykazovali miernu zmenu konverzného faktora. Za-
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vislost konverzného faktora od davky je nizka, kvoli vyraznej absorpcii Ziarenia v
objeme kremikového senzora. Ak by sa vSak na ozarovanie pouzili fotony s vyssou
energiou, vyc¢itavacia elektronika by bola ovela nachylnejsia na pogkodenie. Napri-
klad, v pripade pouzitia 20 keV fotonov by bola absorbovana davka o tri rady vyssia,
v porovnani s 9keV foténmi.

Vzhladom na absorbovani davku boli namerané zmeny v parametroch detek-
tora pouzité na odhad Zivotnosti tohto detektora. Zivotnost detektora sa posudzo-
vala vzhladom na hodnoty parametrov, ktoré musi dosahovat pri experimentalnych
meraniach. Vyrazné znizenie dynamického rozsahu sa ocakiva v pripade, Ze ener-
gia deponovana v senzore pocas jeho pouzivania, presiahne dynamicky rozsah ADC
najmenej o pat radov (pre tp,, = 800 us). Schopnost rozlisovania jednotlivych 9 keV
fotonov s rozlisenim > 5 o sa zachova, ak davka nepresiahne 9kGy pre t1,; = 800 us,
a az do davky 28 kGy pre t,; = 50 us.

Uvedené experimentéalne vysledky nie st platné vyhradne iba pre EuXFEL, ale
su aplikovatelné aj pre iné zariadenia. V blizkej budtcnosti planujeme skumat Zi-
hanie senzora ako sposob ozdravenia detektora a navrat k povodnym parametrom.
Ak by sa pozorovalo zhorsenie parametrov detektora, moznost zihania by umoznila
napravu, bez nutnosti vymenny takto poskodeného detektora.

Prezentovany vyskum ukézal, zZe hlavny vplyv na zmenu parametrov mal nérst
zvodového pradu ako dosledok radiacného poskodenia. Taktiez sa ukazalo, ze ¢im je
vysSi integracny cas, tym vyraznejsi je vplyv zvodového priadu. Zobrazovacie detek-
tory snimajice s frekvenciou 4.5 MHz, maju integra¢ny ¢as v rozmedzi desiatok az
stoviek nanosekund. Napriklad integracny ¢as LPD detektora je t, = 90ns. To je
vysSe 500-nasobné skratenie ¢asu, v porovnani so Standardnym integra¢nym ¢asom
ePix100a. Zvodovy priud LPD prispieva k celkovému Sumu detektora 100-nasobne
menej v porobnani s inymi zdrojmi [76]. Inak povedané, aby bolo mozné pozorovat
narast Sumu sposobeny narastom zvodového prudu, integracny ¢as by musel byt o
dva rady dlhsi. Pri 4.5 MHz detektore teda plati, Ze jeho riadia¢né poskodenie nemdze
byt vyhodnotené pomocou narastu ofsetu alebo Sumu. Vhodnejsimi parametrami na
sledovanie by v tomto pripade boli konverzny faktor alebo t¢innost zberu nosic¢ov
naboja. Pre efektivny zber naboja pri 4.5 MHz detektore je doélezita pohyblivost
vytvoreného naboja, ktora, ako bolo spominané, sa riadiacnym poskodenim znizuje.

Nas vyskum ukézal, Ze radiacnéa odolnost detektora ePix100a je dostatoc¢na, pri-
¢om umoziuje niekolkoro¢ni prevadzku bez vyraznejSieho znehodnotenia jeho pa-
rametrov. Plati to za predpokladu, Ze energia deponovana v pixeloch pocas tohto

obdobia nepresiahne 1nJ. V takom pripade by primarnemu poskodeniu detektora a
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jeho elektroniky dominovali iné mechanizmy, nez procesy vyplyvajuce z radiacného

poskodenia.
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Appendix A

The LPD Detector

A.1 Mapping

Figure A.1 shows the naming convention used for tiles and modules of the LPD
detector. The LPD is a modular hybrid one-megapixel detector system consisting of
four movable detector quadrants (denoted with Q). Each quadrant is made from four
supermodules (denoted with M). The supermodules are built from so-called tiles,
which are pixel sensor units. The one-megapixel system comprises 256 detector
tiles. The LPD sensors are fabricated from high resistivity silicon. A tile sensor
area is composed of 32x128 pixels with 500 x 500 um? size with a sensor thickness
of 500 pm. Each sensor is bump bonded to 8 ASICs with one ASIC covering readout
channels of 512 pixels, i.e. 32x16 pixels.
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Figure A.1: The drawing illustrates the placement of the LPD modules and the

corresponding naming convention.
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A.2 Time Evolvement of the Noise

Figure A.2 shows the RMS noise evolvement of the selected tiles during one year
of operation. Tiles from the right central part of the detector were selected as they
were the most exposed to the radiation, namely tiles 8 and 9 from Q1M3 and tile
8 from QIM2. A tile from the most distant corner, i.e. tile 16 from Q4M4, was

evaluated to compare noise values for the least irradiated detector part.
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Figure A.2: RMS noise values of the selected LPD tiles collected during one year
of operation. Tiles from the most exposed modules (Q1M2, Q1M3) were compared
with the most distant tile of the LPD with regards to the amount of received radi-

ation. No significant change in noise values is present. The naming convention for
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the LPD building blocks and their placement is shown in A.1
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A.3 Spatial Distribution of the Noise

Figure A.3 shows the spatial distribution of the RMS noise of the same tiles plotted
in Figure A.2 for the 27th of October 2019. The noisier pixels appearing close to the
edges of the ASICs (visualized by white lines) are typical LPD feature and are due to
the design of the ASICs. The two noisy areas spanning through two ASICs in tile 9
of Q1M3 are due to damage on the sensor or the electronic, not related to radiation
damage. The LPD detector is operated in an ambient atmosphere. Hence it is prone
to environmental damage by, e.g. collection of dust on sensors, humidity effects on

electronics, unintentional mechanical damage caused by handling and others.
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Figure A.3: Spatial distribution of noise of the selected LPD tiles. The same tiles
are plotted as in Figure A.2 for the 27th of October 2019. The white lines visualize
8 readout ASICs present per tile.
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