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Radiation Hard 3D Diamond Sensors for Vertex Detectors at HL-LHC

Abstract

Diamond is a good candidate to replace silicon as sensor material in the innermost layer of a
tracking detector at HL-LHC, due to its high radiation tolerance. After particle fluences of
10 protons/cm?, diamond sensors are expected to achieve a higher signal to noise ratio than
silicon. In order to use low grade polycrystalline diamonds as sensors, electrodes inside the
diamond bulk, so called 3D electrodes, are produced. Typically, this kind of diamond material
has a lower charge collection distance (CCD) than higher grade diamond, which results in a
decreased signal amplitude. With 3D electrodes it is possible to achieve full charge collection
even in samples with low CCDs by decoupling the spacing of the electrodes from the thickness
of the diamond bulk. The electrodes are produced using a femtosecond laser, which changes the
phase of the diamond material. The phase changed material is conductive and identified as
nanocrystalline graphite using Raman spectroscopy. Due to a crater like structure of the
channels on one side of the diamond, contacting of the channels is difficult. With the
femtosecond laser setup conductive channels are produced at a laser power of 150 mW and a
velocity of the diamond sample of 2 - 10 mm/s.






Strahlenharte 3D Diamantsensoren fiir Spurdetektoren am HL-LHC

Zusammenfassung

Diamant ist aufgrund seiner hohen Toleranz gegeniiber Strahlungsschiden ein aussichtsreicher
Kandidat, um Silizium als Sensormaterial fiir die innerste Lage eines Spurdetektors am
HL-LHC zu ersetzen. Nach Teilchenfluenzen von 10*® Protonen/cm? wird erwartet, dass

Sensoren aus Diamant ein besseres Signal zu Rausch Verhéltnis aufweisen, als Sensoren aus
Silizium. Um giinstigeren polykristallinen Diamanten als Sensor nutzen zu kénnen, werden
Elektroden im Diamanten, so genannte 3D Elektroden, produziert. Im Vergleich zu teureren
Diamantmaterialien, hat polykristalliner Diamant eine geringere ,,charge collection
distance“ (CCD). Dies fiihrt zu einer geringeren Amplitude des Signals. Mit 3D Elektroden ist
es moglich auch in Proben mit kleiner CCD volle Ladungssammlung zu erreichen, da der

Abstand der Elektroden voneinander nicht mehr durch die Dicke des Sensors festgelegt ist. Die

Elektroden werden mittels eines Femtosekundenlasers erzeugt, welcher eine Phasenumwandlung

des Diamantmaterials hervorruft. Das phasenverédnderte Material ist elektrisch leitend und wird

mittels Ramanspektroskopie als nanokristalliner Diamant identifiziert. Durch eine
Kraterstruktur der Elektroden auf einer Seite des Diamanten ist deren Kontaktierung
anspruchsvoll. Mit einer Leistung des Femtosekundenlasers von 150 mW und einer
Geschwindigkeit des Diamanten von 2 - 10 mm/s relativ zum Laserstrahl werden leitende
Kanéle erzeugt.
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CHAPTER 1

Introduction

The Standard Model of particle physics describes the composition of the known matter
and its fundamental interactions on a particle scale. In the past decades it has performed
extremely well. It contains all known particles, including gauge bosons for three of the
four fundamental forces. With the discovery of the Higgs boson in 2012 by ATLAS and
CMS at the Large Hadron Collider (LHC), all particles of the Standard Model have been

discovered.

Still, predictions made by the Standard Model are further evaluated. Deviations from
the expected values could give a hint towards physics beyond the Standard Model. For
example, this can include candidates for Dark Matter and a gauge boson for the gravita-
tional force. Since no deviations from the Standard Model have been found yet, except
the mass of the neutrinos, new levels of precision in the measurement of these values
have to be achieved. This means that more statistics has to be acquired and new energy
regimes have to be explored. Since upgrading the energy of an accelerator or building a
new one is a time consuming and expensive task, higher statistics are easier to achieve.
In order to perform the data acquisition in a meaningful time frame, the luminosity
of the accelerator has to be increased. Accordingly, an upgrade of the LHC, the High
Luminosity Large Hadron Collider (HL-LHC) is planned for 2024.

Higher luminosity causes increased particle flux in the detectors, which in turn in-
creases the radiation damage in the detector components. These components have to be
radiation tolerant enough to withstand these levels of radiation for several years, as they
cannot be exchanged easily. The innermost layer of the vertex detector system, which
is only few centimetres away from the colliding beams, suffers most from the radiation
damage. For this harsh environment, diamond sensors are a candidate, as they are more
radiation tolerant than silicon sensors, which are used so far.



1. Introduction

In order to successfully operate diamond as a sensor material, special properties of
diamond have to be addressed, especially the trapping of charges. The effects of this
trapping can be reduced by using 3D electrodes, which expand through the bulk of the
sensor. In this thesis, the fabrication and evaluation of such 3D electrodes in a diamond
sensor will be described.

First, in chapter 2 the need for the HL-LHC and accordingly radiation tolerant sensors
is motivated. The current LHC and the ATLAS detector are presented in chapter 3,
as well as the upgrade plans for both. In order to be qualified as a sensor material
for the innermost layer of a future tracking detector, diamond has to outperform the
sensor material currently used for vertex detectors, which is silicon. Therefore, the
characteristics of silicon sensors are discussed in chapter 4 and the current Pixel Detector
of the ATLAS experiment is described. Chapter 5 presents the properties of diamond
sensors and their manufacture. Their radiation hardness is discussed, as well as the
theoretical background of the production of 3D electrodes in the diamond bulk. Such 3D
electrodes in optical grade polycrystalline diamonds and the measurements performed
to characterise their properties are presented in chapter 6. In chapter 7, the focus is
placed on the determination of the material of the electrodes and their structures on
the diamond surface. The influence of these two properties on the conductivity of the
channels is evaluated. Finally, a summary of the thesis and an outlook towards the
production of a full detector layer is given in chapter 8.



CHAPTER 2

Motivation

This chapter gives an overview of the basic principles and aims of the scientific mea-
surements at the LHC. First, the Standard Model (SM) of particle physics is described
in section 2.1. Searches for new particles and their impact on the Standard Model are

presented in section 2.2. Section 2.3 discusses the impact of these searches for the future
of LHC.

2.1. The Standard Model of Particle Physics

It seemed like the picture of the subatomic particles was complete, after the discovery
of the neutron by J. Chadwick in 1932 [1]. All matter around us seemed to consist of
atoms which themselves can contain three fundamental particles. These were namely
electrons, protons and neutrons.

However, subatomic forces could not be explained and cosmic ray experiments showed
that more particles exist. As a result of these experiments and measurements at accelera-
tors, dozens of new particles were discovered until the end of the 1960s. These did not fit
into the picture of only three fundamental particles. In 1964 M. Gell-Mann and G. Zweig
proposed the concept of quarks [2,3]. Their idea was that the proton and neutron are
in fact not fundamental but are composites of other fundamental particles, the so called
quarks. Initially, they proposed three quarks namely the up, down and strange quark.
With this concept, which lead to the Standard Model of particle physics, it was possible
to order the discovered particles and even predict new ones. The amount of quarks was
later expanded with the observation of the charm, bottom and top quark [4-8].

Additionally, the Standard Model also includes six leptons. Three of them carry a
negative electric charge, which are the electron, muon and tau. The remaining three
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Particle Mass Electric charge Weak isospin Colour charge
Leptons
Electron 511 keV -1 —1/2 none
Electron neutrino <2eV 0 1/2 none
Muon 106 MeV -1 -1/2 none
Muon neutrino < 0.19MeV 0 1/2 none
Tau 1.78 GeV -1 -1/2 none
Tau neutrino < 18.2MeV 0 1/2 none
Quarks
Down 4.8 MeV -1/3 —1/2 yes
Up 2.3MeV 2/3 1/2 yes
Strange 95 MeV -1/3 —1/2 yes
Charm 1.28 GeV 2/3 1/2 yes
Bottom 4.18 GeV -1/3 —1/2 yes
Top 173 GeV 2/3 1/2 yes

Table 2.1.: Properties of the fermions of the Standard Model [10].

leptons are the corresponding neutrinos, one for each charged lepton. They have no
electric charge and in the Standard Model no mass. Measurements of the oscillation of
the neutrino flavour however require them to have a small mass [9]. Today, only upper
limits of their masses are known [10].

The leptons and quarks are grouped into three generations, of which only particles of
the first one are stable. The particles of the higher generations have the same charac-
teristics as their corresponding first generation partner, but they have a higher mass'
and can therefore decay into lighter particles. This results in a finite lifetime. Quarks
and leptons all have a spin of 1/2, therefore they are fermions. For each fermion there
exists a corresponding anti-particle, which has the same properties, but different quan-
tum numbers for the charges?. A summary of the properties of the fermions is given in
table 2.1.

The Standard Model also describes the gauge bosons for three of the four forces in
nature. A summary of the properties of the bosons is given in table 2.2. Only a possible
particle mediating the gravitational force, which is not included in the Standard Model,

! As the mass hierarchy of the neutrinos has not been determined yet, this is not necessarily true for
neutrinos.

2 As neutrinos have no electric or colour charge, they could be their own anti-particle, so called Majorana
neutrinos [11].
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is unknown. The gauge boson of the electro-magnetic force is the photon. It couples to
the electric charge of particles. This means that it couples to all fermions except for the
neutrinos. As the photon itself does not have an electric charge, it does not couple to
itself. It has a mass of m, = 0eV and propagates with the speed of light.

Only quarks and gluons are affected by the strong force. These particles have a prop-
erty called colour charge. There are three colours (typically red, green & blue) and three
anti-colours. The gauge bosons of the strong force are the gluons, which like the photon
have a mass of zero. The gluons do themselves carry a colour charge and therefore do
interact with themselves.

In contrast to the gauge bosons of the other forces, the bosons of the weak force are
massive. As they are heavy with my = (80.39 £ 0.02) MeV and mz = (91.188 £
0.002) MeV for the W+ and Z, respectively [10], the strength of the force is small com-
pared to the strong and electro-magnetic force. These gauge bosons couple to every

other particle, except gluons?.

The final piece of the Standard Model is the Higgs boson. Its coupling strength de-
pends on the mass of the particles involved in the interaction. This means that it
couples to all particles except photons and gluons®. After being predicted by F. Englert,
R. Brout, P. W. Higgs and others in 1964 [12-14] it was finally discovered at the LHC in
2012 [15,16]. Since then its properties and couplings have been measured [17-21]. The
current results show no significant deviation from the predicted theoretical particle of
the Standard Model.

2.2. Physics beyond the Standard Model

With the discovery of the Higgs boson, all particles predicted by the Standard Model
have been found. The predictions of the Standard Model on e.g. branching ratios have
been remeasured numerous times and no significant deviation from theory prediction
has been found, yet. But the Standard Model is incomplete in the sense that it cannot
explain everything we are aware of. One major missing ingredient is the exclusion of the
gravitational force. While it is highly suppressed due to its weakness on atomic scales,
it is the dominant force on the macroscopic scale. The Standard Model does not include
its potential gauge boson, the graviton.

Another issue which cannot be explained with the Standard Model is the rotational
speed of galaxies. From the amount of mass visible in rotating galaxies, the rotation
velocity should decrease with larger radii. This is not the case and the rotational speed
stays almost constant for large radii [22]. The measurement indicates that there should

3As the Z has no electric charge, it does not couple the photon.
4As the Higgs does not have a electric or colour charge, the photon and gluon do not couple to it either.
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Particle ‘ Mass Electric charge Colour charge

Electro-magnetic force

Photon ‘ none 0 none
Weak force

W 80.4 GeV +1 none

Z 91.2GeV 0 none
Strong force

Gluon ‘ none 0 yes

Higgs mechanism

Higgs ‘ ~ 126 GeV 0 none

Table 2.2.: Properties of the bosons of the Standard Model [10].

be more matter in the galaxy than visible. This matter is called dark matter, as it does
not interact via the electro-magnetic force. Further evidence of the existence of such
matter is obtained by measurements of gravitational lensing [23]. Objects with large
masses like galaxies bend, according to Einstein, the space-time and therefore are able
to deflect even light [24]. The deflection depends on the amount of mass of the lensing
object. Comparing the mass needed for the measured deflection to the visible mass
yields a discrepancy and hence indicates the presence of dark matter.

Although current measurements indicate that there is more than five times more dark
matter than visible matter in the universe [25], the Standard Model does not contain a
dark matter particle nor has this particle directly been measured. One theory for such a
dark matter particle is the weakly interacting massive particle (WIMP). It postulates a
particle which does neither carry an electro-magnetic nor a colour charge. Accordingly,
it can only interact via the weak force and gravity. Such a particle should also be stable
on cosmic scales, i.e. at least in the order of the age of the universe, as otherwise it would
have decayed by now.

A candidate for such a WIMP is the lightest supersymmetric particle (LSP). The the-
ory of supersymmetry (SUSY) in its general form adds to each fermion of the Standard
Model a supersymmetric boson and to each boson a supersymmetric fermion. One com-
mon postulate in these theories is the conservation of R-parity in an interaction. The R
value for Standard Model particles is 1, for supersymmetric particles —1. This means,
that supersymmetric particles can only be produced pair-wise from Standard Model par-
ticles. Therefore in case of R-parity conservation the lightest supersymmetric particle
has to be stable. This makes it a reasonable WIMP candidate.
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Figure 2.1.: Feynman diagram of a possible production of an LSP pair, which would
escape the detector. Therefore, it can be detected by missing transverse
energy. Initially, a gluino pair (§) is produced which decays via squarks (§)
into the LSP (X9).

In case of unbroken SUSY, the supersymmetric partners and Standard Model particles
would have the same mass, like particles and anti-particles do. Since no supersymmetric
particles have been observed yet, this is not the case. Accordingly, if SUSY is realised,
the supersymmetric particles have to be much heavier than their Standard Model coun-
terparts. As the masses of the supersymmetric particles are now free parameters, an
unconstrained SUSY model would have more than 100 free parameters [26]. These are
far too many parameters to vary at once. Consequently, for promising benchmark mod-
els, the number of free parameters is reduced by putting constraints on some of these
parameters. For example, additional CP violating phases are assumed to be zero and
no flavour changing neutral currents are allowed. Such models are called minimal su-
persymmetric models (MSSM).

The cross section of the interaction of a WIMP with normal matter is very small,
otherwise it would have already been detected. Direct searches for WIMPs often try
to measure their recoil on a target. For such experiments, an ultra low background is
required, which cannot realistically be achieved at a particle accelerator. Instead their
production is investigated. A pair-wise produced WIMP would escape the detector un-
detected. This can be measured by the large amount of missing transverse energy in
the detector. It is a similar signature to an event with neutrinos, as they do also escape
the detector. But in this case the leptons corresponding to the neutrinos are missing.
Consequently, events with only hadronic jets and a large amount of missing transverse
energy are an indication of SUSY.

If not the LSP but another unstable SUSY particle is produced, this particle could
decay inside of the detector. The signature therefore is a displaced vertex, i.e. a vertex
seemingly not related to a primary interaction in the detector. The SUSY particle would
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be produced in the primary interaction and propagate through the detector undetected.
At some point it would decay into matter and the LSP. The LSP would still escape the
detector, but the matter could be detected. An example of such an event is given in
figure 2.1.

SUSY does not only contain a candidate for dark matter but also could possibly solve
other problems of the Standard Model of particle physics. One pending issue is the
unification of the three forces of the Standard Model at the Planck scale, which starts at
particle energies of 10!? GeV. A reasonable assumption is that, in that regime, the three
forces would unify into one general force. For this, the value of their coupling constants
has to be equal at some point. The evolution of the strength of the coupling constants
was measured at the electroweak scale and theoretically expanded to the Planck scale.
Extrapolating from measurements according to the Standard Model, they converge, but
do not meet at the exact same point. Applying certain SUSY models, this can be cor-
rected and they meet at the same point, indeed.

If SUSY cannot be measured at the available centre of mass energy at the LHC, there
still is the possibility of determining its influence by indirect measurements. One channel
which could be sensitive to new physics is the associated production of a Higgs and a
top-antitop quark pair. Since the mass of the top is the largest of any SM particle (see
table 2.1) the Yukawa coupling of the Higgs to the top quark is larger than to any other
particle. In fact, it is expected to be close to unity. Any deviation from the expected
value would give hints to other particles with an even larger mass than the mass of the
top quark.

A measurement of the coupling strength in the decay of a Higgs boson to a top-
antitop quark pair is not possible, as this decay is kinematically forbidden. Accordingly,
in order to measure this coupling, the Higgs has to be produced in association with the
top-antitop quark pair, which is kinematically possible at the centre of mass energies
of the current LHC. However, compared to other production modes of the Higgs, its
cross section is highly suppressed, see figure 2.2. This means that in order to measure
the associated production the background has to be understood very well and a lot of
integrated luminosity has to be recorded. This has been done with Run I data (e.g. see
reference [27]) and no deviation from the SM prediction was measured.

However, there are other processes like e.g. a top quark decaying into a Higgs and any
up-type quark [29]. Such a flavour changing neutral current is highly suppressed in the
SM. But it could be allowed in models like SUSY. Still, the branching ratio would be
very tiny, so that it might be impossible to measure precisely even with the full data set
of Run II data.
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Figure 2.2.: One of the possible production modes for a Higgs boson in association with
a top-antitop pair (a). Cross sections for different production modes of the
Higgs boson [28]. The associated production with a top-antitop pair is small
compared to almost all other modes (b).

2.3. Physics Implications on the Future of LHC

As motivated above, the LHC with Run II offers a wide range of discovering new physics,
by measuring it either directly or indirectly. Furthermore, the properties of the current
content of the SM, especially the Higgs, can be measured to a new level of precision.

Should no new physics, like e.g. SUSY particles, become directly accessible at the LHC
and the couplings are too small to measure their influence even with the full Run II data
set, there are two concepts to proceed with the LHC. The first one is by increasing the
centre of mass energy. This is not easily feasible, since new dipole magnets with a higher
magnetic field are needed to keep the protons on track. As the dipole magnets do make
up a good share of the LHC, this basically means building a whole new accelerator.
Obviously, this is very expensive and time consuming.

The second alternative is to keep the current centre of mass energy but increase the
instantaneous luminosity. This scenario is called High-Luminosity LHC (HL-LHC). As
shown in Section 2.2 the measurements of new physics is possible, by measuring the influ-
ence of new physics on SM processes. However, for these measurements, a huge number
of recorded events is needed. The advantage of just increasing the instantaneous lumi-
nosity is that the accelerator itself can nearly be kept as it is. In order to increase the
luminosity, the easiest way is to increase the number of particles which collide. The only
two major upgrades needed in this case are the cavities which accelerate the particles
and the pre-accelerator complex (more details on this in Section 3.3). Both have to be
enabled to handle many more particles than for the current LHC operation.
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While in this scenario the accelerator complex is only mildly modified, the detectors
face much harder challenges. The increase of instantaneous luminosity also increases
the particle flux in the detector. This leads to higher doses of irradiation the detectors
have to withstand. For example for the innermost tracking layer, it increases from
2.7 x 10" neqem™2 in Run I to 1.4 x 10% neq em=2 for HL-LHC [30,31]. As there are
more primary interactions to achieve a higher luminosity, the whole tracking system
should also be able to resolve the huge number of tracks. In order to achieve these goals,
new sensor concepts and materials have to be investigated.

10



CHAPTER 3

LHC & ATLAS

The Large Hadron Collider (LHC) is a proton-proton accelerator located at the European
Organization for Nuclear Research (CERN) in Geneva, Switzerland. It is currently the
most powerful man-made particle accelerator with a nominal centre of mass energy for
proton collisions of 14 TeV. It hosts four major particle detectors, namely ALICE [32],
ATLAS [30], CMS [33] and LHCb [34]. A detailed description of the accelerator and its
performance in the past years is given in section 3.1. The work presented in this thesis
is geared towards an upgrade of the ATLAS detector, hence this detector is described in
section 3.2. Plans for the future upgrade for the LHC as well as for ATLAS are presented
in section 3.3.

3.1. The LHC Accelerator Complex

The LHC [35] is a circular particle accelerator, which is about 27km long and located
in a tunnel between the Lake Geneva and the Jura mountains, straddling the border
between Switzerland and France. It is designed to accelerate protons to a nominal final
energy of 7 TeV per beam. This yields a centre of mass energy of 14 TeV. The accelera-
tion of ions is also possible, as well as a mixed mode with one beam consisting of protons
and one of ions.

The LHC is not able to accelerate these particles from zero to the final energy, but
it can only handle protons with a minimal energy of 450 GeV. Therefore, a chain of
preaccelerators is needed, which is shown in figure 3.1. Hydrogen atoms are ionised
and accelerated to 50 MeV at the Linac II. Subsequently, they reach the Booster to be
accelerated to 1.4 GeV and are then injected into the Proton Synchrotron (PS) where
they reach 25 GeV. The last stage is the Super Proton Synchrotron (SPS) to accelerate
the particles to the minimal LHC energy. The LHC can also accelerate heavy ions, for

11
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Figure 3.1.: CERN accelerator complex. The LHC and its preaccelerators are illustrated.

which only the start of the cascade is different, since they are first accelerated in the
Linac III and the Low Energy Ion Ring (LEIR) before reaching the PS.

The largest share of the circumference of the LHC consists of the 1232 dipole magnets.
Each of them is 14.3m long and provides a magnetic field with a strength of 8.33 T [35].
The magnetic field is orientated perpendicular to the beam, so that it can bend it and
keep it on track. A schematic cut through such an dipole magnet is shown in figure 3.2.
In order to achieve a field strength of 8.33T, the magnets are superconducting. The
utilised material is niobium-titanium which is cooled to 1.9 K using supra fluid helium.
In order to reduce material and cooling costs, the dipoles are designed in such a way
that both beam pipes fit into the same cryostat. This is very challenging, as the beam
pipes are so close together that they are coupled mechanically, as well as magnetically.

Almost all of the remaining length of the LHC is instrumented with magnets of higher
order, such as quadrupoles. These are used to focus the beam. The acceleration is
achieved by eight cavities per beam, located at a single point at the LHC. The usage of
cavities also prevents a continuous beam structure. Instead, the particles are separated
in so called bunches with each bunch containing up to 1.15 x 10 protons. When the
LHC is fully filled, it can handle 2808 bunches per beam with a spacing of 25 ns.

12
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Figure 3.2.: Schematic cut through a dipole magnet of the LHC [35]. The most chal-
lenging part of the design is the close proximity of the two beam pipes.

These bunches can collide at four points of the LHC, where the four major experiments
are located. Two of these experiments, ATLAS and CMS, are multi-purpose detectors.
This means, that they are searching for a wide variety of processes like e.g. the Higgs
boson, dark matter or SUSY particles. The detector concept of those two experiments
differ so that the experiments can verify each others results. A detailed description of
the ATLAS detector can be found in section 3.2. The third experiment is the LHCb
detector, which in contrast to the other experiments, has no full coverage of the colli-
sion events, but is built asymmetrically in forward direction. Its focus is on B-physics,
especially on CP-violation. The fourth large experiment ALICE has its main focus on
ion-ion collisions. It aims to measure the properties of quark-gluon plasma.

Two main parameters characterise an accelerator, the energy of the accelerated par-
ticles and the luminosity. The luminosity L is the number of particle crossings per time
and area, defined as
n-Ny-No- f
—a
Here n is the number of colliding bunches, NN; is the number of particles in each bunch,
f is the revolution frequency of a single bunch in the synchrotron and A the area of
the overlapping bunches. In order to gather as much data as possible, the luminosity
should be high. For the LHC the design luminosity is L = 103* cm™2s~!, which is the
world record for hadron colliders. To quantify the amount of total collected data, the
luminosity is integrated over time, the so called integrated luminosity.

L= (3.1)

After a successful start in September 2008, after a few days of operation, unfortu-
natley an incident due to a failure in a dipole magnet occured. A solder connection
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Figure 3.3.: Evolution of the luminosity delivered by the LHC to ATLAS during
Run I [36].

in one dipole magnet was faulty and caused the superconducting magnet to heat up.
This quench resulted in heavy damage in that section and a shut down of the LHC for
one year. During that year, all solder connections were checked. In order to ensure a
save operation, it was decided to operate the LHC below its design values, before fully
exploiting its power. The operation started again in November 2009 and data taking
at a centre of mass energy of 7TeV was performed during 2010. From 2011 until the
beginning of 2013 the LHC took data at a centre of mass energy of 8 TeV. This whole
period of data taking is referred to as “Run 1”. The evolution of the luminosity during
Run I is shown in figure 3.3, the integrated luminosity in figure 3.4.

From the beginning of 2013 the magnets of the LHC were checked and upgraded to
allow operation with design parameters. The experiments also upgraded parts of their
detectors. For example ATLAS inserted a new fourth layer into the Pixel detector, the
Insertable B-Layer (IBL). Since spring 2015 the LHC operates at a centre of mass energy
of 13 TeV. For future plans of the LHC see section 3.3.

3.2. The ATLAS Detector

ATLAS [30] is one of the main experiments at the LHC and is located at one interaction
point (IP) of the LHC. It nearly fills the complete underground cavern it is built in with
physical dimensions of 44 m length and 25 m width and height. The total weight of the
detector is about 7000t. It is intended as a multi purpose detector and covers almost the
full solid angle. A schematic view of the detector is shown in figure 3.5. The detector
is mainly separated into three parts, each with a different focus on the quantities which
can be measured. These three parts are the tracking system, the calorimeters and the
muon system. Most of these systems are further divided into layers of different detector
types. The tracking system, also called Inner Detector (ID), is enclosed in a solenoid
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Figure 3.4.: Evolution of the integrated luminosity delivered by the LHC to ATLAS
during Run I [36].

magnet generating a magnetic field with a strength of 2T parallel to the beam. The
outermost system, the muon system, has a toroidal magnetic field.

ATLAS uses a cylindrical coordinate system. The z-axis is oriented along the beam
pipe with z = 0 located in the centre of the detector. The azimuthal angle ¢ is measured
around the beam pipe, with ¢ = 0° pointing towards the centre of the LHC ring. The
polar angle 6 is measured from the beam axis. In particle physics this angle is typically
not used but instead the pseudo rapidity 7, defined as n = —Intan(6/2), is quoted.
The advantage is that differences in the pseudo rapidity are Lorentz-invariant, whereas
differences in the polar angle are not. Additionally, the radial distance R from the beam
pipe is used.

The different subcomponents are described below, except the innermost detector, the
Pizel Detector. As this thesis is about a sensor candidate for an upgrade for this compo-
nent, this detector is described in more detail in chapter 4.3. Unless indicated otherwise,
the numerical values in the following sections are taken from [30].

3.2.1. The Inner Detector

The Inner Detector (ID) focuses on tracking the particles from the hard interactions.
A schematic view is shown in figure 3.6. It has dimensions of about 6.2m in length
and 2.1 m in diameter. The ID consists of three sub detectors. The innermost detector,
which has to cope with the highest particle flux, is the Pixel Detector. This part has, due
to the pixel geometry of the read out electrodes, the highest granularity of the whole
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Figure 3.5.: Schematic view of the ATLAS detector [30].

ATLAS detector. The next system is the SemiConductor Tracker (SCT) which uses
strip electrodes. The outermost part is the Transition Radiation Tracker (TRT).

The Semiconductor Tracker

The SemiConductor Tracker (SCT) uses silicon as sensor material. In this case the
electrodes are strips. Compared to a pixel electrode, a single strip electrode yields one
dimensional tracking information only. Combining two layers of strip electrodes which
are slightly tilted with respect to each other, it is possible to retrieve two dimensional
tracking information. The position of the particle can be reconstructed at the intersec-
tion of the strips, which have been hit. This works as long as just a few particles hit
a module, so that no ambiguities for the combination are possible. The advantage of
the strip geometry compared to pixel geometry is a reduction in read out channels and
thus in material budget for the read out electronics, cables etc. The modules are also
considerably cheaper to produce compared to pixel modules.

The SCT consists of 4,088 modules organised in four barrel layers and nine end cap
layers on each side. Fach of the barrel layers extends 149.8 cm along the beam pipe.
They are mounted at radii of 29.9 cm, 37.1cm, 44.3cm and 51.4 cm around the beam
pipe. The end cap discs are located between |z| = 85.4cm and |z| = 272 cm. Overall the
SCT covers a range up to |n| < 2.5 with at least four SCT hits in that range.
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Figure 3.6.: Schematic view of the ATLAS Inner Detector [30]. It consists of, from inner
to outer, the Pixel Detector, the Silicon Strip Detector and the Transition
Radiation Tracker. In this picture the new innermost layer of the Pixel
Detector, the IBL, is missing which was inserted for Run II.
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Figure 3.7.: An SCT barrel module [37].
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The barrel modules consist of two layers of 285 4+ 15 um thick silicon sensors with
768 active strips with a pitch of 80 wm. Each layer itself consists of two sensors with
approximately 6 cm long strips, which are daisy chained. The two layers are slightly tilted
against each other with 40 mrad. A picture of such a module is shown in figure 3.7. To
cope with the disc structure of the end caps, the strips on these modules are not any more
oriented in parallel in one layer on the sensor, but have a slight tilt of 161.5 —207.0 urad.

The sensors are designed to withstand a radiation dose of 3 x 104 Neq cm 2.

The Transition Radiation Tracker

The Transition Radiation Tracker (TRT) consists of gasfilled straw tubes, which are in-
terleaved with a matrix of polypropylene fibres. These fibers serve as transition radiation
material. Transition radiation occurs, when a relativistic particle crosses an interface
between two materials with different dielectric constants. The tubes have a diameter of
4 mm and a length of 144 cm and 37 cm for barrel and end cap region, respectively. They
are filled with a Xenon based gas mixture at 5 — 10 mbar overpressure. In the centre of
each tube is a wire with a diameter of 31 um made mainly out of tungsten. The straw
is operated at —1530V to achieve an amplification of 2.5 x 10* and read out at the end
of each tube.

In total, the TRT consists of approximately 351,000 tubes organised in 73 layers in
the barrel and 160 layers in the end cap region. These yield a coverage of up to |n| < 2.
Compared to the other two components of the ID, the TRT resolves the tracks in R — ¢
only. This is enough to enhance the tracking pattern recognition of the ID. Additionally,
due to the transition radiation, the TRT gives a complementary electron identification
to the calorimeter.

3.2.2. Calorimeters

The calorimeters of ATLAS are located next to the ID and its surrounding solenoid.
Their purpose is to measure the energy of particles. For this reason, the particles are
stopped and the deposited energy is measured. The calorimeters have to be thick enough
to absorb almost all high energy particles. The calorimeter system of ATLAS is separated
into two parts, an electromagnetic and a hadronic calorimeter. The electromagnetic part
is designed to measure the energy of electrons and photons. A good resolution for photons
is especially important to e.g. distinguish between two photons originating from a 7% or
a Higgs decay. The hadronic calorimeter has a much higher stopping power, so that all
jets should be contained in it. A schematic view is shown in figure 3.8.

The Electromagnetic Calorimeter

The Electromagnetic Calorimeter is the inner one of the two calorimeter systems of
ATLAS and located next to the TRT, only with the solenoid in between. It is a sam-
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Figure 3.8.: Schematic view of the calorimeters of ATLAS. The Inner Detector is shown
in grey in the centre [30].

pling calorimeter, which means that it consists of an absorbing and a detecting - sampling
- material. The absorbing material is lead. As a material for signal generation, liquid
argon (1Ar) is used. The signal is generated by ionisation and it is read out with elec-
trodes on kapton. The electrodes and the absorber material are accordion-shaped. This
allows a segmentation in radial direction. The folding angle and spacing of the accordion
structure is not constant for the whole detector volume, but changes with distance from
the IP. Layers closer to the IP have a higher segmentation than outer layers, to increase
the resolution.

Like other detector components, the electromagnetic calorimeter is separated into
a barrel and an end cap part yielding a coverage of up to || < 3.2. The end caps
themselves are further divided into an inner and an outer wheel. They differ in the fact,
that the inner wheel has a coarser granularity and only two instead of three active layers
in depth.

The Hadronic Calorimeter

The Hadronic Calorimeter consists of three sub detectors, the Tile calorimeter, the
Hadronic End-cap Calorimeter (HEC) and the Forward Calorimeter (FCal). From the
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barrel region the Tile calorimeter extends up to |n| < 1.7, which is the end of the full
calorimeter extension. It is divided into a barrel and two extended barrel parts. The
Tile calorimeter is a sampling calorimeter using steel plates as an absorber material and
scintillator as the active part. In order to read out the scintillation light, wavelength
shifting fibres are used, which direct the light to photomultipliers. The three parts of
this calorimeter are divided into 64 parts azimuthally and into three parts radially.

The HEC is located directly behind the end cap part of the electromagnetic calorime-
ter and covers a range of 1.5 < |n| < 3.2. It consists of four wheels, two for each side,
which are segmented in depth into two parts each. The absorbing material are copper
plates, interleaved with 1Ar as the active medium. The signal is read out via electrodes
in the middle of the 8.5 mm gap between two copper plates.

The FCal is the most forward calorimeter in ATLAS covering an 1 range of 3.1 < |n| <
4.9. As it is only 4.7m away from the IP, it is exposed to a very high particle flux. For
this reason the active material of this calorimeter, which is 1Ar, fills only in a small gap
of a coaxial cable. These cables are orientated parallel to the beam axis and organised
in a metal matrix, which serves as the absorbing material. The absorbing material and
the rod of the coaxial cable are either made of copper or of tungsten.

3.2.3. The Muon System

The Muon System of ATLAS is the outermost detector layer and also, in terms of phys-
ical size, the largest. It is contained in a toroidal magnetic field (see section 3.2.4).
Behind the calorimeter the only detectable particles should be muons, as all other de-
tectable particles should have been stopped in the calorimeters. Mouns are important
for numerous physics processes and yield a good trigger. This is the reason why the
muon system in general consists of a part which measures the trajectory of muons as
accurately as possible and a part which generates a fast trigger signal. A schematic view
of the muon system is shown in figure 3.9.

Monitored Drift Tubes (MDT) are used in order to track muons up to |n| < 2.7. These
are modules which consist of three to eight layers of drift tubes. The aluminium drift
tubes have a diameter of nearly 30 mm and in the centre a 50 um thick tungsten-rhenium
wire. They are filled with mostly argon gas and operated at 3080 V. The MDT modules
in the barrel region, which extends up to || < 1.4, are mounted cylindrically in three
layers around the beam pipe, in the end cap region in three disc layers perpendicular to
the beam. The only region without MDT modules mounted is the first layer of the end
cap discs in the region 2 < |n| < 2.7. In this case Cathode Strip Chambers (CSC) are
used instead. These multi wire proportional chambers are able to keep up with counting
rates of up to 1000 Hz/cm? compared to the maximum rate of the MDTs of 150 Hz/cm?.

The detectors for fast trigger generation extend up to || < 2.4. Resistive Plate
Chambers (RPC) are used for the barrel region until || < 1.05. Thin Gap Chambers
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Figure 3.9.: Schematic view of the muon system of ATLAS [30].

(TGC) are located in the end cap region. Both are able to register the incoming muons
within 25ns.

3.2.4. The Magnet System

The magnet system of ATLAS consists of an inner solenoid and an outer toroidal mag-
net. The central solenoid generates a 2T magnetic field parallel to the beam pipe. It is
located between the ID and the electromagnetic calorimeter. For this reason its material
budget of approximately 0.66 radiation lengths has to be kept low. As it is a supercon-
ducting magnet made of NbTi it has to be cooled to 4.5 K for operation. A current of
7.73 kA is needed to achieve the magnetic field strength of 2 T.

The toroidal magnets enclose the muon system. They are separated into a central
barrel part and end caps, which are inserted into the barrel part and line up with the
solenoid magnet. Each of those three toroid magnets consists of eight air core coils, which
provide a 0.5T and 1T magnetic field in the barrel and end cap region, respectively.
The conducting part of the coils is made of Nb/Ti/Cu and will be supplied in total with
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41kA. As a consequence of the air core, ATLAS has a relatively low weight for its overall
size.

3.2.5. Data Acquisition and Trigger

With an event size of approximately 1.3 Mbyte and the LHC running at nominal 40 MHz,
the ATLAS detector would produce about 50 Thyte per second. This is far too much to
store or even transmit. For this reason not every, but only selected, interesting events
are recorded. A trigger system is used in order to decide which event will be stored. This
system consists of three levels, namely L1, L2, and the event filter. Each level reduces
the event rate further. For example, the L1 trigger only uses information from the muon
system and parts of the calorimeter, but no tracking information from the ID. It reduces
the rate from 40 MHz to a maximum of 75 kHz. Hit information from the ID is read out
only if the event passes the L1 filter and then used for the L2 trigger. In the event filter
step offline analysis is performed and the event rate is reduced to about 200 Hz.

3.2.6. Diamond detectors in ATLAS

Besides the major detection systems described above, there are several small experi-
ments inside of ATLAS and in the far forward region, which are, with exceptions, not
used to measure a collision event, but merely to monitor the beam and the luminosity.
Two of these monitors use diamond sensors. Installed since construction is the Beam
Conditions Monitor (BCM) [38] and since the shut down prior to Run II the Diamond
Beam Monitor (DBM) [39]. Both are located in the forward region close to the beam
pipe inside the ID package.

The BCM consists of four diamond sensors on each side of the IP which are mounted
circularly around the beam pipe. The distance to the beam pipe is only 5.5cm so that
the diamonds have to withstand radiation doses of 500 kGy during ten years of operation.
The diamonds themselves are pCVD diamonds and have a size of 1 x 1cm?. They have
one large planar electrode, so that only the current of charges induced by the stream of
particles can be measured, but not individual particles.

The DBM is located between the BCM and the IP, about one meter away from the
collision region. It consists of four telescopes on each side with three sensors each. The
sensors have an active region of 20.0 x 16.8 mm? segmented into 26,880 pixels. Out
of these 24 sensors, 18 are pCVD diamonds and six are planar silicon sensors. Each
telescope is equipped with either of these sensor types exclusively. The four telescopes
on each side are mounted circularly close to the beam pipe. The three sensors in a
telescope are mounted in a projective geometry, pointing at the interaction point. This
allows for coincidence tracking of particles and the distinction if the tracks originate
from the IP or are part of the beam halo.
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Figure 3.10.: Upgrade and operation schedule of the LHC [40].

3.3. Upgrade Plans for LHC and ATLAS

In order to measure even the smallest deviations of processes from the standard model
prediction, more data at a higher rate has to be collected. This means increasing the lu-
minosity of the LHC far beyond its design value. This project is called High Luminosity-
LHC (HL-LHC). The current plans are to increase the luminosity by a factor of five to
seven with respect to the design value at a centre of mass energy of 14 TeV. Neither
the LHC nor all components of the experiments are able to handle such an increase
in particles and radiation damage. This means that major parts of them have to be
upgraded or replaced. The schedule for this upgrade and operation process is shown in
figure 3.10.

For ATLAS the increased luminosity means a full replacement of the ID [31]. By the
time Run II ends, the existing sensors will be at the end of their lifetime. Also an increase
in luminosity means more hard interactions per bunch crossing (pile-up). This number
will rise from a mean value of 20 at the end of Run I up to 200. To distinguish particles
from the different primary vertices, a higher resolution of the tracking is needed. The
read out of the sensors has to be able to cope with a higher occupancy per sensor. These
requirements, radiation damage and higher resolution, necessitate the full replacement
of the ID.

The replacement for the ID is called Inner Tracker (ITk). It will only consist of pix-
elated and strip sensors, while having the total dimensions of the current ID. For the
layout, several scenarios are discussed, with some scenarios reaching a track coverage of
up to |n| < 4. For such a detector four and five full barrel layers and twelve and seven
end cap discs on each side of pixel and strip sensors are needed, respectively [31]. This
yields an active area of 8.2m? for pixels and 193m? for strips. Combining the large
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active area of the new pixel detector with a minimum fluence of 1.4 x 106 Neq cm ™2

for the innermost layer after ten years of operation, several sensor technologies have
to be used for the detector. For the outer barrel layers, different sensor concepts are
considered with potentially lower costs. These are for example four chip planar modules
or HV-CMOS sensors which are glued onto a read out chip. For the innermost layer a
sensor technology which is very radiation hard has to be chosen. Due to the relatively
small active area of this barrel layer, diamond is a sensor candidate for this as it has a
high radiation tolerance.

Not only the ID will be fully replaced for the HL-LHC upgrade, but the whole detector
will be improved. A new and faster trigger system will be put in place, which then also
takes tracking for its first trigger decision into account. The forward calorimeter will be
upgraded to have a finer granularity and the trigger systems of the muon spectrometer
will also have a higher segmentation and coverage.
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CHAPTER 4

Silicon Pixel Detectors

Silicon is the de facto standard sensor material for pixel sensors in high energy physics.
Every other potential sensor material has to improve from this in at least one key aspect,
like e.g. signal to noise ratio or detection probability of photons. In case of diamond
sensors the major advantage is the higher radiation tolerance. Diamond sensors also
have the advantage, that they can easily use most of the read out electronics which were
originally developed for silicon sensors. Therefore this chapter introduces the concept of
pixel detectors with silicon as a sensor material, before in Chapter 5 the differences and
advantages of diamond sensors are explained.

First, the energy loss of particles in matter is described in section 4.1, which applies
to both diamond and silicon sensors. Then in section 4.2 the signal generation in solid
state sensors is explained and the read out of it for silicon sensors. In section 4.3 the
Pixel Detector of ATLAS is described as an example of a pixel detector system.

4.1. Energy Loss of Particles in Matter

How particles lose energy in matter depends on the type of particle and its energy. For
tracking detectors at collider experiments mainly the energy loss of charged particles is
relevant. This is described in section 4.1.1 for heavy particles and in section 4.1.2 for
electrons. While uncharged particles, such as neutrons, do also lose energy in matter
through other processes e.g. scattering at nuclei, which cross sections are small compared
to those of charged particles. Consequently, this is typically neglected for pure tracking
detectors. The only neutral particle which has to be considered is the photon. Its
interactions with matter are described in section 4.1.3.
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4.1.1. Energy Loss of heavy charged Particles in Matter

In order to calculate the energy loss of charged particles in matter, they have to be
separated into two categories. One group consists solely of the electron!, while the other
bundles all other heavier charged particles up to light nuclei. In general, all charged
particles follow the same physical laws, but as the electron is light compared to all other
charged particles, other effects than for heavier particles dominate. These are described
in section 4.1.2.

Heavy charged particles mainly interact with matter through inelastic collisions with
shell electrons or through elastic scattering with nuclei [41]. As the masses of the nu-
clei are large with respect to masses of the particles, the transferred energy in elastic
collisions is very small. Accordingly, almost all of the energy loss can be attributed to
the inelastic collisions with shell electrons. Other processes like Cherenkov radiation,
nuclear reactions and bremsstrahlung may occur, but are very rare?. Out of the two
main processes, the inelastic collisions contribute the largest share to the energy loss.
In these collisions, the electrons are either excited or, if the transferred energy is large
enough, the atom is ionised. The generated free electrons can even have enough energy

to excite other shell electrons and are refered to as -electrons.

The transmitted energy from one single collision with a shell electron or a nuclei cannot
be precisely determined, as it is a statistical process. However, as the density of atoms in
solid state matter is very high, many of these processes occur, so that a mean amount of
energy loss per distance can be calculated. The formula which describes the energy loss
through inelastic collisions is known as the Bethe-Bloch formula which is given below.

are\ 9 9 4 22 Qmenyv?Wmax 9 C

The parameters of this formula are explained in table 4.1. As the energy loss is a
statistical process, (dE/dzx) gives the mean value. This value is not identical with the
most probable value, as the energy loss follows a Landau distribution. Therefore the
most probable value is lower than the mean value with the median value in between.

Figure 4.1 shows the mean energy loss for anti-muons in copper over a wide momentum
range. For momenta of 8y < 0.1 the Bethe-Bloch formula does not describe the energy
loss any more. In this range the particles are very slow and might even be absorbed
by the material. For values of 8y > 1000 the formula also does not any more describe
the dominant process of energy loss. In this case radiative losses like bremsstrahlung
are dominating. Within the momentum range the Bethe-Bloch formula is valid, for low

! As the positron has the same mass, it behaves in this respect like the electron. Throughout this
chapter it is also implicitly meant, if speaking of electrons.

2Cherenkov radiation is used by specialised detectors, but merely for particle identification rather than
for tracking.
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Symbol Explanation
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classical electron radius
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density of absorbing material
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Table 4.1.: Explanation of the parameters of the Bethe-Bloch formula given in Equa-
tion 4.1 [41].
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Figure 4.1.: Energy loss of anti-muons in copper over a wide momenta range [10].
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momenta the energy loss decreases with 1/3% until a minimum at 3y ~ 3 — 4 is reached.
Particles with such momenta deposit a minimal amount of energy in the detector and
are therefore called minimum ionising particles (mip). The energy loss does only slightly
change for higher momenta, as it only increases logarithmically. For this reason the en-

ergy loss of a mip of — <@ -~ 1.5MeVer: is 5 good approximation also for particles

: ) dx /mip g
with a higher momentum.

The particles also collide elastically with the nucleii and are as a result slightly de-
flected. For tracking purposes this is an unwanted effect, as it reduces the resolution
of a detector. Therefore the sensors of tracking detectors should be as thin as possible,
while still obtaining enough signal. The deflection originating from scattering at a single
nuclei is described by Rutherford’s formula [41]. For a large number of independent
scatterings the distribution of the final scattering angle can be approximated with a
Gaussian distribution. The mean of the distribution is at zero degrees and the standard
deviation, if projected on a plane, is empirically given by [10]

_ 13.6MeV
Bep

z+v/x/Xo[1+0.0381n(x/Xo)] (4.2)

g9

with x being the thickness of the material and X its radiation length, which is explained
in Section 4.1.2.

4.1.2. Energy Loss of Electrons in Matter

Electrons have a very low mass compared to other charged particles. This results in
much higher momenta for electrons of the same energy. These momenta are that high,
that the Bethe-Bloch formula does not describe the major process of energy loss any
more. Instead, electrons with an energy of a few 10’s of MeV lose their energy in matter
predominantly through radiative losses. Due to deflection in the electric field of nuclei,
the electron emits a photon. This process is called bremsstrahlung.

In order to quantify the energy loss of electrons through bremsstrahlung in different
materials, the quantity radiation length Xg is used. For a particle with an initial energy
of Ep, the remaining energy FE after traversing a material with a thickness of x can be
calculated via [41]

E = Eye /X0 (4.3)

Accordingly, Xg is the distance in a material after which an incoming electron has
only 1/e of its initial energy left. The radiation length is material dependent and used
to quantify the amount of material of a detector. Since more material means more
scattering of the particles, tracking detectors, including the support structures, should
have a low Xy, while calorimeters should have a high enough Xy to ensure that all
particles can be stopped inside the calorimeter.

28



4.1. Energy Loss of Particles in Matter

0% T T T 1

% (a) Carbon (Z = 6)

o - experimental Gy, —

Cross section (barns/atom)
-
o

/

10 mb — K | |
10 eV I keV 1 MeV 1 GeV 100 GeV
Photon Energy

Figure 4.2.: Photon cross section in carbon [10]. Oe.p. is the cross section for the pho-
toelectric effect, ocompton for Compton scattering, and kpye and k. for pair
production in the field of the nuclei or electrons, respectively. oRayleigh is
the cross section for Rayleigh scattering, where the energy of the photon is
not altered.

4.1.3. Energy Loss of Photons in Matter

Photons interact with matter in mainly three ways, which are, ordered by the minimum
photon energy needed:

1. Photoelectric effect
2. Compton scattering
3. Pair production.

The cross sections with respect to the energy are shown in figure 4.2.

One distinct feature of these interactions is that two of these do not attenuate the
energy of the photon but absorb it entirely. Only Compton scattering changes the energy
and the direction of the photon. Consequently, for a photon beam not the change in
energy, but for intensity with respect to the distance in matter is quoted. It can be
calculated via the formula

I(x) = e ™ (4.4)
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with I(z) being the intensity after a distance of = through a material with absorption
coefficient i for a beam with an initial intensity of 1.

Photons originating from collisions at high energy colliders are high energetic. Conse-
quently, the most relevant process is pair production. In this case the photon decays in
the electric field of a nucleus into an electron-positron pair. For this reason the minimum
energy of the photon for this process is two times the mass of an electron. At photon
energies in the order of 10’s of MeV pair production becomes the dominating process.

In a tracking detector a signal from photons is typically unwanted, because, as stated
above, in most cases the photon is absorbed in this process. This renders tracking
of photons impossible as it can be only measured at one point. This is typically not
considered as a problem for a detector at a high energy particle accelerator, as the
energy of the photon is the interesting quantity. Accordingly, the tracking system and
its support structures should be as transparent as possible for photons, meaning a low
total u, so that the photons can reach the electromagnetic calorimeter.

4.2. Signal Generation and Detection in Silicon

This section focuses on signal generation in the detector and how it can be read out,
especially in the case of silicon. For this reason in section 4.2.1 basic solid state physics
for the relevant sensor materials, i.e. silicon and diamond, is explained. In section 4.2.2
the read out of the deposited signal is discussed.

4.2.1. Semiconductor Basics

Diamond and silicon have the same crystal structure®. Both atoms, carbon in case of

diamond, have four electrons in the outermost shell. The preferred electron configura-
tion for the outermost shell is eight electrons. With each electron on the outermost shell
it is possible to form a covalent electron bond with an outer electron of a neighbouring
atom, so that the two electrons are shared between the atoms. Forming such a bond-
ing with all four outer electrons, the atoms are able to achieve the ideal configuration.
For this reason, carbon and silicon can build stable crystals with atoms of the same kind.

The allowed energy levels for the outer electrons are equal for atoms of the same
kind. But if the atoms are very close, like in a crystal structure, the energy levels are
slightly shifted due to the potential shift caused by neighbouring atoms. The shift is
so small, that single energy levels cannot be distinguished any more. Instead they form
energy bands of allowed states. The origin of this can be understood by assuming the
spacing of the crystal being first relatively large. In this case every atom has the exact
same energy levels, as the atoms do not interfere with each other. Bringing the atoms
closer together, they cannot be treated as independent atoms any more, but as a single

3This is also true for germanium.
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quantum mechanical system. With the same energy levels for every atom, they violate
Pauli’s principle. According to this, two electrons cannot be in the exact same state in a
system. But as the energy levels degenerate due the influence of the neighbouring atoms
on the potential, Pauli’s principle is not violated [42].

In the ground state, i.e. at T' = 0K, the highest filled energy band is called valence
band, the lowest unfilled band conduction band. Electrons in the valence band are tightly
bound to their atoms and cannot move freely in the crystal. Electrons in the conduction
band are able to do this. Depending on the crystal structure, there might be an energy
gap between these two bands, where no states for electrons exist. In general, crystals can
be categorised depending on the size of this energy gap. If the valence and conduction
band overlap, i.e. there is no energy gap, the electrons can move from one band to the
other without extra energy. Such a material is called a conductor. Materials with only
a partially filled valence band belong also in this category. If the energy gap is greater
than 4 eV, the electrons need more energy than they would normally get through ther-
mal excitation to cross the gap [43]. As a result these materials are not conductive and
are called insulators. For materials with a small energy gap of 4eV or less, thermal exci-
tation of an electron in the conduction band is possible, yielding a conductivity between
conductors and insulators. Such materials are called semiconductors.

Silicon has a band gap of 1.12eV and is therefore a semiconductor. But the mean
energy needed to excite an electron from the valence to the conduction band is 3.6eV.
The reason for this is that silicon is an indirect semiconductor. Indirect means, that the
highest energy states of the valence band and the lowest energy states of the conduction
band do not have the same momenta. Therefore, the electrons either need more energy
to change bands without changing their momenta or they do need additional energy to
actually alter their momenta.

When the electrons change from the valence to the conduction band, they can move
like free charge carriers. In the valence band they leave an unfilled state behind. This
state is known as a hole. These holes can also move in the crystal, as electrons from
neighbouring atoms fill the hole and therefore change its position. Holes act as positive
charge carriers, whereas electrons act as negative charge carriers.

4.2.2. Operating Silicon as a Solid State Detector

In a pure silicon crystal at a temperature of 300 K there are about 1.5 x 1019 cm ™3 elec-
trons in the conduction band and as many holes in the valence band [41]. Considering a
mip particle hitting only one pixel with the size of 250 x 50 um? and a sensor thickness of
250 um it creates approximately 24.300 electron hole pairs. Comparing that to approx-
imately 46,900 electron hole pairs from thermal excitation in the same volume, such a
signal is not easy to detect, even though the electron hole pairs from thermal excitation
can be reduced by cooling the sensor. Nevertheless, this calculation assumes that every
pixel has the exact same potential. Due to the fabrication process of the electrodes,
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this assumption is not valid. Instead, the slightly different potential for individual pixels
leads to an increase of current for some pixels and as a result to an increase of noise.

For this reason a detector consisting of a pure silicon crystal is difficult to operate. A
solution is to dope the silicon and create a pn-junction. Doping a semiconductor means
adding atoms which have one more or one less electron in the outer shell into the ma-
terial. This can either be done during the growth of the semiconductor or later using
ion beams. Atoms with one electron more in the outer shell, i.e. in total five electrons,
are named donor, the resulting material n-type semiconductor. The energy level of the
extra electron is very close to the conduction band. Therefore, this electron is easily
excited into the conduction band. Semiconductors doped with with atoms which have
one electron less in the outer shell are named p-type semiconductors. The doped atom
acts as an acceptor, as it has a energy level just over the valence band. For this reason,
an electron is easily excited into this level and leaves a hole behind.

Putting an n-type and a p-type semiconductor together creates a pn-junction. In the
n-type semiconductor the concentration of electrons is higher. The same is true for holes
in a p-type semiconductor. Consequently, at the interface between these two semicon-
ductors there is a concentration gradient of electrons and holes. This is compensated
by diffusion of electrons to the p-type material and of holes to the n-type material. The
diffusion leads to a negative space charge in the p-type semiconductor. Accordingly,
the n-type becomes positively charged. Due to this charge, a potential builds up, which
eventually stops the diffusion of charges. This region is named depletion region and is
free of mobile charge carriers. If electron hole pairs are created by ionising radiation,
these carriers are dragged out of the region by the electric field. Placing electrodes at
the edges of the depletion region, makes it possible to measure the resulting current.
The size of such an intrinsic depletion region is typically not as large as a sensor is thick.
In order to enlarge this region, a reverse bias voltage can be applied. The reverse bias
voltage reduces the potential originating from the space charges and thus the electric
field. This allows charge carriers to diffuse further into the opposing material and thus
enlarges the depleted region. Assuming, that one doping concentration is much higher
than the other, the depleted region predominantly extends into the lesser doped material.
Its thickness  can be approximated as [44]

2€0U
~ 4.
RV N (4.5)

with €y being the dielectric constant, U the applied voltage and N the doping concen-
tration of the lesser doped material.

The electron hole pairs, created by traversing radiation, drift towards the electrodes,
due to the electric field. According to the Shockley-Ramo theorem, the charges induce a
current on the electrode while drifting towards it [45,46]. The induced current can be
calculated via

i = qvEw (4.6)
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where i is the instantaneous induced current, ¢ the total charge of the charge cloud, v its
velocity and EW the weighting field. The weighting field depends only on the geometry
of the electrodes and due to its normalisation, the integral of the induced current over
the drift time equals the total charge of the charge cloud [44].

As the recorded signal is typically small, i.e. in the order of a few thousand electrons,
it needs to be amplified. For this reason the read out electrode is connected to an ampli-
fier. The amplifier converts the charge signal into a voltage signal, which is much easier
to propagate in modern electronics. In order to prevent that the amplifier amplifies the
charge of multiple particles, it has to be reset. This is either done via a resistance or
a current source. While the current source results in a linear decrease of the voltage
signal, the resistor results in an exponential decrease.

In order to suppress signals originating from noise, the voltage signal usually has to
pass a discriminator. This is done in order to reduce the number of signals, as in a typical
pixel detector the number of channels is too large to read out every single channel for an
event. The discriminator can also be used to further compress the information from the
full signal shape by converting it to the time the signal stays over the threshold. This
time over threshold (ToT) is proportional to the amplitude of the signal, if the decrease
of the voltage signal is linear.

4.3. The ATLAS Pixel Detector

The ATLAS Pizel Detector is the innermost subdetector of ATLAS [47]. It is separated
into three barrel layers and three end cap layers on each end of the barrel. During
the LHC shutdown in 2014, an additional innermost fourth barrel layer, the Insertable
B-Layer (IBL), was installed [48]. A drawing of the Pixel Detector without the IBL is
shown in figure 4.3.

The Pixel Detector is a tracking detector, used to resolve the primary vertices of the
tracks. At the end of Run I, up to 40 primary interactions per event had to be resolved.
A good resolution of the vertices is particularly important for the identification of b-
quarks in a decay. These b-quarks live long enough to move away from their primary
vertex before decaying. Its decay products originate from a secondary vertex, which is in
the order of several hundred micrometres apart from the primary vertex [49]. The iden-
tification of b-quarks, called b-tagging, is particularly important for all analysis involving
a top-quark. These decay almost exclusively into a b-quark and a W-boson. A good
b-tagging reduces the complexity of the reconstruction of such an event and reduces the
background.

In order to achieve a high resolution, the Pixel Detector consists of more than 80

million single pixels covering an active area of approximately 1.7m2. They cover a
pseudo rapidity range of up to |n| < 2.5. The IBL further adds about six million pixels
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Figure 4.3.: Schematic view of the ATLAS Pixel Detector during Run I. The IBL, which
was inserted for Run II, is not shown [47].

and 0.15m? of active area up to a pseudo rapidity of || < 3.

4.3.1. Sensor

The ATLAS Pixel Detector uses n-in-n diffusion oxygenated silicon sensors. This means
that the silicon bulk is slightly n-doped and read out via a heavily n-doped electrode
on one sensor surface. In order to create a pn-junction and to deplete the sensor, a
depletion voltage is applied via a p-doped electrode on the other surface. Accordingly,
the depletion region grows from the back- to the frontside. This means that the sensor
has to be always fully depleted for operation.

During data taking at the LHC, the sensors will suffer from radiation damage. This
results for silicon in an enrichment of p-type defects up to the point, where the whole
sensor bulk changes its effective doping from n-type to “p”’-type. Such a process is called
type inversion. Further irradiation increases the effective p-doping and consequently the
potential needed to fully deplete the sensor. The dependency of the absolute depletion
voltage on the radiation dose is shown in figure 4.4. This voltage can increase beyond
the limits of the power supplies, which results in not fully depleted sensors. Unlike unir-
radiated n-in-n type sensors, operation of partially depleted type inverted sensors is still
possible, as the depletion region grows from the read out n-type electrodes inside the

“p”-type sensor.

As long as the sensor bulk is not type inverted, a good isolation between the n-doped

pixels is crucial. For this reason, the region between the pixel implants, is slightly p-
doped [47,51]. This doped area ensures, that the resistance between two pixel implants
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Figure 4.4.: Depletion voltage of ATLAS Pixel silicon sensors with respect to the accu-
mulated fluence. With irradiation the effective doping concentration and
type of the sensor bulk changes [50].

is high, so that they are not shortend. The edges of a planar silicon sensor need also
special treatment. The drop of the potential on the p-doped side has to be moderated
or otherwise discharges at the cutting edge of the sensor can occur [42]. Accordingly, 16
guard rings are implemented on the p-electrode side. These guard rings have a width of
10 um and consist of a p-implant and an aluminium contact. They surround the whole
sensor area and have a distance between each other of 8 pm to 15 um [52]. The rings are
not interconnected and ensure a controlled drop of the potential towards the edge of the
sensor. Due to the width of this structure and a safety margin for cutting the sensor, an
inactive area of 1100 pm width surrounds the sensor [53].

The sensor has an active area of 60.8 x 16.4mm? and a thickness of about 250 um.
The n-type electrode is separated into 47,232 pixels, organised in 144 columns and 328
rows. Most of these have a size of 400 x 50 um?. The only exceptions are pixels in 16
columns, which have a size of 600 x 50 um?. The reason for this is, that the sensor is
not read out with a single but with 16 front end chips. At the interface between two of
these, the pixels have to be slightly larger. The maximum possible depletion voltage for
the sensor is 600 V. During operation, the sensor is cooled down to —10° C in order to
reduce the leakage current.

4.3.2. Read out

Each of the 1,744 silicon sensors is read out by 16 FFE-I3 front end chips, which are
grouped in two rows with eight FE-I3 each. Every FE-I3 is able to read out 2880 pixels
individually, which are organised in 16 columns and 80 rows.

35



4. Silicon Pixel Detectors

». — HV guard ring

TypeO connector

barre|
pigtai

decoupling
capacitors

¥

bump bonds

sensor

Figure 4.5.: Schematic view of a Pixel Detector module [47].

A full pixel module is completed with the Module Control Chip (MCC). It manages the
communication with the front ends of a module, distributes trigger signals and processes
the collected data. A schematic view of a complete pixel module is shown in figure 4.5.

4.3.3. The Insertable B-Layer

Originally, it was planned to replace the innermost layer of the Pixel Detector every three
years of operation, as the performance decreases due to radiation damage [48]. During
the construction of the Pixel Detector, this changed so that no layer can be replaced.
Instead, during the shut down in 2014, an additional innermost pixel layer was installed,
the Insertable B-Layer (IBL). It uses a new read out chip, the FE-I4, which has a smaller
pixel size of 250 x 50 pum? and is able to cope with the expected high occupancy. One FE-
14 can read out 26,880 individual pixels, which are organised in 80 columns and 336 rows.

The IBL consists of 14 staves, which are mounted around the new, smaller beam pipe.
Each stave contains 32 FE-I4. These are grouped into modules, which either consist of
one or two front ends, depending on the sensor. Two different types of silicon sensors
are used. The inner 24 front ends are connected to planar n-in-n sensors, with two front
ends forming a module. At both ends of the staves, four 3D sensors are connected to
one front end each.
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The planar n-in-n sensors are refined versions of the sensors used for the existing pixel
detector [54]. These are 200 um thick, which yields a higher electric field for the same
bias voltage. This is possible due to the higher resistivity of the bulk material, which
is now commercially available. The width of the inactive area around the sensor is also
reduced to 350 um. It is achieved by reducing the number of guard rings to 13 and
having an overlap of 250 um of the inner rings with the pixel implementation on the
other side of the sensor. This slight overlap does not reduce the efficiency.

The 3D sensors use electrodes inside the bulk material, which is a new technique. For

details on the 3D geometry, see chapter 5.4. The production of these sensors is very
demanding. As a result, the size of one sensor corresponds to only one front end chip.
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CHAPTER D

Diamond Pixel Detectors

Diamond has some unique properties, which make it an interesting sensor material. Es-
pecially its high radiation tolerance gives it an advantage over silicon sensors in specific
regions of a detector. In these regions, the sensors are exposed to a high particle flux
and suffer from heavy radiation damage. The innermost layer of a tracking detector at
HL-LHC, which would be at a radius of few centimetres away from the beam, is such an
environment.

The high radiation tolerance comes at a price, namely the lower deposited signal com-
pared to silicon sensors. This can be compensated by the lower intrinsic noise and special
electrode geometries. Such electrodes would be not on the surface of the diamond but
also inside its bulk.

This chapter gives an overview of diamond as a sensor material and what is needed to
achieve a working sensor for a pixel detector. Accordingly, section 5.1 gives a summary
of the relevant properties of diamond and how they compare to silicon. Natural diamond
is too expensive to use and so artificial diamond is the material of choice, its production
presented in section 5.2. As the major advantage of diamond over silicon is its higher
radiation tolerance, this is discussed in more detail in section 5.3. An overview over the
different electrode geometries is given in section 5.4 and the production of electrodes
inside the diamond bulk is described in section 5.5. One crucial aspect is the contacting
of such electrodes, which is discussed in section 5.6.

5.1. Diamond Properties

Diamond consists solely of carbon atoms. These atoms have four electrons in their out-
ermost shell. Their orbital hybridisation of the electrons is sp® [55]. The orbitals are
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Figure 5.1.: (a) Schematic view of one cell of a diamond lattice [56] and (b) of a single
carbon atom with its three sp® orbitals [57].

Property ‘ Diamond  Silicon
Band gap (eV) 5.5 1.12
Intrinsic carrier density (cm™2) | < 103 1.5 x 1019
Dielectric constant 5.7 11.9
Displacement energy (eV/atom) | 43 13 —20
Energy to create e-h pair (eV) 13 3.6
Radiation length (cm) 12.2 9.4
Average signal created / um (e) | 36 89

Table 5.1.: Properties of diamond and silicon [58].

aligned in a tetrahedral way, so that the maximum angle between the orbitals is realised.
Each of these orbitals overlaps with an orbital of the same kind from a neighbouring atom
and consequently forms a stable bond. The crystal structure is a combination of two
cubic face-centred crystals, shifted by a quarter of the cube diagonal (see figure 5.1(a)).
This yields eight carbon atoms per unit cell. The enormous strength of the diamond
cannot be explained by its crystal structure alone, as e.g. silicon has the same. The
difference is the very high bond enthalpy of the carbon-carbon bond of 348 kJ/mol. This
translates to a higher energy to remove an atom from the crystal lattice for diamond
compared to silicon. As shown in table 5.1, this displacement energy is at least twice as
high in diamond as in silicon [58]. As a result, this contributes to the radiation hardness
of diamonds.

The radiation length of diamond is with 12.2 cm longer than the radiation length of
silicon, which is 9.4 cm. This is beneficial, as for a tracking detector the material bud-
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get should be as low as possible. However, since thinning diamonds below 500 pum is
technically challenging, diamond detectors tend to have a larger thickness than silicon
sensors [59]. This compensates the advantage.

With a band gap of 5.5eV diamond is an insulator [58]. Like silicon, its band gap is
indirect, which results in the required energy to create an electron hole pair of 13eV.
This is approximately 3.6 times more energy than for silicon. Combined with the longer
radiation length, the average created signal per micrometer is 36 e to 89e for diamond
and silicon, respectively.

In order to be able to detect a signal, its amplitude should be sufficiently large com-
pared to the noise, the so called signal to noise ratio. The lower signal from diamond
sensors with respect to silicon sensors, does not conclusively result in a lower signal to
noise ratio. The band gap of diamond is large enough to suppress thermal noise quite
effectively. Additionally, the dielectric constant is only half as large as for silicon, which
for the same electrode geometry results in half the detector capacitance with respect
to silicon. This detector capacitance is one source for noise. For lower capacities, the
noise is smaller. The very low number of intrinsic charge carriers in diamond leads to
a behaviour similar to that of a depleted silicon sensor, with respect to this property.
Accordingly, diamond does not need to be doped or depleted with a bias voltage. In
practice, however, a high electric field is needed for a fast charge collection in diamond,
as otherwise the charges would be trapped. Therefore, the applied bias voltage especially
for low quality diamond sensors tend to be higher than for silicon sensors.

A major difference of diamond to silicon is the trapping of charges. In a perfect crystal,
no states exist between the valence and the conduction band. However, in a real crystal,
defects create localised states in the band gap. These states can trap a charge and pre-
vent it from drifting further to the electrode. The average time before the charge carrier
is detrapped depends on the energy of the state. If the charge is trapped longer than the
time needed to collect the other charges, it is effectively removed from the signal. Ac-
cording to the Shockley-Ramo theorem (see equation 4.6), it only contributes a fraction
of its charge to the signal, while it was drifting towards the electrode. Such defect states
are present even in unirradiated diamond, while they do not occur in unirradiated silicon.

In case of unirradiated diamond, such defect states are often, but not exclusively,
introduced by grain boundaries. Their amount increases with the radiation dose the
sensor is exposed to. In order to calculate the amount of the deposited charge, the
influence of trapping has to be measured. A figure of merit to quantify the quality of
charge collection of the diamond is the charge collection distance (CCD). It is defined
as the mean distance an electron hole pair separates, before it is being trapped. It can
be calculated using the mobility p and lifetime 7 of electrons and holes and the electric
field E via

CCD = (MeTe + ,u,hTh)E . (5.1)
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As a result, the CCD increases with the applied electric field and for that reason high
fields are needed to successfully operate a diamond detector. A more convenient defini-
tion is

CCD = Qd (5.2)

Qo

with the collected charge @), the initially deposited charge )y and the sensor thickness
d. This formula can be derived from equation 5.1 assuming that the ratio of measured
charge to deposited charge equals the fractional distance the charge carriers drift in the
sensor, namely

Q _ le + lh

Qo d
with l.; being the distance an electron or hole drift, respectively. The distance is
calculated via the lifetime and the velocity of the charge carrier, with the later being the
product of mobility and applied electric field. This yields

(5.3)

le +1p, MeTe + RTh

= S (5.4)
= gd = (teTe + pnn)E . (5.5)
Qo

The assumption in equation 5.3 is only valid, as long as the thickness of the sensor
exceeds the drift length of the charge carriers. Accordingly, equation 5.2 can only be
applied, if the sensor thickness is significantly larger than the CCD.

According to equation 5.1 an infinitely strong electrical field would result in an in-
finitely large CCD. This is not the case, as the increase of CCD with the increase of the
electric field is limited by the saturation velocity of the charge carriers [60]. The velocity
v can be calculated via

poE

— P~ 5.6)
B (
14 £

(%

with po being the mobility at low electric fields, E the electric field and vs the saturation
velocity. As a result of the finite saturation velocity, the measured CCD saturates for
high electric fields.

Another method to increase the CCD of a diamond, other than applying a higher
electric field, is pumping the diamond sensor with a very active radioactive source. The
irradiation from this source deposits charges in the sensor, which are trapped by the
defect states. If such a defect is close to the middle of the band gap, its detrapping
time is typically large. This means, that the state remains filled and cannot trap other
charges. Consequently, this reduces the concentration of unfilled defect states and there-
fore increases the CCD. Exposing the diamond sensor to UV-light, depumps the sensor,
i.e. the trapped charges are released from the traps.
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Figure 5.2.: Phase diagram of carbon. Regions of the different types of diamond forma-
tion are indicated [64].

5.2. Production of artificial Diamonds

Natural diamond is too expensive to use as a sensor material. Additionally, the shape of
natural diamonds does most of the time not fit to the required specifications. Therefore,
all the diamonds used as sensors are artificial diamonds. Historically, the first approach
to manufacture artificial diamond, was to expose graphite to very high pressures and
high temperatures (HPHT). In 1955, H. Liander and E. Lundblad reported the first
successful production of diamonds using HPHT synthesis [61]. As the diamonds, which
can be manufactured using this technique, are smaller than a millimetre in diameter,
these are not suitable for tracking sensors. Consequently, the diamonds used as sensors
are made via chemical vapour deposition (CVD).

Allegedly, the first CVD diamonds were already produced in 1952 by W. Eversole,
but these results were not published until four years later [62]. Such diamonds are pro-
duced using a hydrocarbon plasma inside a reactor. The gas mixture typically consists
of methane and hydrogen [63]. Its pressure can range from a few kPa to tens of kPa,
which is well below the threshold of natural diamond growth, as shown in figure 5.2.
While at these conditions graphite is the preferred allotrope of carbon, the formation of
diamond is possible, but at a much lower rate.

In order to begin the growth of diamond, the plasma has to be ignited. Several op-
tions are available, but the most common one is using microwaves. The very intensive
microwaves can reach up to a power in the order of one kW and form a strong electro-
magnetic field inside the reactor. This causes the plasma to ignite. A scheme of such
a reactor is shown in figure 5.3. The plasma is located only a few millimetres above a
substrate, where the diamond film will be grown on. Inside the plasma, the hydrogen
splits into free radicals, i.e. atomic hydrogen. These radicals remove one hydrogen atom
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Figure 5.3.: Sketch of a microwave CVD reactor [65].

from the hydrocarbon gas, e.g. transforming CH, to CH,_;, with z = 1-4 [63]. The
surface of the substrate also undergoes many collisions with the hydrogen radicals. In
case of a single crystalline diamond substrate, it is hydrogen terminated, meaning that
hydrogen atoms are attached to the open bonds of the carbon atoms at the surface.
These hydrogen atoms can be removed by the collisions with the hydrogen atoms from
the plasma, which leaves an open bond behind. A methane radical, e.g. CHs, can now
use this open bond to form a carbon-carbon bond. In case of an sp? type bond, which
is the preferred bond, the carbon atom can be etched away by the hydrogen radicals of
the plasma. An sp® bond is formed less often, but is much more unlikely to be removed
from the crystal. As a result, the crystal grows containing only sp® bonds.

The substrate used for the process has a large influence on the properties of the grown
material. If a single crystalline diamond substrate is used, the resulting diamond will also
be single crystalline (scCVD). The growth will start at random points of the substrate,
but each of these grains has the same orientation, due to the orientation of the substrate.
In case of a silicon substrate, the orientation of the diamond grains is not predefined,
as silicon has the same lattice structure, but a larger lattice constant. The growth rate
of these diamond grains depends on their orientation. Consequently, some grains grow
faster than others and even outgrow them. This leads to an increase of grain size in the
direction of total growth. A scheme of such a polycrystalline (pCVD) diamond is shown
in figure 5.4.

For use as a sensor material, the density of the grain boundaries has a huge influence
on the quality of the diamond. At grain boundaries, the crystal lattice is not perfect,
but has a slight mismatch in the orientation between two grains. This results in some
unbound electron states, which can act as charge traps. Consequently, a diamond with a
lot of grain boundaries has a low CCD. For this reason, the diamonds are grown thicker
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Figure 5.4.: Schematic cut through a pCVD diamond. The density of grains decreases
in the direction of growth. Lines, where to cut the diamond to achieve the
best possible quality, are indicated.

than needed, in order to remove the region near the substrate, where the density of grains
is high. In order to distinguish between these sides they are referred to as substrate and
growth side.

Due to the need of a single crystalline diamond substrate in order to grow scCVD
diamonds, they are limited in size compared to pCVD diamonds, which can be grown on
full silicon wafers. The high purity of scCVD diamond also demands low growth rates.
These two factors combined lead to a significant pricing difference between scCVD and
pCVD diamonds of the same size, with the former being more expensive.

5.3. Radiation Damage and Radiation Tolerance

The interactions of traversing particles with the sensor material do not always leave the
crystallographic structure unaltered like e.g. the ionisation of an electron or the creation
of an electron hole pair. Instead, some particles cause permanent damage to the material
due to non-ionising energy loss (NIEL). According to the NIEL hypothesis, the total
damage of the crystal scales with the fluence. This hypothesis has been tested numerous
times for silicon and also for diamond [66,67]. The damage to the material is often done
by removing an atom from the crystal lattice. Such a defect is called a vacancy. The
displaced atom now resides between the regular sites of the lattice, a so called interstitial
defect. Whether or not such defects occur depend on the sensor material, the type, and
the energy of the traversing particle.

The minimal amount of energy needed to displace an atom depends on the crystal
itself and the recoil direction. This energy threshold is two to three times higher than in
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silicon (see table 5.1), which is advantageous. If the recoil energy is much higher than
the minimal energy needed (e.g. 43keV for diamond), the displaced atom has enough
energy to cause further displacements, creating a so called defect cluster [42]. At such
energies, the incident particle still scatters elastically with the first displaced atom. If
energies of a few hundred MeV are transferred, the particle scatters inelastically. This
means that the atom of the crystal lattice is transmuted into a lighter atom which then
scatters elastically with other atoms of the lattice grid. As a silicon atom is much heav-
ier than a carbon atom, the possible transmuted cores are also heavier. These heavier
cores cause a lot more damage to the grid than lighter cores, which explains the superior
radiation tolerance of diamond compared to silicon for very high energetic radiation [67].

The actual amount of energy, which is transferred to the primary knock on atom de-
pends on the energy and type of the incident particle. Charged particles, like e.g. elec-
trons or protons, scatter via electromagnetic interaction with the atomic nucleus. Neu-
tral particles, like a neutral pion, or heavy particles, like the proton, can scatter also
via nuclear interaction with the nucleus [42]. The relative amount of energy loss due
to ionisation, which does not result in permanent damage, and NIEL, which can cause
permanent damage, does also depend on the energy of the incident particle. For charged
particles with an energy above 10 MeV almost all energy loss is due to ionisation [67].
At lower energies the fraction of energy loss due to NIEL increases significantly. As a
result, low energetic particles have a higher potential of causing defects to the lattice.
In order to compare the damage caused by the different types of radiation, their impact
is normalised to the damage done by an incident neutron with a kinetic energy of 1 MeV.

Defects like a vacancy or an interstitial can introduce new energy states. These states
can be in the energy gap between valence and conduction band and act as donors or
acceptors. This changes the effective doping concentration of a sensor and in the case
of silicon it can even change the effective sign of the space charge of the material. As
radiation causes more p-type than n-type defects, a highly irradiated n-type sensor can
change to a p-type-like sensor (e.g. see figure 4.4). For diamond, the introduced new
energy states act predominantly as traps. Consequently, the CCD decreases with the
total radiation fluence the sensor has been exposed to. This decrease can be quantified
in terms of the mean free path A for electrons and holes [68]

11
T= kD, 5.7
T (5.7)

Ap is the mean free path before irradiation, k& the damage constant, and ¢ the non
ionising fluence. A decrease in the mean free path results in a decrease of CCD. As
the formula describes the evolution of the mean free path, it can also be applied to
silicon. The damage constant is a material specific quantity, i.e. it differs for silicon
and diamond. However, it was measured that it does not depend on the type of dia-
mond material, i.e. scCVD or pCVD diamond, as shown in figure 5.5 [69]. Both types
of diamond material show the same behaviour as predicted by equation 5.7, with the
same damage constant k. The difference between the two types of diamond lies in the
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Figure 5.5.: Evolution of the combined mean free path of electrons and holes with re-
spect to the accumulated fluence for different diamond samples [69]. The
samples were irradiated with 25 MeV protons. The values for the two pCVD
samples have been shifted to a higher fluence of 1.04- 10 protons/cm? and
1.82- 10" protons/cm? for sample UT29 and UT21, respectively. This min-
imises the x2 of a fit according to equation 5.7.

different values of the CCD for unirradiated samples. Generally, pCVD diamond start
with a lower CCD than scCVD diamonds. In order to describe both types of diamond
with one curve, pCVD samples are shifted to higher fluences so that the y? of the fit
according to equation 5.7 is minimised. The shift indicates that the defects at grain
boundaries can act as charge traps, with the same properties as the radiation induced
traps. As the evolution of the mean free path is proportional to ®~!, it decreases very
rapidly for high quality samples. Therefore, the amount of charges collected after the
exposure of the sensor to high radiation fluences does only slightly differ for high and
low quality samples. Consequently, the use of high quality samples is no viable solution
for a diamond sensor, which collects almost all charges even after being exposed to a
high radiation fluence, as the CCD drops sharply.

With the known dependence of the mean free path on the fluence, the most probable
value for the collected charge can be calculated [69], as shown in figure 5.6. In silicon
much more charge is generated and initially also collected. However, after fluences of
10 protons/cm? diamond collects at least the same amount of charges. The defects
introduced by radiation into the silicon crystal do not only act as charge traps and as
a result reduce the mean free path. As the band gap in silicon is very small, they can
also act as donors or, more often, as acceptors. This increases the leakage current of the
sensor and therefore the noise from the detector. Combining the increase of the noise
and the decrease of the signal in silicon yields a significant decrease in signal to noise

47



5. Diamond Pixel Detectors

— Diamond

— Diamond

-- Si

Qcollacled(ke)
-
S
[T T

--Si

Qcollec(ed(ke)
=

e

N

-
N
UL LR |||||||||1|J_|‘|4'||||

PR TS O AT S S S A ST SN SR S M S S S
5 10 15 20 25

proton fluence (10" p/cm?) proton fluence (10" p/cm?)

°C>

Figure 5.6.: Calculated most probable value for the amount of collected charge of a
traversing 1 GeV pion with respect to the accumulated fluence. The silicon
and diamond sensor are both 200 um thick and were exposed to (a) 25 MeV
and (b) 24 GeV protons [69].

ratio. Compared to diamond, the signal decreases too, but the leakage current stays
negligible due to the large band gap [67]. Hence the signal to noise ratio is advantageous
for diamond even at lower fluences, as shown in figure 5.7.

5.4. Pixel Electrode Geometries

As shown above, it is not enough to rely on high quality diamonds, in order to collect
as many charges as possible even after a high irradiation dose. For such a high quality
material, like scCVD diamond, the CCD decreases quite rapidly to a level of pCVD
diamonds. Combined with the significantly higher costs of scCVD diamonds, other so-
lutions are favoured.

With increasing radiation dose, the mean free path decreases. This decrease cannot
be compensated by applying a higher electric field, as the operation voltage is already
about 1kV and the velocity of the charge carriers saturates. Accordingly, in order to still
collect all charges, the distance between the electrodes has to be reduced. Pixel sensors,
diamond as well as silicon, typically have their electrodes on the surface, so called planar
electrodes. Therefore, a reduction of the distance between the electrodes means thinning
the sensor. But this also reduces the amount of deposited energy by traversing particles.
Additionally, thinning a diamond sensor of the size of e.g. 2cm? from 500 pm to 400 um
is very delicate and can break the diamond [59].

An alternative are electrodes within the sensor bulk, as proposed by Parker et. al. in
1997 [70]. A schematic comparison of these so called 3D electrodes with planar electrodes
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Figure 5.7.: Calculated signal to noise ratio (SNR) for diamond and silicon for a travers-
ing 1 GeV pion with respect to the accumulated fluence. The silicon and
diamond sensor are both 200 um thick and have been exposed to 25 MeV
(dashed) and 24 GeV (solid) protons [69].

is shown in figure 5.8. An advantage of this geometry is that it decouples the spacing
between the electrodes from the thickness of the sensor. Consequently, the distance
between the electrodes can be lower than the CCD, while still using a relatively thick
sensor with a large deposited signal. As the geometry of the electric field changes to a
more radial geometry and the distance between two opposing electrodes is reduced, a
lower applied voltage is needed for the same strength of the electric field. The higher
segmentation also reduces the time needed by the charges to drift to the electrodes and
therefore the total collection time. Due to all these advantages, the 3D electrodes allow
the use of low quality pCVD diamonds as sensors.

For silicon sensors, this technique has been established in the past years. Testbeam
results show that they achieve a comparable performance with respect to the newest gen-
eration of planar pixel sensors [54]. Accordingly, 25% of the IBL consists of 3D silicon
sensors [71]. These come in two different flavours, differing in the depth of the electrodes
in the sensor. The electrodes can either be etched from one side fully through the sensor
or from both sides only partially through the sensor. This influences the handling of the
sensors and the number of production steps.

An example of a possible layout of a 3D pixel cell is shown in figure 5.9. In this case
one pixel cell consists of two electrodes which collect charges and six field electrodes.
The latter are shared with neighbouring pixel cells, so that in total two field and two
charge collecting electrodes in the diamond bulk per pixel cell have to be produced. It
is possible to contact the field electrodes from the same side as the charge collecting
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Figure 5.8.: Schematic cut through a sensor with planar (left) and 3D (right) electrodes.
The direction of charge drift is indicated. Note that the diameter of the 3D
electrodes and their spacing are not to scale.
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Figure 5.9.: Top view of a possible layout of one pixel cell. The size of one pixel is
indicated by the dotted line. One pixel consists of two charge collecting
electrodes and six field electrodes, which are shared with neighbouring pixel
cells. A metal trace connects the two charge collecting electrodes. The field
electrodes in this example are connected on the backside with each other
via a trace. But it is also possible to connect them on this side.
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electrodes as long as the applied bias voltage is not too high, so that sparks between the
electrodes occur. This option simplifies the connections of the sensor.

An advantage of diamond with respect to silicon is the fabrication of the electrode
on the surface. In case of diamond this electrode consists of two metal layers, which
are evaporated onto the surface'. For silicon sensors the electrode also consists of a
metal layer. But like planar silicon sensors a doping with the opposed dopant around
the electrode is needed in order to prevent shortening of pixels [54]. This increases the

number of production steps and the complexity of the procedure.

3D electrodes minimise the inactive area due to guard rings with respect to planar
electrodes, as the applied voltage is lower. Due to the high resistivity of diamond this
area is even further reduced. It might even be possible that no guard rings are needed
at all.

5.5. Production of Electrodes inside the Diamond Bulk

For 3D silicon sensors, the electrodes are produced by etching holes in the sensor bulk
and filling them with appropriate electrode material [54]. This technique cannot be eas-
ily copied for diamond sensors. Diamond is chemically inert and as a consequence it
cannot not be wet etched [72]. Using reactive ion etching is possible, but etch rates are
fairly low (typically in the order of 200 nm/min) [72,73]. Alternatives like inductively
coupled plasma and electron cyclotron resonance plasma etching are available, but are,
at the moment, limited to a few micrometer depth [74-76].

Instead of drilling holes into the diamond and filling them with conductive mate-
rial, another approach is to exploit the carbon nature of diamond. Converting the
sp bonded carbon atoms in diamond to sp? bonded atoms would yield a conductive
connection. Femtosecond lasers can be used to induce such a phase change [77]. These
lasers can reach a very high power for each pulse, reaching up to petawatts per pulse [78].

The typical range of available wavelengths of femtosecond lasers is from around 200 nm
up to a bit more than 1000 nm [79]. For these wavelengths diamond is transparent [80],
electrons cannot be directly ionised or even excited to the conduction band at these
wavelengths. However, with the high fluence of photons accessible using a femtosecond
laser, processes like multiphoton ionisation are possible [81]. This process, predicted in
1931 by Goppert-Mayer, is the simultaneous absorption of two or more photons by an
electron and is only likely to happen at very high photon fluences [82]. It allows the
excitation of electrons to the conduction band and eventually the ionisation the carbon
atom. In order to understand the process of the phase change, it has to be differenti-
ated between a phase change in pure diamond and a phase change at an already phase

1See section 5.6
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changed seed layer.

For the initial phase change in pure diamond, the multiphoton ionisation is essential.
The excited electrons collide with the atoms of the diamond lattice, effectively heating
it up. Once a threshold energy Ty is reached, the carbon atoms have enough energy
to change their bonding from sp? to sp?, which has a lower binding energy [79]. The
threshold temperature depends highly on the environmental conditions. For example,
at normal pressure and atmospheric air values of T, ~ 1000K and 7, < 1370K have
been reported [83,84]. However, these are values measured for the phase change of a
whole diamond surface. The threshold temperature for the phase change of individ-
ual atoms could be lower [85]. The excited electrons gain even more energy by inverse
bremsstrahlung. In this process, the free electrons absorb photons while colliding elas-
tically with lattice atoms in order to conserve the total momentum [86]. Depending on
the parameters of the laser, i.e. power and pulse duration, the excited electrons can heat
up the crystal lattice to the threshold temperature. For a low power and long pulse
duration, the electrons stay in thermal equilibrium with the lattice. For short pulses
with a high intensity, the electrons gain sufficient energy to ionise the atoms via direct
impact, which creates an electron avalanche. Eventually, the temperature of the crystal
lattice increases above the threshold energy [79].

As the density of the phase changed material is lower than for diamond, this initial
phase change is more likely to happen in regions where some free volume is available [79].
This can be for example at grain boundaries or at the surface of the sample [87]. This
hypothesis is supported by the observation of an incubation effect [88]. It was deter-
mined by measuring the transmittance of a diamond sample with respect to the number
of pulses. For low fluencies, where no spontaneous phase change is possible, the trans-
mittance does not immediately change, but sometimes it decreases only after tens or
even thousands of pulses. This hints at the generation of stable micro defects in the
sample, which locally create some free space. These cannot be observed by a decrease
of the transmittance, but lower the threshold for the phase change.

The direct comparison of the minimal energy density needed to achieve the phase tran-
sition shows that the threshold on the surface is significantly lower [80]. While a phase
change at the surface is observed with a pulse duration of 130fs at a minimal energy
density of approximately 1J/cm?, a phase change in the bulk needs at least 5.J/cm?.
The threshold for a phase change of the bulk also only slightly depends on the duration
of the pulse. It increases to approximately 8 J/cm? and 10J/cm? for a pulse duration of
1ps and 3 ps, respectively.

This threshold is even lower, if some phase changed material is already present in the
diamond [77]. Iluminating a pure diamond bulk with a sufficiently intens laser beam
results in the formation of a discrete and continuous area of phase change. This is il-
lustrated in figure 5.10. It shows that the phase change happens upstream of the focal
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Figure 5.10.: Side view of a phase changed area (dark spots) inside a diamond. The
direction of the laser beam and the position of the focal plane are indicated.
Upstream of the focal plane the fluence decreases and different structures
depending on the fluence can be observed [77].

plane. In regions near the focal plane, where the fluence is still high, isolated spots of
phase changed material can be observed. As the picture was not taken after one, but
several hundred pulses, it can be assumed, that the first spot which was created is the
one nearest to the focal plane. At a later pulse the isolated spot more upstream was
induced, as the fluence at that point is high enough to cause spontaneous phase change.
This spot is optically dense for the laser and as a result the spot more downstream is
conserved. This process repeats further upstream as long as the fluence is sufficient to
cause spontaneous phase change. If this is not any more the case, the most upstream
phase change spot grows continuously upstream. The growth stops once the fluence is
too low even for continuous growth.

The lower energy density threshold of the continuous growth can be explained by
the absorption of the laser beam by the phase changed material. Two hypotheses were
proposed to describe the process in detail [77]. The first one assumes that the diamond
layer surrounding the phase changed material thermally changes its phase. As the laser
irradiation is completely absorbed in about 50 nm inside of the phase changed material,
it heats up to temperatures around 100 eV. This heat dissipates equally from the source,
resulting in about half of the energy being transmitted to the diamond layer. The dia-
mond is then hot enough to undergo a phase transformation.

The second hypothesis revolves around the electrons in the phase changed material.
As this material is sp? bound, some electrons need no additional energy to switch from
the valence to the conduction band. These electrons absorb the laser beam and can
reach very high velocities. As an example, assuming a laser wavelength of 1043nm a
single photon transfers an energy of E, = hed™! = 1.2V to one electron. The electron
then has an velocity of
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with m. being the mass of the electron. At these velocities the electrons move in the
ballistic regime, i.e. they do not scatter with a large angle [79]. Consequently, the dis-
tance the electrons penetrate the diamond within a 290 fs laser pulse is approximately
190 nm. This triggers an optical breakdown of the diamond layer, meaning the hot elec-
trons absorb the laser. These electrons collide with the lattice atoms, which eventually
leads to a phase change [77].

Despite the incubation effect due to micro defects, each laser pulse can be considered
as an isolated event. The pulses heat up the diamond locally above the threshold for
a phase change, but due to the high thermal conductivity, the temperature decreases
between the pulses, so that no significant heat from the previous pulse is noticeable. The
time ¢t needed to spread the heat in a heat wave can be calculated via [89]

E-l

L= NTAAT

(5.9)
with F being the energy deposited by one laser shot, [ the distance the heat wave travels,
A the thermal conductivity of diamond, A the surface area the heat flow crosses and AT
the temperature difference. A typical value for the power of the laser used for this thesis
is 100mW. With a pulse frequency of 200 kHz this yields an energy of ¥ = 500 uJ for
a single shot. As calculated above, within one shot the electrons travel up to 190 nm
inside the diamond?. Assuming a half sphere? of this diameter yields a surface area of
A = 270 x 107" m?. As stated above, a single laser pulse can heat up the material to
temperatures up to 100eV, which translates to 7' ~ 108 K. With the diamond sample
at room temperature of T.oq = 300K, AT =T can be approximated. The propagation
length [ of the heat wave is defined as the distance at which the surface Acqq of the
resulting half sphere is that large, that the temperature is back to room temperature.
The size of this sphere can be calculated via A-T = Acolqd - Teola- This yields a surface
area of Acoq = 90 x 1072 m?. The resulting radius of this half sphere is [ = 120 pm.
Finally, the thermal conductivity of diamond is 2200 Wm~*K~! [90]. Filling all these
values into equation 5.9 gives t &~ 1 us. Although this is only a quick calculation and
every simplification done increases the time the heat wave needs to propagate, the result
is still significantly lower than the time between two laser pulses, which is 5 us. Conse-
quently, the laser pulses can be viewed as individual events.

In order to grow long continuous channels of phase changed, conductive material, the
fluence of the laser beam has to be below the threshold for spontaneous phase change
inside the diamond bulk and above the threshold for continuous growth. This can be
achieved by setting the fluence in the focal area inside this parameter range. This of

2This assumes a point like source, which is not the case. Instead the electrons are excited from the tip
of the phase changed material, which has a non-zero diameter. This would make the surface area
even larger.

3The other half of the sphere consists of already phase changed material, which does not have a thermal
conductivity as good as diamond. For this reason it is assumed, that the heat only dissipates into
the diamond.
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course demands a seed for the phase change inside the bulk. Luckily, the threshold for
surface phase change is in the same order as for exclusively continuous growth inside the
diamond bulk [79]. Consequently, the technique to grow continuous channels is to move
the focal plane through the diamond, starting at the downstream surface of the sample,
which in this thesis will be referred to as the seed side. Using this technique, channels of
670 um length were reported [91]. Depending on the movement of the focal area inside
the diamond, also three dimensional structures are possible [92].

Experimentally, the easiest way to move the focal plane with respect to the diamond
is to move the sample. Besides the fluence per pulse, the speed of this movement along
the beam axis is an important parameter for the growth of phase changed, conductive
channels. Although the diameter of the channels depends more on the fluence, it is
also correlated with the velocity of the sample [92]. A lower velocity yields a smaller
diameter. This can be understood by assuming the generation of micro defects. If the
focal plane moves very slowly through the diamond, the distance the focal plane moves
between two pulses is smaller than the area of phase change triggered by one pulse with
sufficient fluence. Accordingly, the phase change always happens very upstream, where
the fluence threshold for phase change is barely reached. As the movement of the fo-
cal plane is so slow, the same interface between diamond and phase changed material
is illuminated repeatedly before the fluence is high enough to trigger a phase change.
However, the creation of stable micro defects is possible even at such a low fluence. If
enough micro defects are accumulated, the threshold for phase change is decreased. As
a result, regions with the highest density of micro defects are the first to change their
phase. These regions are located at the very centre of the beam axis. Such a small
phase changed area is enough to absorb the beam and prevent additional phase change
more downstream. Consequently, lower velocities of the sample yield a slightly smaller
diameter of the channels.

In order to use such channels as electrodes, the shape of the channel inside the dia-
mond bulk, the shape at the diamond surface, and the conductivity are important. As
the channels should collect charges the field should be as uniform as possible. This means
that the surface of the channels inside the diamond bulk should be as smooth as possible.

The shape at the surface is critical with respect to the contact via a metal electrode
(see section 5.6). If the interface between the conductive channel and the metal is prop-
erly established, charges can be collected with the channel. Depending on the growth
direction of the channel, the structures at the surface differ significantly. On the seed
side, the phase changed material is only exposed once to the laser beam. Once the
material changes its phase, it blocks the laser beam and prevents further illumination
of the surface. As the density of the transformed material is lower than for diamond, a
small bump of phase changed material can be observed [93].

This situation is different for the side where the focal plane leaves the diamond, the
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so called exit side. In this case, no further material can block the laser beam once the
exit side has undergone a phase transformation. This leads to a repeated absorption of
the laser beam on the surface, which heats up the material and eventually evaporates
parts of it. Consequently, crater like structures are created [94].

In order to collect charges, the channels have to be conductive. But their resistance
also has an influence on the thermal noise from the sensor. The current i, of an ideal
resistor R, which is as large as the thermally generated noise of that resistance is given
via [42] )

dfin) _ kT (5.10)
df R
with k£ being the Boltzman constant, T" the temperature and f the frequency of the noise
current. The frequency spectrum of this noise equals the spectrum for shot noise, which
is caused by the discrete nature of the elementary charge. This can be calculated via
d(i2)

n

df

where [ is the current which causes the noise and ¢ the charge of the charge carriers,
hence in this case the elementary charge. Combining equations 5.10 and 5.11, the current
of the resistance of the electrode which is as large as the thermally generated noise can
be calculated:

=2Iq (5.11)

2kT
I=—.
qR
Assuming a resistance of R = 1 MXQ for the electrode and room temperature (7' = 300 K)

this yields that currents lower than I ~ 50nA can not be detected due to the thermal
noise.

(5.12)

This current has to be compared to the current induced by the drifting charges. In a
500 pm thick diamond sample, a mip deposits around ¢ = 18,000e. Assuming a drift
velocity of 5 x 10% cm/s [58] and a maximum distance to the nearest collecting electrode
of 75 um these charges would be collected within ¢ = 1.5ns. Accordingly, the resulting
current would be I.,; = Q/t ~2mA. This is two orders of magnitudes higher than the
noise from the electrode. Accordingly, the noise from the electrodes inside the diamond
bulk is not too high to measure the deposited charge.

5.6. Metallisation of Diamonds

In case of planar electrodes, the interface between the diamond and the metal electrodes
is very delicate. In order to achieve a good contact, the surface of the diamond has to
be oxygen terminated [59]. The surface of the diamond should also be cleaned from any
residual metal atoms or any other contamination. For this purpose, a cleaning recipe
has been developed at Ohio State University, which in a final step uses oxygen plasma
etching in order to terminate the diamond surface. This cleaning is crucial for planar
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diamond sensors, as in this case the charges are collected through the diamond metal
interface. For samples with 3D electrodes, the charges should be predominantly collected
by the electrodes inside the diamond bulk, so that they do not rely on a good diamond
to metal contact. Nevertheless, this procedure is also applied to them. As some of the
cleaning steps potentially remove phase changed material from the channels, this is done
prior to the fabrication of the 3D electrodes.

The metal electrodes themselves typically consist of 50 nm of chromium with 100 nm
gold on top. After a photo lithography process, which defines the geometrical structure
of the planar electrodes, they are evaporated onto the sample. For this, the diamond is
put in a vacuum vessel. Inside this vessel, a heat source evaporates the metal for the
electrodes, which condensates on the diamond surface. In order to achieve a uniform
coating, the diamond is rotated horizontally. After removing the diamond from the ves-
sel, the photoresist is lifted off, which also removes all the metal on it. Only the metal
on the diamond remains.

This method of electrode fabrication suffers from difficulties in coating steps with an
aspect ratio of more than 0.5, i.e. a hole should not be deeper than half its diameter [95].
On the exit side of the diamond, crater like structures are present, which can have a
higher aspect ratio. Assuming that on the walls of these craters only little conductive
material is left, the metal of the electrode has to reach the bottom of the crater in order
to establish a contact.
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CHAPTER 6

3D Electrodes in optical grade polycrystalline Diamond

As shown in the previous chapter, 3D electrodes are a promising concept to use low grade
pCVD diamond as a sensor material. In this chapter the production and measurements
of the channel quality are discussed. Section 6.1 gives an overview of the utilised diamond
samples and section 6.2 explains the setup of the femtosecond laser. First results of the
phase change are discussed in section 6.3 and in section 6.4 the induced mechanical stress
is determined. Not only straight channels of phase changed material are possible, but
also tilted channels, which have two contacts on one side of the diamond, as shown in
section 6.5. Finally, in section 6.6 the concept of Raman spectroscopy and measured
spectra of phase changed material are discussed.

6.1. Optical grade polycrystalline Diamond Samples

The diamond samples used throughout this chapter are pCVD diamonds, which were
purchased from Diamond Materials GmbH in Freiburg. In total four samples with equal
properties were bought, of which three were used for this thesis. The types of measure-
ments performed with each sample are summarised in table 6.1. A picture of a sample
can be seen in figure 6.1. These are transparent and of optical grade!, which is the lowest
grade suitable for radiation sensors. A lower grade generally means that the diamond
has more grains and defects, which results in a lower CCD. These diamonds can be
grown faster than higher grades, which reduces their price. Such diamonds are intended
to be used e.g. as beam windows for lasers. The samples have a size of 5 x 5 mm? with
polished front- and backsides. The vendor claims that the diamonds have a thickness of
500 um with a tolerance of +100 um. One sample has been measured to be 540 + 5 pum
thick.

'Higher grades are electronic grade and detector grade, with the latter having a higher CCD.
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ID ‘ Channels Measurements

Goe-pCVD-01 | two sets with variation of velocity and resistivity

power
Goe-pCVD-02 | variation of segmentation, channels not induced  stress,
fully extending through the sample Raman spectra
Goe-pCVD-03 | triangular channels, higher velocity resistivity

Table 6.1.: List of the optical grade pCVD diamond samples used for this thesis. The
main focus of the produced channels and the performed measurements are
stated.

Figure 6.1.: Picture of a pCVD diamond sample from Diamond Materials GmbH in
Freiburg.
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6.2. Femtosecond Laser Setup

Figure 6.2.: Photograph of the setup at Laser-Laboratorium Goéttingen e.V. The fem-
tosecond laser is located on the right. The diamond sample is mounted on
a motorised stage on the left. The power meter in the centre is used to
measure the average power of the laser.

6.2. Femtosecond Laser Setup

For the production of all channels in this thesis, a femtosecond laser from Laser-Labo-
ratorium Gottingen e.V. was used. A picture of the setup can be seen in figure 6.2.
The laser itself is an FCAL pJewel D-400 ytterbium-doped fibre based laser from IMRA
America. It provides pulses of 290 fs length with a wavelength of 1043 nm and a repeti-
tion rate of 200 kHz. This rate is very high compared to other setups, which use lasers
pulsed at 1kHz [77,88,94]. The average power of the laser can reach up to 300 mW,
which equals a maximum pulse energy of 25 mJ.

Figure 6.3 shows a schematic view of the setup. The diamond is mounted on a mo-
torised, 3-dimensional, movable stage with its surface perpendicular to the laser beam.
The positions of the axes are controlled via a PC. Their maximum velocity in each di-
rection is 100 um/s. A lens directly in front of the sample focuses the beam, resulting
in a focal region of 31.8 um in length and 4.6 pm in diameter [96]. A shutter is used to
block the laser beam when moving the diamond to the next channel. It is controlled by
a PC within the same program, which moves the stage. The power of the laser beam is
measured before and after the production of channels by moving a power meter into the
beam. It is adjusted by an attenuator with an accuracy of +1 mW.

In order to align the surface of the diamond with respect to the beam, the beam line
is shared with a He-Ne-laser. Although the diamond is transparent for this laser beam,
parts of it are reflected at the interface of air to diamond. The reflected light from the
diamond is reflected by a semitransparent mirror, which guides the beam onto a power
meter. A maximum in the intensity of the reflected light can be measured, when the
focus is on the front surface of the diamond [97,98]. This maximum can be used to
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Figure 6.3.: Schematic view of the femtosecond laser setup. In order to align the move-
able diamond sample, the beamline is shared with a He-Ne-laser.

measure and adjust the orientation of the surface with respect to the laser beam. A
relative deviation of the surface with respect to being perfectly perpendicular to the
beam of 5 um along a distance of 2mm can be achieved, which equals 0.15°.

Before growing the channels, the diamond sample is moved, so that the focal area of
the laser beam is behind the downstream surface of the sample. In order to produce a
channel, the shutter is opened and the diamond is moved downstream until the focal
area exits the diamond through the upstream surface. The shutter is closed and the
diamond is moved upstream and perpendicular with respect to the beam to the position
of the next channel. This process is repeated until all channels are produced. In order to
ensure that the focal area is behind or in front of the diamond, respectively, an overdrive
of 100 um to 150 um for each side is chosen.

6.3. Observation of phase changed Material

The first phase changed material was produced as a proof of concept with very few
channels in Goe-pCVD-01. Dark channels inside the transparent diamond bulk could be
visually observed. In order to study the dependence of the channel growth on the laser
parameters, subsequently the velocity of the diamond and the power of the laser were
varied for a second batch of channels. These two parameters are the only parameters
which can be varied without changing the setup or the laser.

For the second batch of channels, values of 5,10, 20,40, 70 um/s were chosen for the
velocity of the diamond with respect to the beam. The power was set to 40, 45, 50, 60, 80,
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6.3. Observation of phase changed Material

Figure 6.4.: Side view of channels produced in a pCVD diamond. The power of the laser
and the velocity of the diamond sample are indicated. The order of the
velocities is the same for all power settings. For all channels in a vertical
line the same set of parameters was used.

100,120 mW. For each combination of these parameters ten channels were produced,
totalling 350 channels. These are organised in a rectangular grid of 10 x 35 channels
with a distance of 65 wm to their nearest neighbour. A picture of some of these channels
is shown in figure 6.4. For all channels, continuous unbroken pillars of phase changed
material can be observed, stretching through the complete bulk of the sample. The
diameter of the channels inside the diamond bulk varies with the power of the laser, as
well as with the velocity of the sample. For higher powers an increase of the channel
diameter inside the diamond can be observed. To a lesser degree, a lower velocity yields
a lower diameter, especially for channels with a low power setting. This agrees with the
behaviour of the channel diameter with respect to velocity and power as reported by
Kononenko et. al. [92]. The exact change of the diameter with respect to the growth
parameters is hard to quantify, as the resolution of the camera of the microscope is too
low. The width of the channels is only between two and three pixels, which results in
an upper limit of 18 um for their diameter.

In order to measure the resistivity of the channels, they have to be contacted. As the
diameter of the channels at the surface is between 7 um and 14 pm, a direct contact with
a probe needle is almost impossible to achieve. For this reason, metal electrodes have
to be fabricated on the surface of the diamond. A mask was designed for this metallisa-
tion, which can be seen in figure 6.5. On the exit side, the metallisation consists of 350
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Figure 6.5.: Masks used for the metallisation of Goe-pCVD-01. On the backside, the
strip structure is copied to an area with no channels. This is done in order
to measure the influence of the channels. Note the slightly different scales
of front- and backside.

dots with a diameter of 50 um. Additionally, the channels which were produced during
the first test can also be contacted. On the seed side, the channels are connected via
strip electrodes. In total ten strips span across the whole channel grid. The strips are
alternately connected to large metallised areas at the top and at the bottom of the grid.
The metallisation of this sample was done at Ohio State University (OSU) via vacuum
evaporation [99]. In order to measure the resistivity of the channels, the seed side is
connected via the two large pads of the strip electrodes and the exit side via a probe
needle. For all channels the resistance is measured individually. The obtained values are
in the order of the resistance of the diamond bulk and do not differ for channels with
different growth parameters. Accordingly, these channels are not conductive [98].

The very high measured resistance of the channels can be caused by a very high
resistance of the phase changed material. Another reason can be an insufficient contact
between the phase changed material and the metal of the electrode. This might have
originated from an insufficient cleaning of the sample prior to the production of the
channels. For this reason, another batch of channels was produced in this sample, which
was properly cleaned before metallisation. A cleaning of the diamond surface after the
production of channels might etch some of the phase changed material. The new batch
follows the same structure as the channel grid before, so that the metallisation mask
could be reused. The same values were used again for the power and for the velocity
values of 20,40,70 um/s were chosen. For each pair of parameters, ten channels were
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Distance of channels [um]

Figure 6.6.: Picture of channels intended for the measurement of the induced mechanical
stress. For the left half, the spacing of the channels is indicated. These were
grown with a laser power of 50 mW and a sample velocity of 50 um/s. Addi-
tionally, in the right half grids grown at 80 mW and 120 mW and distances
between channels of 40 um and 20 um, respectively, can be seen.

produced. Additionally, for a power of 46 mW in total 30 channels were grown under a
nitrogen atmosphere. The reason for this is the assumption, that on the exit side the
laser beam ignites a plasma and burns away parts of the phase changed material. In
order to avoid this, the exit side was put under a nitrogen atmosphere. The sample was
again metallised at OSU after removal of the metallisation from the first batch. Again,
the measured conductivity for all channels was of the same order as for the diamond
bulk.

6.4. Measurement of channel induced Mechanical Stress

The phase transformation changes for some atoms the bond configuration from sp? to
sp?, modifying the bond lengths. For diamond these are in every direction 152 pm. For
graphite, which consists solely of sp? bonds, within a lattice plane the distance is only
142 pm, but between two crystal lattices the distance is 340 pm [100]. This results in
an overall higher density for diamond compared to graphite, which is 3.51g/cm?® and
2.26 g/cm?, respectively [101]. As the phase changed material is not pure graphite, but
more like amorphous graphite or diamond like carbon, the density of it may be in be-
tween these two values. Nevertheless, it is lower than for the surrounding diamond,
which will induce mechanical stress in the material.

This stress could be critical for the stability of the sensor, so the induced stress has to
be measured. In order to do this, a second pCVD diamond sample, Goe-pCVD-02, was
used. In this sample grids of channels were produced with constant parameters for power
of the laser and velocity of the sample, but with varying distances between the channels.
One grid consists of four by four channels. Every second row of channels is staggered by
half the channel spacing. This resembles a more realistic electrode configuration for read
out and biasing channels, than a rectangular grid. A picture of the resulting channels
is shown in figure 6.6. In table 6.2 the settings used to grow the channels are summarised.
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Laser power [mW]| Sample velocity [pum/s] ‘ Distance between channels [pm]

50 50 50
50 50 40
50 50 30
50 50 25
50 50 20
50 50 15
50 50 10
80 50 40
80 50 20
120 50 40
120 50 20

Table 6.2.: Settings used to grow the channels in the four by four grid in order to measure
the induced stress.

Out of the 176 produced channels, 21 do not extend fully through the diamond, as
seen by optical inspection. This yields a success rate of (88 & 2)%. This rate depends
on the spacing of the channels. For channels with a segmentation of 25 um or more the
success rate is (95 & 3)%, for channels with a tighter spacing (77 +6)% at a laser power
of 50 mW and a sample velocity of 50 um/s. This indicates that stress is induced around
the channels, which alters the threshold for phase change.

The influence of neighbouring channels on the growth of new channels can be very
well observed at the grid grown with a laser power of 120mW and a spacing of 20 um. A
picture of the seed side is shown in figure 6.7. The channels have a diameter of approx-
imately 10 um. In the picture the channels were produced in horizontal rows from top
right to bottom left. As it can be seen, the first channel starts inside the diamond and
does not reach the seed side. The shape of the other channels is not circular as expected
but more bean-shaped. It shows a clear indentation in the direction of the first channel.
This shape is a strong indication that the induced mechanical stress has an influence on
the production of channels and that the production of very tightly spaced channels has
to be done carefully.

The induced mechanical stress in the diamond sample is visualised using crossed po-
larisers. These linear polarisers are placed above and below the diamond sample, with
the light through the diamond being parallel to the channels. The polarisers are either
orientated parallel or perpendicular to each other. A schematic view of this setup is
shown in figure 6.8. With this method the tension perpendicular to the propagation di-
rection of the light can be measured [102]. This tension can be described by two modules
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6.4. Measurement of channel induced Mechanical Stress

Figure 6.7.: Picture of the seed side for channels produced with a laser power of 120 mW,
a sample velocity of 50 pm/s, and a spacing of 20 um. The deviation of the
shape of the channels from the expected circular shape can be observed.
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Figure 6.8.: Schematic of the setup measuring the induced stress in the diamond [102].
Polarised light is guided through the material. Depending on the induced
stress, the speed of light varies for different directions of polarisation, leading
to a shift in polarisation. This can be anlaysed by a second polariser.
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01,2, which are perpendicular to each other. They are defined as

o=— (6.1)

with F' being the force perpendicular to the area A. The tension points in the direction
of the force. If the absolute values of the two modules are not equal, the speed of light in
the material along these moments differs. This results in a phase difference of the light
with respect to the two modules of tension behind the material. The phase difference ¢

can be expressed as [102]

5:C(01—02)§ (6.2)

with A being the wavelength of the light, C' a material specific constant, and s the thick-
ness of the sample. Consequently, if the tension inside the diamond is not uniform, a
shift in polarisation can be observed.

This measurement was performed and analysed by H. Beck as part of his bachelors
thesis, where a more in-depth discussion can be found [97]. In order to quantify the
strength of the tension inside the diamond, the relative intensity I of the polarisation
shift is calculated via

I,
I =
I, +1 [

(6.3)

with [ and I, being the intensities for parallel and perpendicular polarisers, respec-
tively. As the overall transmitted intensity for the channels is very low, a minimal total
transmitted intensity I, + I is required. A visualisation of this calculation is shown
in figure 6.9. What can be observed is that the diamond itself is not free of tension.
Even areas without channels show a shift in polarisation. This is attributed to the
polycrystalline structure of the sample. During production, the grains grow together
and at grain boundaries tension arises. The result also shows that, in the immediate
vicinity of the channels mechanical stress is induced. For the wider separation of 25 um
and above, regions of increased stress remain isolated around the channels and does not
connect with the stress from the neighbouring channel. For lower separations they do
connect and for a separation of 10 wm the channels themselves are that thick, that the
inter-channel region can not be properly resolved.

Stress from a single channel alone is not critical, as no cracks resulting from these were
observed. If the induced stress from several channels starts to connect over a large area,
this might result in a crack of the diamond. In order to check, if this is problematic for
realistic spacings, namely 50 wm and 25 um, two large areas of eight by 32 channels were
grown with a laser power of 50mW and a sample velocity of 50 um/s. Intentionally,
these were produced in order to test the growth of channels, which do not extend fully
through the diamond, but only reach one surface. Accordingly, the focal plane of the
laser either started up to 30 um inside the diamond upstream of the seed side or stopped
up to 30 um downstream of the exit side. As it turned out, almost all of these channels
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Figure 6.9.: Picture showing the relative intensity I according to equation 6.3. Dark
areas have a low, bright a high relative intensity. Areas with a low overall
intensity are marked red and show the location of channels. The spacing of
the channels is from top to bottom 20 pm, 15 pm, and 10 pm [97].

extended fully through the diamond, which could be due to the huge length of the focal
plane of 31.8 um. The visualisation of the induced mechanical stress for these two grids
can be seen in figure 6.10.

For the grid with a spacing of 50 um it is observed that regions of increased stress are
exclusively located around the channels and do not connect to neighbouring channels.
Consequently, such a spacing can be considered as safe. In case of the tighter spacing
of 25 um in some rare cases a connection of the stress of two to five channels can be
observed. Most of the time, the stress still does not connect. As a result, this spacing
can also be considered as safe. This is especially important, as the spacing resembles
the spacing in the short pixel direction of a possible pixel electrode geometry like the
one shown in figure 5.9. As in this example the spacing along the long pixel direction
is 125 um, the situation in the diamond sample is more rigid than it would be in a real
detector.

6.5. 3D Writing in Diamond

The very high measured resistance of the channels in Goe-pCVD-01, which is in the
order of the resistance of diamond, could be due to surface effects. Such effects can pre-
vent a proper contacting of the conductive channels and can have two causes. The first
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Figure 6.10.: Relative intensity for a large grid of channels with a spacing of (a) 25 pm
and (b) 50 pm [97].

problem can be the improper cleaning of the diamond. This was already tried for the
second batch of channels in Goe-pCVD-01 and did not yield a positive result. However,
before metallising the third batch, the metal from the second batch was removed with
acids, which might have also etched away some parts of the phase changed channels.
The second cause is due to the different structure of the top of the channels for seed
and exit side. On the exit side, the crater like structure can prevent a proper contact
between the phase changed material and the metal.

Accordingly, the sample Goe-pCVD-03 is cleaned before the production of channels
and special channels are grown, which have two contacts on the same side. This is chal-
lenging, as the phase change can only be performed in one direction of the beam, namely
upstream. For example, starting on the seed side, moving the focal plane upstream, to
the side and then downstream would not result in a u-shaped channel. When moving
the focal plane downstream, The phase changed material more upstream would absorb
the beam, preventing new phase change downstream to occur. In order to grow channels
with two contacts on one side, two individual channels are grown under a slight angle
with respect to the surface. Both individual channels have a common point inside the
diamond bulk, forming an intersection and effectively merging the two channels into one
triangular channel.

For the production of such channels, the stage holding the diamond has to move not
only parallel but also perpendicular to the beam. Accordingly, it was programmed to
move in a way, that for the triangular channels the intersection is either 200 pm or 300 pm
below the surface, from where the channel will be contacted. For this it has to be kept
in mind that due to the diffractive index of 2.4 of diamond [103], a step of the stage of
one micrometer length equals a move of the focal plane inside the diamond of 2.4 um.
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Figure 6.11.: (a) Tilted view from the seed side on triangular channels and (b) for the
same channels with the sample rotated by 90°. The channels have two
contacts on the seed side and an intersection inside the diamond bulk.

In order to ensure that the two individual channels forming the triangular channel do
really connect, they are extended 50 um inside the diamond beyond the expected point
of the intersection. A picture of some of these channels can be seen in figure 6.11. The
two channels are perpendicular with respect to each other, when viewing from one of
the surfaces of the sample. The reason for this geometry is the reuse of the mask from
Goe-pCVD-01 for metallisation, which has a rectangular pattern. As shown in figure 6.5
the mask has on one side dots, which allows the individual measurement of the resistance
of the triangular channels with contacts on this side. On the other side the mask consists
of strip electrodes, triangular channels on this side cannot be measured individually, but
only several in parallel. In total 40 triangular channels were produced. The varied pa-
rameters are the depth, where the intersection is located with 200 um or 300 pm below
the surface, the surface side, the channels will be contacted from, the velocity of the
sample in beam direction with 50 pm/s and 100 um/s, and the power of the laser with
50mW and 100mW. For each set of parameters five channels were produced.

The resulting channels show, that the production of channels which are not parallel to
the beam is possible. However, most of the channels show significant fraying. This is es-
pecially true for channels grown with a laser power of 100 mW. Here, the frays are longer
than for a laser power of 50 mW and, like the main channel itself, thicker. The frays are
all located downstream of the main channel. This indicates that the phase change of
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Power [mW] Velocity [um/s] Measured distance [pm] Focal distance [pum)]

50 50 3050 +4 350
50 100 300 £5 350
50 50 210+ 7 250
50 100 215£8 250
100 50 269+ 9 350
100 100 275 £10 350
100 50 170+ 9 250
100 100 169+ 9 250

Table 6.3.: Mean values of the position of the first phase change in the diamond bulk
relative to the surface of the exit side for channels with contacts on the exit
side. The position of the focal plane relative to this surface is also given.

Power [mW] Velocity [um/s] Measured distance [pm] Focal distance [pum)]

50 50 175+ 5 250
50 100 171+7 250
100 50 142 £ 8 250
100 100 136 £ 6 250

Table 6.4.: Mean values of the position of the final phase change in the diamond bulk
relative to the surface of the exit side for channels with contacts on the seed
side. The position of the focal plane relative to this surface is also given.

the main channel happens at the minimal fluence needed to induce a phase change. In
case of the tilted channels, the focal area does not only move along the beam axis, but
also sideways. Accordingly, the already produced channel can not completely absorb the
laser beam. This allows spontaneous phase change to occur in the high fluence areas
farther downstream. These then grow until the fluence drops below the threshold of
continued phase change. This is exactly where the main channel is located. The length
of individual frays depends on their origin. For channels with contacts at the exit side,
long frays start at the surface and can reach a length of about 200 um. Frays, which
begin inside of the diamond bulk achieve only a maximum length in the order of 100 um.
This shows, that the threshold for phase transformation is lower on the surface and also
at interfaces between phase changed material and diamond, than in pure diamond.

The depths of the end of the channels inside the diamond with respect to the exit side
are summarised in table 6.3 for channels with contacts on the exit side and in table 6.4
for channels with contacts on the seed side. These were measured using microscope
photos of the tilted diamond. The resolution of one pixel is about 6 um. For all channels
the phase change stops upstream of the position of the focal plane. This is expected, as
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Contact side Power [mW] Relative distance [pum]

exit 50 434+ 3
exit 100 79+5
seed 50 76 =4
seed 100 112£5

Table 6.5.: Difference between the measured distance to the exit side and the position of
the focal plane. For all settings, the phase change happens upstream of the
focal plane.

the phase change happens upstream of the focal plane. Within the uncertainties, chan-
nels grown with different velocities but with the same power stop at the same position.
Therefore, the velocity has, for the chosen values, no or only a minor impact on the
location of the phase change relative to the focal plane. This might be different for lower
velocities due to the formation of micro defects.

As expected, the parameter with the largest influence on the relative position of the
phase change is the power of the laser. In table 6.5 the resulting differences between
the position of the focal plane and the distance of the channel to the exit side are sum-
marised. For channels, which start in the diamond bulk, the relative distance between
location of the focal plane and the actual phase change is (43 + 3)um and (79 &+ 5)pum
for a laser power of 50mW and 100 mW, respectively. This yields an increase in the
relative distance of 36 um with the increase of laser power. The same increase if the
channels end inside the diamond bulk. This increase of relative distance is expected, as
for a higher laser power, the fluence more upstream of the focal plane is sufficiently high
to initiate phase change.

Furthermore, the relative distance between location of the focal plane and the actual
phase change depends on whether the channel starts or ends in the diamond bulk. Chan-
nels with contacts on the exit side start their phase change inside the diamond bulk,
which requires spontanous phase change. As this has a higher fluence threshold than
phase change on the surface, they should start more closely to the focal plane. This is
observed and the shift of relative distance for the same laser power is also consistent.

Another observation is that all channels which should only be contacted from the seed
side and have their intersection 300 um above the seed side, do reach the exit side. A
reason for this could be the low distance to the exit side at the planned end of the chan-
nel. As the channels extend 50 pm further into the diamond after the intersection, this
leaves only a distance to the exit side of about 150 pm. This distance is further reduced,
as the phase change happens upstream of the focal region, as shown above. However,
the measured relative distances from above are too small to explain, why these channels
reach the exit side. Another reason could be the movement of the stages for this setting.
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Figure 6.12.: Picture of a tilted channel with parts of it having a significantly smaller
diameter than the normally observed thickness.

The shutter of the beam is only shut, when all axes of the stage are at their designated
destinations. A mismatch of the velocities of the stages could yield a longer time of
exposure at the end of the channel than intended.

In some rare cases significantly thinner parts of channels can be observed. An example
can be seen in figure 6.12. Such channels are only observed for a laser power of 50 mW.
The small diameter can be explained by the hypothesis that the phase change happens
at the very upstream limit, where the fluence barely exceeds the threshold for continued
phase change. These thin parts continue with parts which have a normal thickness.
These are always initiated by a fray, which allows the phase change to happen more
downstream, resulting in the observed normal thickness.

The triangular channels occupy only three contacts? in a two by two grid. Conse-
quently, the remaining contact is used to further investigate the influence of the velocity
of the sample on the growth of the channels. The parameters of these straight channels
are velocities of 50,100,200, 400, 800 um/s and powers of 50 mW and 100 mW. For each
combination of these parameters, ten channels were produced. All of these fully extend
through the diamond.

A first measurement of the resistance of the triangular and straight channels yielded
no resistance lower than the resistance of the diamond bulk. Unfortunately, the diamond
was lost during handling, which prevented a more detailed investigation. Nevertheless,
the results hint that the very low conductivity of the channels is probably not only
due to surface effects. Otherwise the channels with contacts from the seed side only,
where no crater like structure is observed, should have yielded a lower resistance than
the resistance of diamond. This indicates, that the phase transformation might be
insufficient and still a large proportion of the carbon atoms is sp® bound.

2The channels reach the surface under two contacts and have their intersection under the third one.

74



6.6. Raman Spectroscopy

Laser —

CCD

Sample Filter —

\ M4-plate—

7\ Lattice
Microscope Semitransparent
mirror

Figure 6.13.: Drawing of a Raman spectroscopy setup.

6.6. Raman Spectroscopy

6.6.1. Raman basics and setup

The measurement of the resistance does not yield any information about the actual com-
position of the phase changed material. Furthermore, in order to measure it, the sample
has to be metallised. This involves manipulations of the surface, which could affect the
outcome of the measurement.

A technique, which allows the investigation of bound states is Raman spectroscopy,
which was discovered in 1928 by C.V. Raman [104]. A schematic setup is shown in
figure 6.13. The sample is illuminated with a laser and the spectrum of the backscat-
tered light is analysed. Most photons scatter elastically with the material and thus their
wavelength is not changed. In some cases the photons scatter inelastically and absorb
or emit a phonon, altering the wavelengths of the photons. A phonon is a quantum
mechanical representation of a vibrational mode, that behaves like a particle [105]. Tt
has properties of a real particle like e.g. energy, mass and frequency, but cannot exist
outside of the crystal. The vibrational modes a crystal can have are discrete and depend
on the lattice structure of the crystal. Consequently, the energies of the phonons in a
crystal are characteristic for it. These energies can be determined by measuring the
shift of wavelength of the scattered photons. As a result, with Raman spectroscopy it is
possible to measure the composition of the phase changed material.

A schematic drawing of the dominant scattering processes of photons in a crystal is
given in figure 6.14. In case of elastic scattering, the direction of the photon may be
changed, but not its energy. The dominant process for this is Rayleigh scattering. If
the photon scatters inelastically and emits a phonon, its wavelength is shifted to higher
values. This process is called Stokes-Raman scattering. The absorption of a phonon
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Figure 6.14.: Schematic drawing of possible scattering processes of photons at a crystal
lattice. The photon can scatter elastically or inelastically. In the later
case either a phonon is emitted or absorbed. The possible energies of such
phonons are represented in the schematic view by the vibrational states.
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is also possible. In this so called Anti-Stokes-Raman scattering the wavelength of the
photon is lowered. The premise for this process is the existence of such a phonon. As
more phonons are present at higher temperatures of the sample, the cross section of
Anti-Stokes-Raman scattering increases with the temperature. However, the cross sec-
tion is significantly lower than that of Stokes-Raman scattering for samples at room
temperature [105].

The Raman shift is typically quoted in cm~!. This can be easily converted into the
energy of the emitted or absorbed phonon, as

he

(6.4)
In order to analyse the bonds, an intensity profile of the shifted light is recorded.

For this thesis, the Raman setup in the mineralogy department of the faculty for
geology was used. The wavelength of the laser of a Raman setup is chosen such that it
does only excite the electrons, but does not ionise them. In this case the wavelength is
488 nm. It is critical to ensure that the laser is monochromatic in order to exactly know
the excitation energy. For this reason the laser is guided through several filters, which
are transparent only for its main wavelength. Due to the crystal structure, the scattering
on the sample depends on anisotropic effects. Consequently, the polarisation of the laser
is changed from linear to circular via a \/4-plate, as circular polarised light is insensitive
to such effects. The laser light is further guided onto a semitransparent mirror, which
only reflects light with the wavelength of the laser. It is reflected into a microscope and
focused on the sample. The backscattered light follows the same route back through the
microscope and onto the semitransparent mirror. Here, only the shifted wavelengths are
going through. They then propagate onto a lattice. The resulting wavelength separated
beam is detected with a photo detector, which counts the number of photons. This
detector is located with respect to the lattice in a way, that it detects the photons,
which are Stokes-Raman shifted. One row of pixels of the sensor equals about 2cm™".
Prior to the measurement, the setup is calibrated with a pure silicon sample.

6.6.2. Calibration and Verification of the Raman Setup

In order to be able to interpret the Raman spectra for the channels, first the spectra for
pure diamond and graphite have to be measured. Diamond has only one phonon mode,
which is in first order Raman active [106]. First order means that only one phonon is
emitted or absorbed. This results in one sharp peak at approximately 1332cm~!. For
the sample Goe-pCVD-02 such a signal is shown in figure 6.15. The laser of the Raman
spectrometer was focused on the surface of the sample at least 500 pm away from chan-
nels or edges. A clean peak at (1334 & 2)cm™! can be seen without any other visible
reflex in the range of 1000 cm™! to 2000 cm ™.
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Figure 6.15.: Raman spectrum of pure diamond. The diamond peak is clearly visible.

Figure 6.16.: Graphite sticks used for reference Raman spectra of disordered, conductive
graphite.

For a perfect graphite crystal, only one Raman mode at 1581 cm ™! is expected [107].
However, if graphite is produced in the channels, it is expected to be disordered to some
extend. In such a case, two broad peaks are measurable with Raman spectroscopy [108].
One is the broadened peak of perfect graphite, the so called g-peak. It is located around
1580 cm~!. The second peak arises from the disordering of the crystal and is called
d-peak. Accordingly, the intensity of this peak depends on the grain size. The peak is
centred around 1350 cm™'. These two peaks have been measured using two conductive
graphite sticks. A photo of these is shown in figure 6.16. Both sticks are (20.0 +0.5) cm
long. The thicker one has a diameter of (6.4 £0.1) mm and a resistance of (1.9 +£0.1) Q.
The thinner stick has a diameter of (4.9 + 0.1) mm and a resistance of (2.3 + 0.2) Q.
This yields a resistivity of (0.31 £ 0.02) Q@ mm and (0.22 £ 0.02) Q@ mm for the thick and
thin graphite stick, respectively. Their Raman spectra can be seen in figure 6.17(a) and
figure 6.17(b) for the thicker and thinner stick, respectively. For both sticks the g-peak
and the d-peak are observed. As expected, the g-peak is located around 1580 cm ™! and
the d-peak around 1350 cm~!. This shows that even for very conductive graphite, a
disordering is present in the crystal.

78



6.6. Raman Spectroscopy

2000

2500
1800

1600

counts [a.u.]
counts [a.u.]

2000
1400

1200 r} ‘\ )r \ 1500

/ ‘\ 1000
/o
V’Nﬂ M“'WWH 500

1000

80

=]

60

=]

401

=]

%
2
X

20

o

L L Y B T L B B R B B B
—
—

\H‘H\‘\H‘H\‘\H‘H\‘\H‘H\‘\H‘H\
L =

/o
MW“/ W‘”
T R RS N I SRNIY TR N SRR R R B! P T T ST S O N SN RN NSV ERINY S B!
500 1000 1500 2000 2500 500 1000 1500 2000 2500

A [emT 1A [em?

(a) (b)

Figure 6.17.: Raman spectra of (a) the thick and (b) the thin graphite stick shown in
figure 6.16. The g- and d-peak are clearly visible.

This disordering can be quantified by the relative intensities of the two peaks. Starting
from a mean ordered crystal size of 2nm the relative intensity of the d-peak decreases
inversely with growing ordered crystal size [109]. For crystal sizes below 2nm, the ma-
terial is called amorphous carbon. In this region the relative intensity of the d-peak
with respect to the g-peak increases quadratically with growing crystal sizes. This is
attributed to the increasing presence of sixfold carbon rings, which cause the d-peak.

Between pure diamond and pure graphite other materials consisting solely of carbon
can be identified. A schema of this is shown in figure 6.18. If around 10% to 40% of
the atoms are sp® bound and the remaining atoms are sp? bound, the material is called
amorphous carbon. For a share of up to 90% sp® bound atoms, the material is identified
as diamond like carbon (DLC). The channels produced inside the diamond are expected
to consist of a mixture of these materials. The exact mixture depends on the growth
parameters, namely the power of the laser and the velocity of the sample.

The Raman spectrum of DLC consists of two broad peaks. One is located at 1540 cm ™!

and the other one between 1300 cm~! and 1350 cm™~! [110]. With decreasing sp? con-
tribution, the relative intensities and the peak positions change, resembling more the
g- and d-peaks of amorphous graphite. Accordingly, the mixture of sp? and sp® bound
atoms in the channel can be determined by these values. A detailed discussion of this
can be found in a publication by Ferrari and Robertson [109].

Before measuring the channels, the diameter of the focal plane of the Raman laser has
to be determined, using a silicon diode. It has partially a aluminium electrode on top,
which has a sharp edge to the silicon. The edge was produced with photolitography,
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Figure 6.18.: Phase diagram of sp?, sp3, and hydrogen bound carbon [109]. For this
thesis relevant are the phases for different ratios of sp? and sp® bound car-
bon. With decreasing contribution of sp? bound carbon, these are graphite,
amorphous carbon (a-C), diamond like carbon (DLC, ta-C), and diamond.

resulting in a deviation from the perfect edge of less than 0.25 um. The focus of the
Raman laser is moved across this interface like shown in figure 6.19. Focused on the
silicon, the Raman spectrum shows the silicon peak at 520cm™!. Aluminium has no
Raman mode in the recorded wave number interval and absorbs the laser completely.
Accordingly, moving the focus over the edge of the metal electrode, the silicon peak
disappears. This has been measured at four different spots. In two cases the edge is
crossed moving the focus vertically and horizontally, respectively. The step size is 0.1 pm

with a total of 100 steps. An example of the resulting spectra is shown in figure 6.20(a).

In order to calculate the diameter of the focus, the disappearance of the silicon peak
has to be quantified. For this, the background of the spectra is determined by fitting
a linear function with the range of 1100cm™! to 2400cm™! to each spectrum. The
intensities are corrected by this value and the entries from 500cm™" to 540cm™! are
summed up. The result is shown in figure 6.20(b). Assuming a Gaussian beam shape,

the diameter of the focus can be determined by fitting the error function

T —p
I(x) = c- Erfc +d 6.5
@ (“52) (©5)
to the data. Here, ¢ and d are scaling factors and p is the position of the edge. 20 denotes
the diameter of the focus in which 39.3% of the intensity is deposited [111]. The results
for the four different spots are given in figure 6.21(a). It can be seen that the variance
between spots is larger than the statistical error suggests. One contribution to this
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Figure 6.19.: Photo of the surface of the silicon diode used to determine the spot size
of the focus of the Raman laser. The silicon appears dark and the alu-
minium electrode bright. The movement of the focal plane on the surface
is indicated by the red line.
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Figure 6.20.: Spectra of the diode while moving the Raman laser over the edge of an
aluminium electrode (a). The disappearance of the silicon peak can be
observed. From the integral of this peak, the diameter of the focus can be
calculated (b).
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Figure 6.21.: Size of the focus measured at four different spots (a) and its dependence
on the z-position of the sample (b). This position is measured with respect
to the focus of the camera of the Raman setup. For positive values, this
camera focus is above, for negative values below the surface of the diode.
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systematic error is the angle of the edge with respect to the movement of the focus. This
has to be 90° in order to measure the diameter of the focus. As the diode was positioned
manually, an uncertainty of few degrees is possible. For one spot, the measurement was
repeated with the trajectory shifted by a few micrometer along the edge. The deviation
between the measurements shows that the angle between the surface of the silicon diode
and the metallization is not exactly 90 degrees. Therefore, the measurement yields only
an upper limit of (1.04 & 0.01) pm on the diameter of the laser beam spot. This is
sufficiently small, as the smallest diameter of a channel is 4 um. In this case 86.5% of
the laser intensity would be on the phase changed material [111]. The size of the focus
also depends on the z-position of the sample. As shown in figure 6.21(b), the minimal
size of the laser beam spot is not achieved if the microscope is focused onto the surface.
Instead, it is located about 1 pm downstream. This is advantageous for the measurement
of the crater like structures, as the microscope is focused on the level of the surrounding
surface.

6.6.3. Raman Spectra of Goe-pCVD-02

The diamond sample Goe-pCVD-02 is used for Raman spectroscopy, as its surface has
not been exposed to any chemicals before, nor was it metallised. The former could
remove material from the channel and the latter prevents inspection via Raman spec-
troscopy. The resulting spectra for two channels grown at a laser power of 50 mW and
a sample velocity of 50 um/s for both the seed and the exit side is shown in figure 6.22.
In all spectra the diamond peak is clearly visible.

Both spectra from the seed side show nearly the same qualitative characteristics. In
both of them the d- and g-peak of sp? bound carbon is visible. However, the diamond
peak is very dominant. It has also be taken into account, that the signals originating
from sp? bound atoms are up to 230 times more sensitive to visible Raman spectroscopy
than from sp3 bound atoms [112]. As the seed side is after the phase change not exposed
to the femtosecond laser any more and the pressure from the surrounding material is
lower than inside the diamond bulk, the highest ratio of sp? bound atoms can be found
here. Nevertheless, the Raman spectra show a very low share of phase changed material.
As the growth parameters are typical parameters used also for the other diamonds, this
explains why a very high resistance has been measured for such channels.

On the exit side a lower contribution from sp? bound carbon is expected, as some
of the material is evaporated. This can be seen in the spectra in figure 6.22(b) where
in case of a spacing of 25 um the g-peak is nearly invisible. Considering the enhanced
visibility of sp? sites, it can be concluded, that almost all of this material is removed on
the exit side. This result agrees with the high resistance of metallised channels. In both
spectra a broad signal at 650 cm ™! can be seen, which originates from a contamination
on the surface.
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Figure 6.22.: Raman spectra of two channels on Goe-pCVD-02 for (a) the seed and (b)
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the exit side. The channels were produced with a laser power of 50 mW and
a sample velocity of 50 um/s. The distance to their neighbours is either
25 pm or 40 pum.



CHAPTER [

3D Electrodes in detector grade polycrystalline Diamond

This chapter describes the successful production of conductive channels in a detector
grade polycrystalline diamond sample, which is introduced in section 7.1. The produc-
tion of the conductive channels and changes to the femtosecond laser setup are sum-
marised in section 7.2. These channels are investigated thoroughly and in section 7.3
their Raman spectra are discussed, which yield indications of the structure of the phase
changed material. The crater like structure on the exit side is measured with an atomic
force microscope and the results are presented in section 7.4. In section 7.5 the measured
resistances of the conductive channels are discussed.

7.1. Detector grade polycrystalline Diamond Sample

The diamond sample used for all measurements presented in this chapter is a detector
grade polycrystalline diamond. Detector grade means, that the diamond has a higher
CCD than lower grade samples described in chapter 6. This sample was lent to us by
the University of Manchester, which produced conductive channels in similar samples
before. Accordingly, this eliminates the uncertainty, due to the use of low grade diamond
material. The sample is about 1 x 1cm? large and 500 um thick.

7.2. Produced 3D Electrodes

As seen in section 6.6, the very high resistivity of the channels can have two sources. The
first one is the overall insufficient phase transition from sp® bonds to sp? bonds. This
results in a very high resistivity of the channel, which is unacceptable for electrodes.
Second, the ratio of sp? to sp? is lower on the exit side of the channel, as parts of the
conductive material are evaporated, forming a crater like structure.
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Figure 7.1.: Photos of the four grids produced in the first batch. In (a) the diamond is
tilted with the seed side on top. In (b) the exit side is shown. The structure

of a six by six channels grid interleaved with a grid of five by five channels
is visible.

Both sources have been addressed by changes in the femtosecond laser setup. In order
to achieve a higher fluence, the focal lens is replaced and the size of the focal plane is
now 3.9 pm in length and 1.6 pm in diameter [96]. This yields for the same laser power a
8.2 times higher fluence. With this higher fluence, more energy is locally available for a
more complete phase transformation. The tighter focus also results in a higher aperture.
This means, that the fluence decreases much faster than for the previously used focal
lens, as the beam before and after the focal plane opens at a larger angle. A phase
change closer to the actual focal plane is the result. This would ease the production of
channels not fully expanding through the sensor.

In order to reduce the evaporation of phase changed material on the exit side, a faster
stage is used to move the diamond sample along the beam direction. This stage allows
velocities of up to 10mm/s. Combined with the higher aperture of the focal lens, the
number of high fluence pulses on the exit side is significantly reduced.

Two batches of channels were produced. The first batch consists of four grids of six by
six channels. A picture of one of these grids is shown in figure 7.1. All channels within
one grid have the same growth parameter, namely a laser power of 25 mW or 60 mW
and a velocity of 200 um/s or 2mm/s. The distance between the channels is 120 pm.
These large grids are each interleaved with a grid of five by five channels. The channels
of the smaller grid have as well a spacing of 120 um and are each located in the centre
of a two by two channel cell of the large grid. This results in a distance of 85 pum to
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their nearest neighbour for all channels. The small grids are grown with laser powers of
10, 25,60, 150 mW and velocities of 50,200, 2000, 10000 um/s. For each parameter com-
bination at least five channels are produced. The reason for this structure is that the
intended mask for metallisation allows individual contacting of channels in the small
grids only.

The values for the laser power include one setting, which is comparable to the power
settings used before. A laser power of 10 mW with the new focal lens yields the same
fluence, achieved by the previous setup with a power of 82 mW. From the Raman spec-
tra of Goe-pCVD-02 it is suspected that this fluence is too low to sufficiently change the
phase of the carbon. However, this setting is included in order to better understand, why
previously produced channels have a very high resistance. All remaining power settings
achieve significantly higher fluences for a potentially better phase transformation. The
same argument holds true for the chosen velocities. A setting of 50 pm/s has been used
before and did not yield conducting channels. However, for this setting it has to be kept
in mind, that the length of the focal plane is drastically reduced, so that the number of
pulses with high intensity on the same spot is reduced even for this setting with a slow
velocity. This is important for the exit side, since less phase changed material might be
evaporated.

The success rate of phase changed material stretching through the whole diamond
determined by optical inspection is shown in table 7.1. In this case failed channels are
defined as channels, where the phase changed material does either not reach the exit
or the seed side (28% and 3% of the failed channels, respectively), the channel is in-
terrupted in the bulk (62%) or no phase change is observed at all (7%). All channels
grown at a velocity of 200 pm/s or slower extend without interruptions fully through the
sensor, according to optical inspection. The fraction of good channels decreases with
higher velocities. For these velocities, the success rate drops with decreasing power. An
explanation for this is the length of the phase changed region per pulse. For low veloci-
ties, the phase change happens upstream of the focal region, where the fluence is barely
high enough to initiate phase transformation. Accordingly, the fluence in this region is
independent of the power of the laser, as the power only influences the distance of this
region with respect to the focal region. Once the velocity is sufficiently high, in other
words the movement of the focal plane between two pulses is larger than the length of
phase change at the low fluence threshold, the power of the laser actually determines the
fluence at the region of phase change. The closer this region is to the focal plane, the
higher the fluence is and the longer the phase changed region is. This yields a continuous
channel as long as the length of the phase change per pulse is equally long as the move-
ment of the focal plane per pulse. For the combination of high velocity and low power,
this is not anymore the case. The channel grows so slow, that the interface between the
phase changed material and diamond can slide downstream of the focal area. As the
fluence in the focal area is high enough to cause spontaneous phase change, the channel
is interrupted.

87



7. 3D Electrodes in detector grade pCVD Diamond

Power [mW]  Velocity [um/s] | Success rate [%]

10 50 100
10 200 100
10 2000 20+ 18
10 10000 30+14
25 50 100
25 200 100
25 2000 68 £ 7
25 10000 60 £+ 22
60 20 100
60 200 100
60 2000 95+£3
60 10000 80 £ 18
150 50 100
150 200 100
150 2000 100
150 10000 90+9

Table 7.1.: Success rate by optical inspection of the channels grown in the first batch.

A second batch is produced in order to study the influence of the time of exposure to
the femtosecond laser on the exit side. The observed crater like structure on the exit side
shows that parts of the phase changed material are evaporated. The fluence threshold
of the evaporation is unknown, but could be well below the threshold for phase change.
This means, that the phase changed material is still evaporated, even if the focal plane is
far upstream. In this case, the local fluence is too low to cause additional phase change,
which leaves only unchanged diamond behind. After production, this could be compen-
sated by focusing the beam once again onto the exit side. The idea is, that due to the
high fluence in the focal area, phase changed material is evaporated, but at the same
time new diamond sections are phase changed. This may result in more phase changed
material on the exit side than without this repeated irradiation.

For this second batch, laser powers of 60,100,150 mW and velocities of 2,10 mm/s
are used. Twenty channels for each parameter combination are grown. For ten of these,
after production the focal plane is again focused on the exit side, while the shutter is
closed. The shutter is then opened in order to reirradiate the channel. The steering of
the shutter does not allow to open it for a defined time. It can only be opened while
at least one of the axes is moving. Accordingly, a minor movement along the beam
axis is programmed in order to open the shutter. This movement is far below the step
size of the stage, so that the shutter should close immediately after being opened. The
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Figure 7.2.: Picture of the exit side of channels grown with a laser power of 100 mW. The
lower two rows were produced with a sample velocity of 2mm/s, the upper
two rows with 10 mm/s. For every second row, the exit side was reirradiated
for about 50 ms.

opening time of the shutter is estimated to be in the order of 50 ms which equals 10,000
pulses. A picture of the exit side of channels from the second batch is shown in figure 7.2.

For all of the 120 channels a continuous phase change expanding through the whole
diamond is observed. This success rate is in agreement with the rates of the first batch.
On the exit side dark material around the channels can be observed. This could also be
seen for all previous produced channels. The diameters of the ejecta depend in first order
on the used laser power. But they can also differ significantly between two channels with
the same setting. For reirradiated channels, a slightly larger diameter is observed.

7.3. Raman Spectroscopy

For the Raman spectroscopy of this diamond sample, the same setup is used as described
in section 6.6. In case of the channels produced in batch one, for each parameter combi-
nation, spectra of at least five channels are recorded on the seed side. After metallisation,
each of these channels can be contacted individually. Spectra of the seed side for channels
grown with a power of 10 mW and a velocity of 200 pm/s are shown in figure 7.3(a) and
for 60 mW and 2mm/s in figure 7.3(b). The spectra are normalised to the amplitude of
the g-peak. It can be seen that for the low speed and power combination a dominant
diamond peak is present, whereas for the high laser power and sample velocity combi-
nation, the diamond contribution is for some channels nearly invisible. Accordingly, the
contribution of phase changed material is small compared to the diamond peak for the
first parameter combination. The dominant diamond peak is partly caused by the very
small diameter of these channels, which is in the order of 2 um. Assuming a diameter
of the laser of 1um, which is the upper limit measured in section 6.6, about 37% of
the Raman laser does not hit the channel but the surrounding diamond [111]. Still, the
phase changed material of the channel is much more sensitive to Raman scattering than
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Figure 7.3.: Raman spectra of the seed side for channels produced with (a) 10 mW and

200 um/s and (b) 60mW and 2mm/s. The intensity is normalised to the
g-peak. Individual channels are indicated by different colours®.

“Channels grown with the same settings are indicated by having the same leading number and letter.
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the diamond [112]. Therefore, the spectra confirm the insufficient phase transition as
measured with Goe-pCVD-02 before. Such spectra with a dominant diamond contribu-
tion are observed for channels produced at a power of 25 mW or less or at a velocity of
200 wm/s or less. This is in good agreement with the results shown in section 6.6.

For the parameter combination of 60 mW and 2mm/s the amplitude of the diamond
peak in the spectra decreases significantly with respect to spectra for channels grown at
a power of 10mW and a velocity of 200 um/s. The peak is now only minor compared
to the very visible d- and g-peaks. For two channels it is even completely invisible.
This decrease of the amplitude of the diamond peak compared to g- and d-peak shows
that at this higher laser power more atoms change their phase. Therefore, an increased
conductivity of these channels on the seed side can be expected. Comparing the spectra
with the ones measured for the graphite sticks in section 6.6, shows that the d- and the
g-peak of the channels are not as well separated as for the graphite sticks. Especially
the d-peak, which arises from disordering of the crystal, is broader. This hints at a
lower conductivity of the channels compared with the graphite sticks [113]. The shape
of the sp? contribution, i.e. the relative amplitudes of the d- and g-peak and their width,
remains the same, regardless of the magnitude of the diamond peak. As the diameter
of the channel is in the order of 4 um this diamond peak might also be caused by the
surrounding material.

Furthermore, for channels grown with a laser power of 60 mW and 150 mW the spectra
of the exit side are measured. Channels produced with a lower power show already on
the seed side a minor contribution of phase changed material only, see figure B.1 - B.4.
On the exit side this contribution is negligible compared to the diamond peak, as already
seen for Goe-pCVD-02. Therefore, the spectra of the exit side for channels produced
with a power of 10mW or 25mW are not measured. For the parameter combination
of a laser power of 60 mW and a sample velocity of 2mm/s, spectra for six additional
channels from the large grid are recorded.

The spectra measured on the exit side show for velocities of 2mm/s or faster a signif-
icant non-diamond contribution. An example of this is shown in figure 7.4 for channels
produced at a power of 150 mW and a velocity of 2mm/s. The relative intensity of the
diamond peak is nearly the same on both sides. The difference is the relative intensity
of the d-peak, which is higher on the exit side. The g- and d-peaks are also better
separated. Still, the amount of sp? contribution in the spectra hints at an increased
conductivity of these channels.

In order to quantify the quality of the phase changed material, every spectrum is fit-
ted by a function consisting of five Gaussian distributions and a linear function for the
background. An example is shown in figure 7.5. In literature a wide variety of functions
describing Raman spectra of carbon films can be found [114]. Most of the time these
use either Gaussian or Lorentzian distributions (or both) and two to four peaks. For
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Figure 7.4.: Raman spectra for channels produced with 150 mW and 2mm/s for (a) the

seed side and (b) the exit side. The intensity is normalised to the g-peak.
Individual channels are indicated by different colours.
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Figure 7.5.: Fit on the Raman spectrum of the seed side of a channel produced at 60 mW
and 2mm/s. The g- and d-peak are fitted using two Gaussian distributions
each (Gp2 and Dy 9, respectively. One Gaussian distribution is fitted onto
the diamond peak and the background is fitted with a linear function.

this thesis, four Gaussian distributions as fitting functions on the d- and g-peak and one
Gaussian for the diamond peak are chosen.

The slope of the linear function is determined by fitting it to the spectra in the region
starting at 1800 cm ™! until 2400 cm™!. In this region no signal is observed. The fit on
the signal is performed in the region between 1150 cm™! and 1800 cm™!. The mean val-
ues of the five Gaussian distributions are not fixed in the signal fit, but are only allowed
to vary within a certain range. These limits are given in table 7.2. The whole function is
fitted at once to the spectra with the linear function being fixed to the value obtained by
the background fit. Out of the spectra of the 124 measured channels, the fit converges
for 117. As the width of the diamond peak is only about five data points, the fit on its
amplitude is generally poor. For this reason, the diamond peak is fitted again with a
Gaussian distribution to determine its amplitude.

A figure of merit for the quality of the phase change is the ratio of the amplitude
of the diamond peak to the amplitude of the g-peak. The amplitude of the diamond
peak is determined by the extra fit described above. For the amplitude of the g-peak,
the Gaussian distributions G; and Gy are summed up and their peak amplitude is de-
termined. Its uncertainty is taken from the fit, with the correlations between the fit
parameters taken into account. The main component of the uncertainty of the ratio is
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Peak | Lower limit [em~!] Upper limit [cm™!]

Diamond 1331 1336
Dy 1300 1370
Do 1320 1400
Gy 1450 1580
Go 1580 1610

Table 7.2.: Limits for the mean values of the five Gaussian distributions used to fit the
Raman spectra.

the amplitude of the diamond peak, due to its limited resolution. As a lower amplitude
of the diamond peak decreases the uncertainty on its value, the mean ratio of a setting
is heavily influenced by spectra with a low amplitude of the diamond peak. Therefore,
the variance of the individual channels from the mean value of a setting is calculated.
Figure 7.6 shows the ratios of the amplitudes with respect to different growth parameters.

For the channels grown at a laser power of 10 mW, very high ratios, up to values of
73, are observed with large variance for individual channels on the seed side. This low
power is comparable to the power values used for all the other diamond samples de-
scribed in chapter 6. The high ratios are in good agreement with the ratios measured for
Goe-pCVD-02 and indicate that the phase transformation of the diamond is insufficient.

On the seed side, channels grown at a velocity of 50 wum/s, which is a setting compa-
rable to the velocities used before, also show a higher ratio and variance than channels
grown at higher velocities. Especially the large variance hints that the phase transition
happens in this case very upstream of the focal plane at the fluence threshold for phase
transformation. As described in section 5.5, the focal plane moves very slowly through
the diamond, so that micro defects can occur inside the diamond, lowering the thresh-
old for phase transformation. If this threshold is barely exceeded, the phase might be
changed for enough atoms to absorb the laser beam, but not to yield a good conductive
channel. As the formation of such micro defects is a statistical process, this can explain
the large variance.

For channels which were produced at a laser power of at least 25 mW and sample
velocity of at least 200 um/s, the ratio of the diamond amplitude to the amplitude of
the g-peak is for almost all channels with values below 2 sufficiently low, so that a con-
ductivity of the channel is possible. Especially channels grown at 60 mW or more and
2mm/s or faster have a very low ratio.

The influence of the velocity on the composition of the channels on the exit side is
very apparent in the Raman spectra. For velocities up to 2mm/s, the ratio decreases
with increasing velocity. This is probably due to the reduced number of laser pulses on
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Figure 7.6.: Ratio of the amplitudes of the diamond peak with respect to the g-peak for
different growth parameters. Blue crosses indicate measurements for single
channels, green bins the mean value and its uncertainty for a setting. The
x? for each setting is plotted in red to get a handle on the variance of each
setting.
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Figure 7.7.: Relation between the length of the sp? grains and the ratio of the amplitude
of the d-peak to the amplitude of the g-peak [109,115].

the exit side for higher velocities. Velocities of 2mm/s and 10 mm/s do not significantly
differ in the measured ratio, which is comparable to the ratios obtained for these chan-
nels on the seed side. Accordingly, an increased conductivity of these channels on the
exit side is expected. The power of the laser of either 60 mW or 150 mW does not have
a significant influence on the ratio.

According to F. Tuinstra and J.L. Koenig, the ratio of the amplitude of the d-peak to
the amplitude of the g-peak can be used to determine the grain size of the sp? bound
atoms, as shown in figure 7.7 [115]. The relation is ambiguous, so that it has to be
known if the material is more like amorphous carbon or nanocrystalline graphite. Fig-
ure 7.8 shows the ratio of the amplitude of the d-peak to the amplitude of the g-peak
for the measured channels. It can be seen that it is almost constant for most parameter
combinations, except for channels on the exit side, which were grown with a velocity of
200 um/s or less. For these channels the amplitude of the d-peak with respect to the
g-peak is significantly higher than for the other settings. The change of this ratio is an
indication, that the remaining material on the exit side for these channels has a different
composition than the other channels [109]. A high spread in the measured ratios on the
seed side is also observed for channels grown at 50 pm/s with most of the ratios being
higher than the values measured for other settings. As mentioned, more information is
needed in order to determine the size of a sp? grain. Settings, which have a higher ratio of
the amplitude of the d-peak to the amplitude of the g-peak, typically also have a higher
diamond contribution in the recorded spectra. Accordingly, their phase transformation
should be not as complete as for channels with lower ratios. Therefore, their grain size
should be smaller. This indicates that the phase changed material is nanocrystalline
graphite.
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Figure 7.8.: Ratio of the amplitudes of the d-peak with respect to the g-peak. Blue
crosses indicate measurements for single channels, green bins the mean value
for a setting.
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Figure 7.9.: Position of the g-peak. Blue crosses indicate measurements for single chan-
nels, green bins the mean value for a setting.

Another quantity which supports this hypothesis is the position of the g-peak. For
a perfect graphite crystal it should be at 1581 cm™! and for nanocrystalline graphite
the peak position moves to approximately 1600 cm ™! [107,109]. In case of amorphous
carbon, the g-peak is located around 1510 cm ™! [109]. The position of the g-peak of the
fitted function for different growth parameters is shown in figure 7.9. It can be seen,

that for almost all channels it is located between 1570 cm~1 and 1600 cm™!.

With the hypothesis of nanocrystalline graphite, the mean grain size L, of the sp?
bound atoms can be calculated via [115]

L=C()e (7.1)
Iy

with I, being the amplitude of the d- and g-peak, respectively. C()) depends on the
wavelength of the Raman laser and is for 488 nm approximately 3.5nm [116]. Accord-
ingly, for the seed side channels grown with a power of 25 mW or higher and a velocity of
200 um/s or more crystal sizes between approximately 3.9 nm and 5.0 nm are observed.
Most of the channels grown at a velocity of 50 pm/s only have crystal sizes of 1.8 nm
to 2.3nm on the seed side, which is disadvantageous for their conductivity. This is also
observed on the exit side, where channels grown at a velocity of 200 pm/s have a crystal
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Figure 7.10.: Ratio of the amplitudes of the diamond peak with respect to the g-peak
on the exit side. Blue crosses indicate measurements for single channels,
green bins the mean value for a setting. The x? for each setting is plotted
in red to get a handle on the variance of each setting. Channels, which
have been reirradiated are indicated by “AB”.

size of approximately 2.3nm compared to 3.5nm large grains for channels grown at a
velocity of at least 2mm/s. Therefore, channels which have a minor diamond contribu-
tion also have a larger grain size than channels with a dominant diamond peak.

From the Raman spectra it is suggested that channels grown with at least 60 mW
and 2mm/s are conductive, as they have on the seed and exit side a low ratio of the
amplitude of the diamond peak to the amplitude of the g-peak. However, the ratios on
the exit side are still slightly higher than on the seed side. Therefore, the reirradiation
of channels on the exit side is investigated with the third batch of channels. The ratios
of the amplitude of the diamond peak to the amplitude of the g-peak are shown in
figure 7.10 and the spectra of individual channels in section B.2. From the spectra of
118 channels, the fit converges for 108 channels. It can be seen that for all settings
the measured ratio is reasonably low, with the results for channels without reirradiation
being in agreement with the results obtained from the channels from the second batch.
However, in all cases the reirradiated channels yield a higher ratio than channels of the
same setting, which were not reirradiated. Further, the spread of the results, indicated
by the value of x?2, is larger for reirradiated channels, which is considered unfavourable.
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Figure 7.11.: Schema of an AFM measurement in contact mode. Note that the size of
the tip of the cantilever and the roughness of the sample are not to scale.

This result disproves the hypothesis that a reirradiation is beneficial for the composition
of the exit side.

7.4. Atomic Force Microscopy

The crater like structure on the exit side is critical for the contacting of the channel with
a metal electrode. If the crater is too deep with respect to its diameter, the metal will
not reach the bottom of the crater. In order to measure the structure of the crater, they
are scanned with an Atomic Force Microscope (AFM). For this thesis an Asylum Re-
search MFP-3D SA AFM located in the Institute of Materials Physics at the University
of Gottingen is used.

A schema of the setup is shown in figure 7.11. The central component is a cantilever
with a very fine tip. A picture of these can be seen in figure 7.12. The cantilever is a
160 pm long, 40 um wide, and 3.7 um thick spring of silicon. At one end, it has a 14 um
high tip, which has at its apex a radius of 9nm. If the AFM is operated in contact mode
- also called constant force mode - this tip always touches the surface of the sample. The
silicon cantilever is hereby slightly bend. The amplitude of this bending is measured us-
ing a laser, which is focused on the top of the cantilever, from where it is reflected onto a
photo detector [118]. If the amplitude of the bending, i.e. the height of the surface of the
sample, changes, the reflected laser spot moves across the photo detector. The vertical
position of the sample is adjusted, so that the amplitude of the bending of the cantilever
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(a) (b)

Figure 7.12.: Picture of (a) the cantilever and (b) a zoom on its tip [117]. The cantilever
has a length of 160 um, a width of 40 wm, and is 3.7 pum thick. The tip has
a height of 14 um.

returns to its calibrated level. This adjustment is recorded and allows a relative height
measurement of the surface of the sample.

In contact mode, soft structures can be modified by the movement of the tip [118]. For
this reason, for the measurement of the phase changed material, the AFM is operated
in tapping mode. In this mode the cantilever oscillates with a low amplitude, which
is approximately 20nm in our case. This oscillation is recorded by the photo detector
by a movement of the reflected laser light. When the distance of the cantilever to the
surface of the sample is smaller than the amplitude of the oscillation, the oscillation
is dampened and its amplitude decreased. Therefore, a distance of the cantilever with
respect to the surface of the sample is chosen, so that the amplitude of the oscillation
is slightly decreased with respect to a free oscillation. If the height of the surface of the
sample changes, its vertical position is adjusted, so that the amplitude of the oscillation
is returned to its predefined value.

In order to measure the crater like structure of a channel, the sample is moved hor-
izontally with respect to the cantilever. First, the sample is moved transversely with
respect to the long direction of the cantilever. This direction of movement, called trace,
slightly twists the cantilever in contact mode [118]. Therefore, in order to compensate
this effect, the sample is moved back along the same route, which is called retrace. The
height of the sample is then calculated by the arithmetic mean of trace and retrace
heights. Although in tapping mode the cantilever is not twisted due to this movement,
trace and retrace are still recorded. In a second step, the sample is moved along the long
direction of the cantilever and the movement of trace and retrace is repeated.

Although the apex of the tip is very small, the tip itself has, as seen in figure 7.12(b),
a pyramid shape, with dimensions in the order of the investigated structures. This shape
influences the measurement, when moving across a steep edge. Due to the size of the
tip, it might not touch the surface with its apex, but with its side. This results in
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Figure 7.13.: Simulation of the effects of the size of the tip of the cantilever on the
measurement of steep edges. The real surface is shown in (a) and the
measured shape in (b).

mismeasurement of the actual shape of the surface. As the crater like structure on the
exit side of the channels is expected to be steep, this effect is simulated. The result is
shown in figure 7.13. It shows a circular structure with a diameter of 4 um and a depth
of 2 um. This structure is scanned from the bottom to the top with a tip of the same
shape as the one used in the AFM. The tilted surface of the pyramid shape of the tip
points towards the bottom. It has a side angle of 15° and a back angle of 35° [117]. The
result shows that only the upper edge of the circular structure is measured accurately.
For the lower half, the edge of the structure is hardly visible. It looks like a constant
decrease in height and not like a sharp step.

A result of an AFM scan can be seen in figure 7.14(a), which shows the exit side of
a channel produced with a laser power of 60 mW and a sample velocity of 10mm/s. It
is observed, that the resolution of the edge of the crater is better than in the simula-
tion. This is due to an inclination of the cantilever with respect to the sample even if it
does not touch the surface of the sample. The inclination of the cantilever reduces the
inaccuracy of the measurement of the bottom edge shown in figure 7.13(b), but at the
same time introduces an inaccuracy in the measurement of the upper edge. In total, the
inclination of the cantilever increases the accuracy of the measurement. Figure 7.14(b)
shows a height profile of the crater, starting at the lower left corner and ending on the
upper right corner of the scan. The crater has a diameter of approximately 3.5 um and
a depth of about 0.5 um. This depth is reached across a distance of about 0.5 um, al-
though this measurement is limited by the physical dimensions of the tip. Nevertheless,
the crater wall can be considered as very steep and challenging for metallisation.
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Figure 7.14.: (a) Height profile of the exit side of a channel grown with a laser power
of 60mW and a sample velocity of 10mm/s measured with an AFM. (b)
Height profile of the crater along the diagonal from the lower left to the
upper right corner.

The Raman spectra of the channels show a high variance of the amplitude of the
diamond peak for some growth parameter combinations. For this reason, the exit sides
of three channels grown at 60mW and 10mm/s which have a very diverse diamond
peak amplitude are scanned with an AFM. The pictures togehter with the respective
Raman spectra are shown in figure 7.15. It can be seen that the lowest amplitude of
the diamond peak is recorded for channel 204 shown in figure 7.15(f), which is the
channel already presented in figure 7.14. For channel 202 the amplitude of the diamond
peak is significantly higher, as can be seen in figure 7.15(b). The crater is deeper than
channel 204, with a depth of about 1 um. This is also reflected in the resolution of the
crater walls. The plateau at the bottom of the crater seems to have a smaller area than
for channel 204, but this is likely caused by the physical dimensions of the tip of the
cantilever as the inclination is compareable. Out of the three channels, channel 203 has
the highest relative amplitude of the diamond peak in the Raman spectrum. This is also
reflected in the AFM scan of its surface. The diameter of the crater of channel 203 is
comparable to the results for the other two channels. However, for most parts the crater
is with only 0.2 um very shallow. The exception is a slit in the left half of the crater,
which is with respect to the surrounding diamond surface 1 pum deep. This slit covers
an area of only (1.5 x 2.5) um?, which makes it very difficult for a metallisation to reach
its bottom.
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Figure 7.15.: AFM scans of the exit side of three different channels grown at 60 mW and
10 mm/s and their respective Raman spectra.
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Figure 7.16.: Mask used for metallisation of the detector grade pCVD diamond sample.
Note the slightly different scales.

7.5. Resistivity Measurements

The channels of the first batch were metallised at the University of Manchester with
the mask shown in figure 7.16. The metallisation pattern on the exit side allows an
individual contact via a probe needle for every channel. On the seed side each of the
four six by six channels grid is connected with one strip like electrode. The small five by
five channel grids are contacted via five strips, each of which connect five channels with
the same setting. Each strip is routed to a large pad, which surround the four large grids.

In order to measure the resistance of the channels, the diamond sample is mounted
on a PCB. The side with the strip electrodes is wire bonded to the PCB and connected
to an Agilent 34410A multimeter. This multimeter is able to measure resistances of up
to 1 GQ. The other side of the diamond sample is contacted via a needle. Contacting
the pads of the strip electrodes with the needle yields a resistance of the measurement
setup of under 4 (2.

The resistance for all channels of the first batch grown with at least 60 mW of laser
power are measured. Out of the eight growth parameter combinations in this batch, only
for three combinations at least one channel has a resistance lower than 1 G{2. These pa-
rameter combinations are 60 mW and 2mm/s, 150 mW and 2mm/s, and 150 mW and
10mm/s. From their Raman spectra, these channels were assumed to be conductive.
Their results are shown in figure 7.17 and in table 7.3.
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Figure 7.17.: Results of the measurement of the resistance for channels produced with
different growth parameters. A cut on the resistance for good channels of
1 MQ is performed. Channels exceeding this value, but having a resistance
below 1 G{2 are indicated by light grey bins, channels exceeding 1 G2 by
dark grey bins. The success rate for each growth parameter setting is given
in table 7.3.

Growth parameters ‘ Number of channels R < 1GQ [%] R <1MQ [%]

60 mW, 2mm/s 41 31.7+7.3 9.8£4.7
150 mW, 2mm/s ) 100 80£18
150 mW, 10 mm/s 10 90+9 80£13

Table 7.3.: Fractions of channels for different growth parameters, which have a resistance
R lower than the indicated value. For all other combinations of growth
parameters, the resistance of all channels is above 1 G{2.
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Figure 7.18.: Correlation between the ratio of the amplitudes of the diamond peak to
the g-peak and the measured resistance.

Of the channels grown with a laser power of 150 mW and a sample velocity of at least
2mm/s, 80% show a resistance, which is below 1 M£). In fact, for the resistance of chan-
nels grown at a velocity of 2mm/s and a power of 150 mW values between 80k and
200 k2 for all channels except one are measured. The resistance of channels grown at a
velocity of 10mm/s is even lower, with values between 40k and 125k2. For channels
which have a measured resistance below 1G() but above 1M, typical values are in
the order of 10’s M. Therefore, with both settings channels are produced, which are
reasonably conductive, with a higher velocity yielding even better results.

Only a minority, namely (31.7 £ 7.3)% of the channels grown with a laser power of
60mW and a sample velocity of 2mm/s has a resistance below 1 GQ and even fewer,
namely (9.8 + 4.7)%, a resistance below 1 MQ. Only four out of 41 channels are very
conductive with values for the resistance between 100k{2 and 500k{2. This is a signifi-
cantly higher resistance than for channels grown at a power of 150 mW. Judging from
the results of the Raman spectroscopy presented in section 7.3, a similar conductivity
is expected for channels grown with a laser power of at least 60 mW and a velocity of
at least 2mm/s, as no significant differences in their spectra are observed. This is illus-
trated in figure 7.18, where the ratio of the amplitudes of the diamond peak to the g-peak
with respect to the measured resistance is plotted. The ratios of the amplitudes of the
diamond peak to the g-peak are for all channels below 5 and do not significantly differ
due to the large uncertainty, but the resistance spans over three orders of magnitude.
The large difference in the success rate between a laser power of 60 mW and 150 mW
can therefore not be explained by differences in the composition of the phase changed
material on the surface. A disruption of the channels inside the diamond bulk, which
cannot be seen by optical inspection, is unlikely for such a huge number of channels.
From the 41 channels grown at a power of 60 mW and a velocity of 2mm/s two of them
have been identified to have a disruption in the bulk, from the five channels grown at a
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60 mW

Figure 7.19.: Picture of the metallisation on the exit side of the channels. The three
channels in the vertical centre of the picture are grown with a laser power
of 150 mW, the remaining four with 60 mW. The differences in the diameter
of the crater like structure can easily be seen.

power of 60 mW and a velocity of 10 mm/s this is the case for only one channel. Fur-
thermore, the resistance of more than 1 G2 for all channels produced with a laser power
of 60 mW and a sample velocity of 10 mm/s can be explained by the low statistic of only
four potential candidates!, assuming the same success rate measured for channels grown
with a velocity of 2mm/s.

As the composition of the phase changed material and the continuity of the channels
are ruled out to cause the low success rate for channels grown at a laser power of 60 mW,
the problem might be caused by an insufficient contacting by the metal electrode. If the
crater like structure on the exit side is too deep with respect to its diameter, the metal
does not reach the bottom of the crater, which leads to an insufficient contact. With the
metallisation on top of the channels, the diameter of the crater can easily be measured,
as shown in figure 7.19. The mean values for the crater diameter for different growth
parameters are given in table 7.4.

For laser powers of 60 mW and 150 mW, a decrease in diameter with increasing ve-
locity of the sample up to 2mm/s is measured. The larger diameter in case of a slower
movement can be explained by the higher number of high intensity pulses on the exit
side. This leads to a higher amount of ablation than for fewer pulses. Between velocities
of 2mm/s and 10 mm/s no significant difference in diameter is observed. The influence
of the power is much higher than the influence of the velocity. Channels grown at a laser
power of 150 mW are are about 1.5 times larger in diameter than channels grown at a
laser power of 60 mW.

'The channel shown in figure 7.15(e) has a disruption in the diamond bulk.
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7.5. Resistivity Measurements

Growth parameters ‘ Mean diameter [pm]

60 mW, 50 um/s 5.79 +£0.04
60 mW, 200 um/s 5.30 £0.02
60 mW, 2mm/s 4.78 +0.02
60 mW, 10 mm/s 4.81 +0.07
150 mW, 50 pm/s 8.63 £ 0.08
150 mW, 200 um/s 8.59 £ 0.05
150 mW, 2mm/s 7.99 £+ 0.05
150 mW, 10 mm/s 8.09 £0.04

Table 7.4.: Mean values for the diameter of the crater like structure on the exit side with
respect to the growth parameters.
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Figure 7.20.: Correlation between the diameter of the crater and the measured resistance.

The correlation between the diameter of the crater and the measured resistance of the
channels is plotted in figure 7.20 for three different parameter settings. The diameter of
the channels is nicely separated into groups of channels grown at a power of 60 mW and
channels grown at a power of 150 mW. The channels grown at a laser power of 150 mW
cluster, with three exceptions?, at resistances below 200k(), whereas the resistances of
channels grown at a laser power of 60 mW span from around 100k(2 to 1 Gf). Most,
namely 72%, of the channels grown at a power of 60 mW and at least a sample velocity
of 2mm/s even have a resistance above 1 G2 and are not plotted.

Accordingly, the correlations between the ratio of the amplitudes of the diamond-peak
and the g-peak, the diameter of the crater, and the resistance support the hypothesis of
the insufficient contact of the metal electrode with the channel for small diameters.

2The resistance of one channel is not plotted, as it is above 1 GQ.
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CHAPTER 8

Conclusion & Outlook

The LHC and its experiments, including the ATLAS detector, have shown an extraordi-
nary performance in the past years, culminating in the discovery of the Higgs boson in
2012 [15,16]. In order to measure the properties of the Standard Model with a new level
of precision and possibly discover physics beyond the Standard Model, more statistics
is needed. This is achieved in the HL-LHC upgrade of the collider by increasing the
instantaneous luminosity, which is planned for 2024. Since a higher instantaneous lumi-
nosity means a higher particle flux in the detector, with consequences for i.e. radiation
hardness, read out bandwidth, and cost efficiency, a full replacement of the tracking
detector is planned [31].

The innermost layer of this tracking detector is only few centimetres away from the
interaction points of the particle beams and therefore has to withstand a huge parti-
cle flux, which causes radiation damage. One possible sensor candidate for this harsh
environment is diamond, as it is intrinsically very radiation tolerant. After irradiation
with doses of 10'® protons/cm? it performs, in terms of signal to noise ratio better than
its competitor silicon [69]. The major challenge which has to be addressed when using
diamond as a sensor material, is the trapping of charges. This trapping reduces the
collected charge and therefore the signal. Especially cheaper diamonds suffer from a
high probability of charge trapping.

In this thesis, a technique to use low quality polycrystalline diamonds as sensor ma-
terial was presented, which is the utilisation of electrodes inside the diamond bulk, so
called 3D electrodes [70]. These electrodes were produced using a femtosecond laser,
which changes the phase of the diamond bulk material. It was observed, that a fem-
tosecond laser reliably produces columns of phase changed material in the diamond bulk.
Although it has a lower density than the surrounding diamond material, its induced me-
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8. Conclusion & Outlook

chanical stress does not cause cracks in the diamond bulk. Even writing of channels,
which are not perpendicular to the surface of the diamond, is possible.

The produced channels were found to have resistance in the order of the resistance
of the diamond material. For this reason, Raman spectroscopy was performed, which
showed that the phase change was insufficient. Therefore, the femtosecond laser setup
was upgraded in order to allow higher fluences and higher velocities of the diamond
sample. This new setup was tested with a detector grade diamond sample. The Raman
spectra of the channels showed that the improved growth parameters significantly en-
hance the quality of the phase changed material. Especially on the exit side, a reduction
of the remaining diamond material is achieved. Based on the spectra, the material is
identified as nanocrystalline graphite, which is conductive.

The resistance of these channels was measured. Channels grown with the highest laser
power of 150 mW and a sample velocity of at least 2 mm/s, show with values of less then
200k a sufficiently low resistance. For channels grown with a laser power of 60 mW,
a high resistance was measured, although they do not significantly differ in the Raman
spectra. This is caused by the crater like structure on the exit side of the channels,
which has a higher aspect ratio for lower powers. The structures on the exit sides were
measured for some channels using an AFM, which showed that the used metallisation
technique is not suitable for these structures.

This thesis revealed, that the production of conductive channels inside the diamond
bulk is possible. The next step is the production of large areas of channels and connecting
them to a read out chip. In order to test the performance of this sensor hybrid, it has
to be evaluated in a testbeam. Meanwhile, other methods of metallisation like sputter
deposition should be considered in order to contact the channels from the exit side
more reliably [99]. The crater like structure on the exit side should also be minimised,
e.g. by a transparent coating of the exit side. For the sensor production for a large
detector, like the innermost layer of the tracker upgrade of the ATLAS detector, the
production time and complexity is an important issue. The utilised femtosecond laser
has a very high pulse frequency of 200 kHz, which greatly reduces the time needed to
produce a channel compared to common 1kHz femtosecond lasers. In order to optimise
the production process, beam splitters might be used to grow several channels at once.
The overall complexity of a production of a 3D diamond sensor is due to its simple
channel production and metallisation much lower than the complexity for 3D silicon
sensors, which has a positive influence on the production costs.
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APPENDIX A

Photos of Phase Change in polycrystalline Diamond

A.1. Goe-pCVD-01
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A. Photos of Phase Change in pCVD Diamond

(b)

Figure A.1.: Channels produced in the second batch in Goe-pCVD-01. The growth pa-

126

rameters for the channels are a laser power of 40, 45, 50, 60, 80, 100, 120 mW
and a sample velocity of 5, 10, 20,40, 70 um/s. On the left side of figure (a),
channels produced in the first batch can be seen. The diamond is slightly
tilted with the exit side being on top.



A.1. Goe-pCVD-01

(a) (b)

Figure A.2.: Photos of the exit side of channels produced in the third batch in Goe-
pCVD-01. The same laser powers as for the first batch were used and
sample velocities of 20,40, 70 um/s. The lower three rows in figure (b) were
produced under a nitrogen atmosphere.
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A. Photos of Phase Change in pCVD Diamond

A.2. Goe-pCVD-02

Figure A.3.: Photo of the channels produced in Goe-pCVD-02. In the centre the large
grid with a spacing of 50 um can be seen. Right next to it a grid with
an equal number of channels but with a spacing of 25 um. The remaining
channels on the left can be seen in figure 6.6.
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A.3. Goe-pCVD-03

A.3. Goe-pCVD-03

Figure A.4.: Photo of triangular channels with contacts on the seed side. The channels
were produced with a laser power of 100 mW.
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APPENDIX B

Raman Spectra of Phase Changed Material

B.1. Batch 2 of the detector grade pCVD Diamond Sample
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Figure B.1.: Raman spectra of the seed side of channels produced with a laser power of
10mW and a sample velocity of (a) 50 um/s and (b) 200 pum/s.
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Figure B.2.: Raman spectra of the seed side of channels produced with a laser power of

Figure B.3.: Raman spectra of the seed side of channels produced with a laser power of
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B.1. Batch 2 of the detector grade pCVD Diamond Sample
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Figure B.4.: Raman spectra of the seed side of channels produced with a laser power of
25mW and a sample velocity of (a) 2mm/s and (b) 10 mm/s.
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Figure B.5.: Raman spectra of channels produced with a laser power of 60 mW and a
sample velocity of 50 um/s for (a) the seed and (b) the exit side.

133



B. Raman Spectra of Phase Changed Material
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Figure B.6.: Raman spectra of channels produced with a laser power of 60 mW and a
sample velocity of 200 um/s for (a) the seed and (b) the exit side.
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Figure B.7.: Raman spectra of channels produced with a laser power of 60 mW and a
sample velocity of 2mm/s for (a) the seed and (b) the exit side.
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B.1. Batch 2 of the detector grade pCVD Diamond Sample

5 L 201 E L 201
% 1 % L 202
£ [ £ 25 —203
=3 =]
3 r 3 C 204
g 08 £ L 205
S [ 5 C
c r c rC
0.6 F
L 15—
0.4 1;
02 05
) S R R P e N M. s
500 1000 1500 2000 2500 500 1000 1500 2000 2500
1A [emY 1A [emY
(a) (b)

Figure B.8.: Raman spectra of channels produced with a laser power of 60 mW and a
sample velocity of 10mm/s for (a) the seed and (b) the exit side.
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Figure B.9.: Raman spectra of channels produced with a laser power of 150 mW and a
sample velocity of 50 um/s for (a) the seed and (b) the exit side.
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Raman Spectra of Phase Changed Material

S 14 —2R1 5 r —2R1
s, r L s r L
@ F 2R2 w10 2R2
S 12— —2R3 < r 2R3
8 L 2R4 3 L 2R4
E 10 —2R5 £ 8— -
o = o |-
{= | j= |
8— o
6 L
C a—
4 [
C 2l
21— F N
P e e s A P PP ot R I s i i I
500 1000 1500 2000 2500 500 1000 1500 2000 2500
1A [cm? VA [emY

(a) (b)

Figure B.10.: Raman spectra of channels produced with a laser power of 150 mW and a

sample velocity of 200 um/s for (a) the seed and (b) the exit side.
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Figure B.11.: Raman spectra of channels produced with a laser power of 150 mW and a
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sample velocity of 2mm/s for (a) the seed and (b) the exit side.



B.1. Batch 2 of the detector grade pCVD Diamond Sample
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Figure B.12.: Raman spectra of channels produced with a laser power of 150 mW and a
sample velocity of 10 mm/s for (a) the seed and (b) the exit side.
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B. Raman Spectra of Phase Changed Material

B.2. Batch 3 of the detector grade pCVD Diamond Sample
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B.2. Batch 3 of the detector grade pCVD Diamond Sample
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Figure B.15.: Raman spectra of channels produced with a laser power of 100 mW and
a sample velocity of 2mm/s (a) without and (b) with reirradiation of the
exit side.
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Figure B.16.: Raman spectra of channels produced with a laser power of 100 mW and a

sample velocity of 10mm/s (a) without and (b) with reirradiation of the
exit side.
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Figure B.17.:

Figure B.18.:
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Raman Spectra of Phase Changed Material
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Raman spectra of channels produced with a laser power of 150 mW and

a sample velocity of 2mm/s (a) without and (b) with reirradiation of the

exit side.
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Raman spectra of channels produced with a laser power of 150 mW and a

sample velocity of 10mm/s (a) without and (b) with reirradiation of the

exit side.
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