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General introduction

General introduction

Since ancient times, diamonds have aroused curiosity over the world thanks to their fascinating
optical properties and incredible hardness. In addition, their rarity increased both mystery and interest
about the diamond origin. Among the firsts and fascinating explanations offered for the diamond
provenance there is the Greek speculation defining diamonds as “tears of the gods” and the Roman
belief calling diamonds as “fragments of fallen stars”. Then, even when the diamond origin was
clarified, the popularity of these stones remained so important that diamonds have been traditionally
associated to something beautiful, as symbol of wealth and power. However, when the use of
diamonds in the goldsmith's art became a custom, scientific interest started. Indeed diamond material,
which is composed of carbon atoms arranged in a tetrahedral configuration, owns a wide variety of
exceptional properties. For example, its extreme hardness allowed using it for mechanical operations
such as cutting and polishing of hard materials, its transparency from deep UV to far infrared allowed
the development of diamond window fabrication, and its chemical inertia to various acids, allowed
the development of sensors working in aggressive environments [1]. Nowadays great interest by the
scientific community has been demonstrated for diamond applications in the field of particles
detection and electronic power devices. Indeed, diamond material proves to be extremely radiation
hard and perfectly compatible with the human tissue, so as a lot of diamond detectors and dosimeters
have been manufactured for the high-energy and medical physics [2, 3]. Moreover, the very high
thermal conductivity together with the wide band gap (5.47 eV) have made diamond the ultimate
candidate for the fabrication of power components [4, 5].

Nevertheless, diamond naturally grows in special pressure and temperature conditions in the Earth’s
mantle, which makes this material rare and expensive. Moreover, in the earth growth conditions, each
diamond stone can have very different quality strongly hampering its use for technological
applications. That’s the main reason why a strong and permanent effort has been made to develop
appropriate techniques allowing growing synthetic diamond. This item has always been a major
challenge for scientists for several decades, as evidenced by the work of Moissan dating from the late
19" century. After the first tries of producing synthetic diamond with high pressure and high
temperature (HPHT) conditions in the 1950’s, a technique for synthesizing diamond at low-pressure
(i.e. under metastable conditions) by chemical vapour deposition (CVD) was developed in the 1970s.
After the first attempts carried out by American and Russian research teams [6, 7], it was only in the
1980s that this technique really gained momentum thanks to Japanese works [8-11]. Today, it is a
widely used technique which allows growing monocrystalline, polycrystalline and nanocrystalline
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diamond films on various substrates. The progresses achieved with the fabrication technology have
unleashed a lot of prospects into integrating diamond films in different devices to address a wide
variety of applications. Among them electronic devices and detectors have a high potential but are
still under development. For these devices, electrical contacting is of prime importance, and this PhD
work is mostly focused on this problematic.

This PhD work has been carried out under an international cotutelle agreement between the
University of Salento (Italy) and the University of Paris 13 (France). In particular, I worked for the
first two years at the Lecce Laser Laboratory (L3) in Italy (where I got the PhD position), before
spending the last year at the Laboratoire des Sciences des Procédés et des Matériaux (LSPM) in France.
In this manuscript, after a state of the art and instrumentation description in Chapter I and II,
respectively, the experimental results are presented in Chapter III for the laser-induced graphitic
contact manufacturing (Italy) and Chapter IV for the graphite / metal ohmic contact fabrication on
diamond (France). Both experiments deal with diamond contacting, by graphitization and
metallization, for detector and electronic device applications. In particular, at L3 I developed (both
for hardware and software aspects) an experimental set-up dedicated to the laser-induced diamond
graphitization for producing the contacting of all-carbon detector which was the main objective of
this laboratory involved in the framework of a new high-energy physics experiment called Positron
Annihilation into Dark Matter Experiment (PADME) [12] proposed by the Italian National Institute
of Nuclear Physics (INFN). During this first part of my PhD I implemented a protocol to produce
ohmic graphitic contacts on diamond surface that meet the specifications of the PADME experiment.
This device was the first prototype of the all-carbon detector and was successfully tested in this
project.

Afterwards, I worked on the diamond growth and contacting at LSPM with the aim of developing a
protocol of diamond graphitization by ion bombardment / metallization to produce ohmic graphite /
metallic contacts on lightly boron doped diamond surfaces. Indeed, taking into account the promising
results obtained on graphitic ohmic contacts for the all-carbon detector, we have planned to add a
graphitic layer underneath the diamond surface in order to improve ohmic contacts for lightly boron
doped diamond and compare diamond electrical performance with pure metal contacts and with

graphite / metal contacts. This also included extensive processing work in a clean room environment.
As previously mentioned, the Manuscript of this thesis is organised in four chapters.

> Chapter I deals with the state of the art of diamond material starting from the synthesis process
until the detector applications. In particular, the main diamond properties, the natural synthesis

process and the artificial HPHT and CVD techniques are presented. A focus is given to the
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Microwave Plasma Assisted Chemical Vapour Deposition (MPACVD) technique which was used
during this thesis work to grow single crystal diamond films at LSPM. Then, diamond doping (n-
and p-type) is discussed, with more attention towards the boron dopant, for applications in the
field of power electronic devices. The diamond crystalline quality, the electronic properties, the
charge mobility and the resistivity values are discussed too before arriving to the diamond
contacting section in which the characteristics of the different contact types that can be produced
on diamond surface are presented. In particular, starting from the metal-semiconductor junction
in terms of energy band diagram, Schottky and ohmic contacts on diamonds are described. Then
a wide section dedicated to diamond detectors is presented. The choice of diamond material as
sensors, the device design, the process of charge creation when nuclear particles cross diamond
and the charge collection distance (CCD) properties are explained. A paragraph dedicated to the
different contacting configuration (1D, 2D, 3D) complete this section. Eventually, as an
alternative to the traditional metallic electrodes, a new field of graphitic contacts on diamond

induced by laser or by ion implantation is presented.

Chapter II collates the instrumentation data used to manufacture and characterize the samples
investigated during this thesis. In particular, the first part of the chapter deals with the description
of CVD polycrystalline intrinsic diamond used for detection and of the experimental set-up used
to graphitize these samples by laser-writing technique at L3 (Italy). The diamonds were chosen to
be contacted and used as all-carbon detectors for the PADME experiment. Afterwards, a second
section is dedicated to the instrumentation used at LSPM (France) for diamond growth and
contacting. In particular, the protocol of the diamond substrate preparation before the growth
process, the description of the MPACVD reactors used for intrinsic and boron doped CVD
monocrystalline diamond, in addition to all instrumentation used to graphitize (by ion
implantation) and metallize these samples are presented. Then, in the last part of the chapter all
the characterization techniques used to analyze the as-grown, graphitized and metallized diamond
from structural, morphological, compositional, mechanical and electrical points of view are

described.

Chapter III deals with the fabrication of ohmic graphitic contacts on diamond surfaces by
laser-writing technique for all-carbon PADME detector application. A LabVIEW software
dedicated to synchronize and control the laser shooting with the sample displacements in order
to produce graphitic bi-dimensional pattern on diamond surface has been developed. The
graphitic contact manufacturing in addition to an extensive characterization work on them
from morphological, structural, compositional, mechanical and electrical points of view are

presented. Finally, an introduction to the PADME experiment, the detector assembling step
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onto a dedicated PC-board, and the nuclear investigations performed on this all-carbon device
are given. The nuclear characterization was done by electron and positron beam at the Beam
Test Facility (BTF) at Frascati (Rome, Italy) thanks to which several detector aspects were
studied and here reported, such as the time and spatial resolution together with the diamond

charge collection distance (CCD).

» Finally, in Chapter IV the CVD homoepitaxial intrinsic and boron doped growth is presented.
Spectroscopic and electric characterizations are discussed in order to investigate the boron
concentration in the CVD layers and its impact in terms of sheet resistivity. Then, the diamond
graphitization process underneath the CVD surface by an innovative ion implantation
approach is presented and analyzed by Raman spectroscopy and electrical measurements.
Afterwards, a diamond metallization protocol has been developed in this work and it is
presented together with electrical characterizations showing the impact and the interest of a

graphitic layer particularly for lightly doped samples.

For both experiments, several sample characterization steps were carried out in collaboration with national
and international institutes of research which have been mentioned in the text. During the whole time of

this PhD I have been an associate member of the INFN for the section of Lecce.
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1.1 Introduction

People all over the world generally consider diamond as precious and exceptional material.
Historically, the special optical properties of diamond, its extraordinary hardness in addition to its
rarity have made it extremely attractive for people on our planet.

Initially, diamond has been used to embellish the jewels becoming symbol of wealth and power. Over
the centuries, diamond has fascinated people also for different aspects gaining space for the first
technological applications, such as cutting, polishing and drilling instrumentations thanks to its
hardness, or more recently as optical windows for high power lasers [1]. Nowadays, diamond has
obtained great requests in the scientific applications because of their mix of high thermal, electrical
and mechanical properties. For example diamond can be processed as component for power electronic
devices [4, 5] or as radiation and particle detectors in the high energy physics and medical physics
fields, thanks to its extraordinary radiation hardness and breakdown voltage values in addition to its
inertness and its biocompatibility [2, 3].

All these aspects have encouraged and supported several decades of research dedicated at first to the
development of different technologies to synthesize and grow high quality diamond, and then to the
development of new instrumentations and techniques to adapt the synthetized diamond to the forecast
applications (for instance diamond doping for electronic applications).

Last but not the least, diamond contacting has been widely investigated and developed by
metallization processes and more recently by graphitization techniques as it represents a fundamental

step to obtain a performant diamond electronic device.

In this first chapter, the main diamond properties together with the natural synthesis process and the
different techniques to artificially synthesize diamond are presented. A wide space is dedicated to the
Microwave Plasma Assisted Chemical Vapour Deposition (MPACVD) technique, which was used
during this work.

The growth of polycrystalline and monocrystalline diamond is reported with a particular focus on the
homoepitaxy process which allows the high quality CVD monocrystalline diamond growth.

Then, the diamond doping is discussed, reporting the several techniques described in the literature
with the different kind of doping (n- and p-type), the advantages and the drawbacks. Here, the “in
situ” growth of p-type boron doped diamond is mainly described as it was carried out during this
PhD. The diamond quality, the electronic properties, the charge mobility and the resistivity values

are discussed too.
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Afterward a wide section dealing with the diamond contacting, explaining the metal-semiconductor
junction in terms of energy band diagram, Schottky and ohmic electrodes on doped diamonds for
power electronic applications and the manufacturing of ohmic contacts on diamonds are reported.
Then, the diamond detectors are introduced. The choice of diamond materials as sensors, the device
design, the process of charge formation when nuclear particles cross diamond and the charge
collection distance (CCD) properties are explained. The historic diamond detectors used in high
energy physics experiments, in addition to the PIN diamond detectors and diamond dosimeters
complete the application section.

Here 1D, 2D and 3D diamond contacting configuration are illustrated together with the limits of the
metallic electrodes showing the interest of diamond graphitization for detection.

Finally, the diamond graphitization is proposed reporting the techniques of laser-writing and ion
implantation. Both processes are illustrated from a physics point of view and in terms of applications
until today. A recall of my master thesis results regarding the production of ohmic contacts on
diamond surface by laser-writing is given as know-how and starting point of the diamond

graphitization experiments.

1.2 Diamond properties

Diamond is a material characterized by extraordinary properties related to the crystallographic
structure and atomic bonding. The diamond structure is equivalent to a face-centred cubic (FCC)
lattice with a base of two identical carbon atoms, one in the position (0, 0, 0) and the second one at
the position (%4, Y4, /4) , where the coordinates are assigned as fraction of the cube side. This geometric
atom displacement is equivalent to two interpenetrating FCC lattices located along the body diagonal
with a distance of one-quarter of the diagonal length. The unitary cell is cubic, with a lateral size ao
of about 3.56 A (at room temperature). The distance between two closest carbon atoms correspond to
Y. of the cubical diagonal, namely 1.54 A. Every atoms can be considered like a sphere having a
radius equal to 1/8 of the cubical diagonal. The cube contains the equivalent of eight carbon atoms,
the atomic density is 1.77 x 10%* cm™, which represents the highest atomic density of any material on
the earth. Multiplying the atomic density by the average carbon atomic mass, diamond mass density
is obtained, which proves to be 3.52 g/cm’. In Figure 1.1, the diamond crystalline structure is
presented. The tri-dimensional diamond structure proved to be particularly rigid and dense

overcoming each comparison with other materials [1, 5].
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Figure I.1. Sketch of the diamond unit cell, where a = 3.56 A is the cubic lattice constant [13].

One of the diamond peculiarity is the extraordinary strength bonding of the carbon atoms. In
particular, the atoms stick together through strong sp® o-type bonds and the cohesive energy is
3.62 eV/bond or 7.24 eV. This property makes the energy necessary to displace an atom from its site
(displacement energy) high, which makes diamonds radiation hard materials for example under
particle irradiation. In addition, diamonds register record values in terms of matter hardness,
compressibility, carrier mobility, sound propagation speed and last, but not the least, thermal

conductivity at room temperature (namely 24 W.cm™ K™, five times higher than copper).

Table I.1. Properties and application of diamond materials [4, 14, 15].

Property

Value

Application

Bandgap, eV

Carrier mobility, cm?/(V s)

Resistivity, Q cm

Thermal conductivity, W/(cm K)
Dielectric constant

Optical transmission range
Hardness, GPa

Acoustic wave velocity, km/s

Thermal expansion coefficient, 106 K-!
Corrosion resistance

Negative electron affinity
Biocompatibility

5.47
1800 h @RT, OV

2300 e @RT, 0V

> 1011
20 —24
5.7
225 nm — RF
81 +18
18.4 along (111)

0.8 @ 293K
Stable in HF

High.-temperature electronics
Radiation-hard detectors

Optoelectronic switches

Heat skins

Photonics and MW devices
Tools, surgery blades

Surface acoustic wave devices
Photonic and MW devices
Electrochemistry

Electron emitters

Biomedicine
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In addition, diamond material stand out for their high band gap (5.47 eV) which has opened the way
to the manufacturing of diamond technologies based on wide band gap semiconductors for power
electronic devices.

These and other properties make diamonds precious for several technological applications. The most

relevant properties are summarized in the Table I.1.

1.3 The diamond synthesis

During the twentieth century the extraordinary properties of diamond materials, which is of main
interest for several scientific disciplines (as shown in the Table 1.1), have strongly motivated the
research and development of several diamond synthesis technologies. The first primitive man-made
diamonds were done by Henri Moissan in 1893 starting from small amounts of carbon subjected to
high pressure and high temperature conditions. Systematic studies were carried out in the 1910s in

Europe [16]; however it was only in the 1950s that first real technologic progresses was made [6, 17].

The starting point of the diamond synthesis process study has been the carbon phase diagram
analyses. Indeed, diamond material constitutes just one of the different allotropic forms in which the
carbon structures can evolve depending on the growth conditions, pressure and temperature values,
which are extremes for diamonds while they are ordinary for the graphitic allotropic form proving to
be the favourite one on the Earth’s surface. For completeness, the other carbon allotropic forms

present and more recently discovered are the graphene, nanotubes and fullerenes.

In the following, the carbon phase diagram together with the different diamond synthesis techniques

are presented.

1.3.1 The carbon phase diagram and the natural diamond classification

The natural diamond synthesis takes place in the Earth’s mantle, at 200 km depth, where the pressure
and temperature values are very high (temperature of 3000 K and pressure of more than 14 GPa). On
the contrary, at atmospheric pressure and temperature values, graphite proves to be the stable
thermodynamic carbon phase. Current knowledge of the carbon phase diagram are summarized in
Figure 1.2.

Historically, the first developed diamond synthesis technique was the High Pressure High
Temperature (HPHT), which reproduces the stable thermodynamic conditions to create diamond

crystals. Subsequently, the diamond synthesis in metastable conditions, namely with low pressure
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values was developed by chemical vapour reactions (Chemical Vapour Deposition, CVD). Both
methods make it possible to stabilize the atomic arrangement in the sp* hybridization configuration,
which characterizes the diamond phase and its properties as the most popular high hardness (see
section [.2). On the contrary, at atmospheric pressure and temperature values, the favourite atomic
arrangement is the sp? structure, which consists of stacked multi-sheets and gives origin to the highly
friable graphite phase. Schemes of the two atomic configuration are shown in Figure 1.2. Although
both diamond and graphite are composed of carbon atoms, it is their different atomic configurations
which lead to very different properties in terms of mechanical, optical absorption, thermal and

electrical conditions.

125
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e B Dramond carbon
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Diamond (sp®) o HP-HT Graphite (sp?)
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diamond
1 | 1
1000 3000 S000
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Figure 1.2. The central picture shows the carbon phase diagram. The main regions of the temperature-pressure space in
which diamond growth occurs by HPTH and CVD synthesis are indicated [18]. On sides, two pictures and the related
crystallographic structures for the diamond and graphite materials are reported.

In the phase diagram, it is possible to determine the most suitable conditions to synthesize diamonds.
For example, the blue zone marked "HPHT synthesis without catalysts" is an area in which it is
possible to transform graphite into diamond by choosing the corresponding pressure and temperature
values and without using catalyst materials. In addition, the pink region "Catalytic HPHT synthesis"
also represents a range of pressure and temperature conditions within the graphite can be converted
into diamond but necessary using a metal solvent (such as Fe, Co, Ni, etc.). Afterwards, changing the
synthesis technique from HPHT into CVD it is possible to take advantage of very low pressure (a few
tens to a few hundred mbar) and moderate temperature values, as shown in the yellow box in the
phase diagram.

Diamond available in nature has been basically classified in two categories depending on the quantity
of nitrogen impurities, namely type I and type II which indicate the most contaminated and most pure,
respectively. Then, every category type has been split in other two sub-categories Ia and Ib, Ila and

IIb [13]. In particular, the type Ia diamonds are the most present in nature and contain aggregated
11
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nitrogen atoms which make them of pale yellow colour, while the type Ib diamonds are more rare.
Their colour appear more yellow and they contain nitrogen atoms located at the substitution sites in
the diamond lattice. On the contrary, the type II diamonds are classified as type Ila when they are
transparent and electrically insulating, therefore they are also called “pure” diamonds; while they are
defined as type IIb diamonds if containing some boron impurity tracks, which are typically located
into substitutional sites and make the diamonds of blue colour. The colour intensity depends on the
boron concentration. The IIb-type diamonds prove to be very rare. In Figure 1.3 natural and synthetic

diamonds with different colour are shown.

Figure 1.3. Diamond single crystals of gemmological quality and different colour cut in jewel form are reported. (a) The
synthesis techniques of productions are CVD by Element6 (from 0.21 to 1.04 carats) [19] and (b) HPHT by De Beers
[20].

1.3.2 The HPHT diamond synthesis

The first technique developed to synthesise diamond was thought on the idea to reproduce the natural

conditions synthesis. The crystal manufacturing began in 1953 by the ASEA electricity company in
Sweden which developed the method called High Pressure and High Temperature (HPHT). The
physics principle is simple: carbon materials must be submitted to the thermodynamic conditions of
diamond formation, which are reported in the phase diagram of Figure 1.2. In particular, this process
consists in adding a carbon material (as graphite) in a solvent made of transition metals (iron, nickel,
cobalt, etc.) and exposing this mixture to a temperature gradient of 1600 — 1800 K and high pressures
(few GPa) [21]. The synthesis process is shown in Figure 1.4. The diamond crystals synthesized by
this method are, in the most cases, contaminated by impurities captured during the growth. For
example, residual impurities of the solvent metals (Fe, Ni, Co) are frequently found, but the main
impurity is the nitrogen, which is present in significant concentration and limits strongly the electrical
properties of the material. Therefore, HPHT crystals are generally not directly usable for electronic

applications. Nevertheless, more recently, this process has been strongly improved allowing the
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production of high purity material with very low dislocation densities [22-25] but the cost and the

availability of such material limit its use up to now.

High-purity Nitrogen getter
carbon source a1
\ nelts c cu
Carbide Solvent metal (Fe-Co +Ti. /:1
Carbide die piston \ / 1
G SR : ; TiC formation
inhibitor

,Graphite heater

Hah temp regon)
—_— Temperature
3 differanca
(20-50°C)
Pressure -(Low temperature region

medlurp ™ Grown crystal

N,
-
Seed crystal Insulator

High-quality damond
{100), up to 0.5 mm

Graphite
neater |

Figure 1.4. Instrumentation for the HPHT diamond synthesis [26].

According to the classification offered for the natural diamonds, HPHT synthetic diamonds are
produced and classified in the different categories and sub-categories Ia, Ib, Ila and IIb depending on
the kind and quantity of impurities.

Although the purity of the HPHT diamond substrates can be not so satisfactory, their crystalline
quality and the possibility to obtain large crystals (typically from 3 x 3 to 8 x 8 mm?) with thicknesses
greater than 500 um represent their major qualities. Nowadays, the HPHT diamonds are widely used
as substrates for the deposition of high quality diamond layer by CVD technique, which allows

controlling easier the environment in terms of residual impurities.

1.3.3 The Chemical Vapour Deposition (CVD) diamond synthesis

The first studies about the low pressure diamond synthesis date back to the 1950s and have been
carried out by American and Russian research teams [6, 7], but it was only in the 1980s that this
technique really gained momentum thanks to Japanese works [8-11]. Today, it is one of the most used
synthesis techniques.

The basic idea is to synthesize diamond at low pressure (10-100 mbar) and moderate temperature
(700 - 900 °C) conditions, in a rich environment of atomic hydrogen. In particular, the fundamental
principle of the CVD technique is the chemical species generation in the gaseous phase which
participates to the synthesis and growth of the film under metastable conditions. The gas phase
activation can be done by different ways, for example by a hot tungsten or tantalum filament, an
oxyacetylene flame (which can be performed at atmospheric pressure), an electric discharge or a
microwave source. The carbon precursors can be obtained from a hydrocarbon, usually methane
(CHa), as illustrated in Figure 1.5. Then, by means of an external energy supply, the gaseous phase is

activated and the methyl radical formation occurs which constitute the elementary bricks for the
13
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construction of the crystalline carbon structure. In addition, atomic hydrogen is also formed having
the role of selective etching of non-diamond phases deposited under the specific conditions where the
graphite phase is the most stable carbon form [27]. Finally, hydrogen is also useful to saturate the
dangling carbon bonds of the growing film and to ensure the sp® bond formation among the carbon
atoms [28]. It was estimated that about 10* hydrogen atoms are required to incorporate a single carbon
atom into the diamond lattice [28, 29].
Historically, there are two principal ways to activate the gaseous phase, namely by hot filament or by
microwave electromagnetic source. If the gaseous phase activation is carried out using a hot filament,
the process is called Hot Filament Chemical Vapour Deposition (HFCVD) [30]. A tungsten or
tantalum filament is placed very close to the substrate and is heated up to temperatures of 2300 —
2800 K by the electric current circulating. At this temperature, hydrogen and carbon species are
dissociated to form radicals essential to diamond growth. Nevertheless, during this process the
filament may be partially vaporized and the synthesized layers are consequently contaminated by the
filament material. Moreover, the activation temperature is limited by this vaporization and,
consequently, the density of atomic hydrogen in the gas phase remains moderate so as to limit greatly
the diamond growth rate. Nevertheless, this method presents some interesting advantages, such as
allowing covering very large surfaces and/or substrates with complex geometries, which is very
useful for applications in the field of mechanics or electrochemistry where the diamond film thickness
and purity are not crucial parameters. If the gas phase activation is carried out by a microwave
electromagnetic source, the process is called Microwave Plasma Assisted Chemical Vapour
Deposition (MPACVD) [31]. In this case, it is possible to reach high gas temperatures by coupling
microwaves at high power in the plasma.
A crucial role is played by the methyl radicals CHs; which are the species responsible of the carbon
atom incorporation in the lattice, as explained before. The methyl radical CHj3 production is governed
by the following chemical reactions:

CHs + H, — CH3 + Hz

CH; +H — CH2 + Hz

CH>+H — CH+ Hz

CH+H—C+ H:

In order to obtain a high methyl radical density, the dissociation of a large quantity of hydrogen
molecules is necessary, which is reached only for high temperatures. Since the 1990s, the LSPM
(Laboratoire des Sciences des Procédés et des Matériaux at the University of Paris 13, France) has

carried out research on the CVD diamond synthesis assisted by plasma demonstrating that the
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hydrogen molecular dissociation efficiently occurs at temperatures above 3000 K in the core of the
discharge [28, 32-34]. However, the methyl radical production requires temperatures below 2200 K
[35, 36]. In Figure 1.5 it is illustrated the CVD diamond synthesis process assisted by plasma with
methane and hydrogen molecules as protagonist gases.
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Figure 1.5. Scheme of the CVD diamond synthesis.

During the growth process, the substrate temperature is maintained at 850 — 900 °C, which is very
low regarding the gaseous environment temperature. Therefore a heat transfer phenomenon occurs
from the plasma towards the substrate surface. As a result, the gas temperature sharply decreases, as
well as the density of atomic hydrogen as illustrated in Figure 1.6 (a) and (b), respectively. Moreover,
the diffusion process allows the hydrogen atoms to reach the surface of the substrate and improve the
quality of the growing diamond film [61, 62]. In addition, the reduction of the gas temperature at the
plasma / surface interface proves to be beneficial since it allows reaching compatible values with the
formation of methyl radicals (from 1400 to 2200 K), even though the atomic hydrogen density
remains important. This phenomenon results in a high concentration of methyl radicals at few

millimetres from the surface (see Figure 1.6 (b) close to the substrate).
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Figure 1.6. (a) Gas temperature and (b) atomic hydrogen (blue dots) and methyl radical (black squares) concentrations got
by calculation with a 1D axial plasma model for a MWPD of 1000Wem™, 4% of CH4 in the Ho/CHa gas discharge and a
substrate temperature of 1100 K. The substrate is placed at 0 of the X-axes [37].
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By this technique, the atomic hydrogen density, as well as the methyl radicals close to the diamond
surface, proves to be totally controlled by the temperature gradient of the gas between the plasma
core and the plasma / diamond interface. As a result, a larger atomic hydrogen density gradient close
to the surface leads to a larger CH3 density at the plasma / diamond interface. Therefore, the crucial
point for MAPCVD is to maximize the gas temperature, namely increasing the microwave power
density which is controlled by the couple pressure-microwave power. When this condition is satisfied
the production of atomic hydrogen is maximized as well as the CH3z formation close to the deposition
area. By this way, a growth rate close to 70 um.h™! has been reach at LSPM [38] without adding any
nitrogen in the gas phase, this impurity being very well known to strongly increase the growth rate
[39-41], using pressure as high as 400 mbar. Nevertheless, the control of the growth at such extreme
conditions remains difficult and more moderate pressure are basically used leading to growth rate

between 10 and 20 pm/h.

Definitely, the MPACVD technique together with the use of pure gaseous sources and a good vacuum
control proves to be the most efficient way to efficiently create key species for diamond deposition
and allow diamond films synthesis with a very low contamination level. Therefore, this technique
proves to be suitable for the diamond film production dedicated to the electronic applications, which
require a rigorous control of the impurity level. For this reason and thanks to the LSPM team skills,
the CVD diamond samples utilized for the diamond contacting study carried out during the second

part of this PhD thesis in international cotutelle were produced by MPACVD depositions.

1.4 Growth of CVD polycrystalline and monocrystalline diamond

The diamond synthesis by CVD technique allows the growth of two kinds of material: polycrystalline
material which is obtained starting from a non-diamond substrate and monocrystalline which is
obtained starting from a monocrystalline diamond substrate. In the latter case, we talk more
particularly of homo-epitaxy. In this section, both materials are presented with a particular focusing

on the monocrystalline diamond which was used during this thesis.

1.4.1 CVD polycrystalline diamonds

For the CVD diamond synthesis processing, the choice of the substrate nature is crucial. Indeed, it is
necessary to choose substrates composed of chemical elements having a thermal expansion

coefficient compatible with a non-delamination of the film and being able to withstand the deposition
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conditions. In addition, before the deposition step, a pre-treatment of the substrate is required in order
to incorporate diamond seeds onto the substrate surface (see Figure 7 (a)) and permit the nucleation
process (which otherwise would be extremely low). This seeding step can be performed by several
methods: by immersing the substrate in an alcohol solution with diamond powder and submit it to
ultrasonic processing, by deposit nanodiamond solution at the substrate surface by spincoating or by
"scratching" the substrate with diamond paste. Once the nucleation sites are created the growth
process can start. At the first instants, a lateral and orthogonal grain growth occurs on the substrate
surface. The growth proceeds in all the three dimensions as long as the initial crystals are not joined.
After the coalescence, only faces having the highest growth rate orthogonal to the surface may
continue to move (see Figure 7 (b)). This results in a columnar growth with a so-called textured

surface (see Figure 7 (c) Figure 7 (d) and (e)).

(a)

Figure 1.7. Pictures of the growth steps of a CVD polycrystalline diamond film: (a) Diamond crystals at the beginning of
the growth step, before coarsening; (b) Sketch showing the columnar growth (Van Der Drift model) [42]; (¢) SEM cross
section image showing a columnar structure [43]; (d) Textured surface with octahedral crystals and (e) Textured surface
with cubic crystals [44].

The most important advantage of this technique is the possibility of developing diamond layers with
large surfaces. Typically, the polycrystalline layer diameters deposited by microwave processes is
two inches. Nevertheless, by decreasing the microwave excitation frequency from 2.45 GHz to 915
MHz, it is possible to increase the plasma size and grow polycrystalline diamond on substrates of
four — six inches. This large diameter proves to be suitable for several applications, such as optical
windows, radiation detectors, thermal applications and for cutting tools. On the contrary, the presence
of grain boundaries related to the singular growth of nano- or micro- diamond seeds (Figure 1.7) is a

strong limitation for electronic applications.
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1.4.2 CVD monocrystalline diamonds

CVD monocrystalline diamonds are obtained by homo-epitaxial growth on monocrystalline diamond
substrates. Different types of substrates can be used: natural diamonds, HPHT or CVD substrates.
The choice of these substrates, which involves several characteristics such as the crystalline
orientation, quality and substrate purity, proves to be crucial as it directly affects the quality, the
morphology and the final physical properties of diamond films grown above them. The most common
substrates available on the market are the natural Ila diamond substrates, Ib HPHT and CVD Ila
synthetic substrates. For completeness, HPHT Ila synthetic substrates are available but less used due
to their very high cost.

The substrate impacts on the homo-epitaxial CVD film properties were widely investigated by the
LSPM [45]. For example, the CVD films grown on natural Ila substrates presented a very high stress
level due to the very high dislocation density, which led to a homo-epitaxial film broken. On the
contrary, the best results were obtained using HPHT Ib synthetic substrates, which gave origin to
CVD monocrystalline diamonds of high quality [37]. More recently, high quality Ila HPHT
substrates, providing by NDT company, have been used leading to the growth of CVD layers with
improved properties [46]. Nevertheless, the prohibited cost and low availability of such substrates

strongly limit their use for homoepitaxy.

Thus, taking into account the accessible cost of the HPHT Ib substrates and the high quality of CVD
films grown above them, for this thesis work, all the CVD monocrystalline diamond depositions were

performed on this kind of substrates.

1.4.3 CVD monocrystalline diamond morphology

One of the crucial points for performing CVD diamond deposition is the crystallographic orientation
of the substrate. Indeed, the several diamond orientations, namely (100), (110) and (111), present
different atomic structures which strongly affect several parameters, such as the growth rate, the
impurity incorporations and the final morphology of the grown layer. In this work, all the growth
were performed on (100) oriented HPHT diamond substrates with four lateral faces having the same
orientation, this kind of substrates leading to best quality of diamond material. Even if the quality is
known to be high, some typical defects can be encountered in the grown layers which may have an

impact on surface morphology.

The most important are:
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- Dislocations;
- Hillocks;
- Not epitaxial crystallites.

The dislocation formation in the CVD diamond films may be of various origins, but is mainly due to
the propagation of dislocations initially present in the substrate. They can also be initiated at the
growth resuming due to surface defects related to polishing step (see Figure 1.8). These defects
constitute a main problem for diamond technologies as they strongly affect the crystal quality. For
example, for diamond electronic applications, dislocations can limit the mobility of charge carriers
and modify the conduction paths causing degradation and limiting device performances, particularly

under strong electric field conditions.

It is possible to minimize dislocation density in CVD films both by controlling the growth conditions
and performing dedicated pre-treatments on the substrates before the growth [47-49] but nevertheless,

nowadays, limitation of such kind of defects remains one of the major challenges [50-53].

Secondary Primary
dislocations dislocations

XRT image, Courtesy M. Kasu, Saga University

Figure 1.8. X-ray section topography picture registered on a CVD diamond film. Primary dislocations correspond to the
dislocation initially presents in the substrate and the secondary dislocations correspond to the dislocations initiated at the
growth resuming.

Very often, an emergence of dislocation at the surface of diamond, leads to the formation of a hillock
defect due to a locally acceleration of the growth rate. The hillocks are small islands with squared
base and flat or pyramidal profiles, which are sometimes decorated with a twinned crystal on the top.

A set of pictures illustrating two flat hillock defects are reported in Figure 1.9.

Finally, the last type of growth defect is a non-epitaxial crystallites (see Figure 1.10). These defects
have no relation with the imperfection of the substrate. They randomly appear and their formation is

controlled by the growth conditions. Their nucleation perhaps appears from a contamination, which
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could be related to the diamond substrate holder (and not to the diamond substrate). It is possible to

limit the formation of these defects by growing diamond using high microwave power.

-t

Figure 1.9. Set of AFM images taken of a CVD monocrystalline diamond film: (a) a flat hillock defect without twinning
and (b) its magnified view of the centre area showing an overgrow feature; (c) a flat hillock defect with twinned crystal
in the centre and (d) its enlargement [54].

Figure 1.10. Cross-section pictures of two non-epitaxial crystallite defects on a CVD monocrystalline diamond film by
TEM analyses [54].

L.5 Diamond doping

Diamond materials have a large range of applications in particular in the field of electronic devices.
Nevertheless, the development of electronic components based on diamond must be associated to the

doping of the device, both n- and p-type, as for the traditional semiconductor materials.

Similarly to other very popular semiconductors composed of elements belonging to the group IV of
the Mendeleev’s table, such as silicon (Si) and germanium (Ge), the natural dopant elements for
diamonds can belong to the group III and V, for p- and n-type doping, respectively. In addition, atom
impurities have to be incorporated in the diamond lattice as substitutional atoms in order to be
electrically actives. Nevertheless, the diamond lattice characteristics, as the compactness, the rigidity
and the low miscibility make the doping element choice very limited, excluding a large number of
possible dopants. Last, but not the least, the diamond metastable nature has made the traditional
doping techniques by diffusion or implantation (developed for standard semiconductors such as Si

and Ga) problematic or even impractical for diamond materials.
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In this section, a summary of the different diamond doping techniques, namely diffusion, ion
implantation and “in situ” doping, in addition to two sections dedicated to the n- and p-type in situ

doping are reported.

1.5.1 The diamond doping by diffusion

The diamond doping by diffusion has not been sufficiently evaluated for this kind of material and
only very few works have been published. In particular, the very high atomic density of diamond
material strongly limits the diffusion of the impurities (excepted for hydrogen atoms [55]), especially
below temperatures of 1400 °C. Several studies demonstrated that this limitation can be overcome by
a higher heating, for example in the range 1400-1900 °C [56-58]. Nevertheless, it cannot be neglected
that for such high temperatures, the undesired diamond-graphite phase change could occur. Among
the successfully published results, Tsai et al. deposited a very thin p-type diamond layer (= 50 nm)
for electronic applications by rapid thermal diffusion process of boron atoms at 1400 °C obtaining a
resistivity of the order of = 800 Q.cm [56]. Krutko et al. reached a resistivity value close to 0.02 Q.cm
with a hole mobility of about 50 cm?.V-!.s™! by boron diffusion in a polycrystalline diamond layer (=

0.5 um thick) heated at 1600 °C [58].

1.5.2 The diamond doping by ion implantation

A second developed diamond doping method was ion implantation. This technique has proved to be
particularly flexible in terms of control of impurity concentrations and geometric profiles for the most
of the semiconductors and then was applied to diamond materials. The first diamond doping attempts
by ion implantation were carried out during the 1970s [59] with a great development during the 1990s.
In particular, Fontaine et al. in 1996 obtained a hole mobility value of 385 cm®. Vs at room
temperature for an acceptor impurity (boron) concentration in substitutional sites of 6 x 10'® cm™
[60]. Afterwards, Uzan-Saguy et al. in 1998 improved further the hole mobility value until to reach
600 cm?2. Vs using an annealing at high temperature (1450 °C, 10 min) and a high energy deep
boron implantation (1.5 um below the surface) [61]. On the other side, Kalish et al. obtained results
for donor impurities (nitrogen) [62], where a high fraction of implanted atom impurities
(2.8 x 10'™ cm™, namely more than half of the implanted nitrogen) were incorporated into
substitutional sites and that defect complexes similar to those found in type Ib diamond were formed

as a result of the thermal treatments. In addition, further cathodoluminescence investigations showed
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that thanks to a higher annealing treatment (1400 °C) more N atoms were moved on-site and that the

radiation damages were further reduced.

Nevertheless, the diamond doping by ion implantation presents some strong disadvantages. In
particular, implantation of ions in diamond generates unavoidably a large number of broken carbon
bonds and atomic displacements, which can gradually destroy the crystalline periodicity of the
material. This phenomenon is even more critical when the implantation dose increases. The dangling
bond creation in addition to the presence of interstitial or aggregate defects can lead to the formation
of a conductive layer inside the diamond samples [63]. Interesting investigations showed that it exists
a threshold of defect concentration above which the broken diamond covalent sp* bonds reorganize
irreversibly in graphite sp? bonds as a result of post-implantation annealing. The defect concentration
threshold was estimated for diamond material around 10?2 cm™ [64]. The post-implantation annealing
treatment is required to allow the displacement of implanted atoms located in interstitial sites toward
the substitutive sites, in order to contribute to the electrical conduction. This diamond-graphite phase
transition aspect can prove very interesting for other diamond applications and it will be presented

below in the section 1.9.

However, Prawer and Kalish demonstrated also that when ion implantation is performed on a heated
diamond (instead of room temperature), namely the so called “hot implantation method”, the
implantation damage decreases [63]. By this way, appreciable results for p-type diamonds implanted
with boron were obtained [65]. Indeed, Tsubouchi et al. produced boron implantation into type Ila
diamonds at about 400 °C reaching heavy impurity concentrations of the order of 10*' cm™. These
samples showed almost no temperature dependence (in the range 80 - 1000 K) of the carrier
concentrations, resistivity and hall mobility, with minimum values of resistivity and sheet resistance
at room temperature of 1.4 mQ.cm and 56€2/0, respectively. The sample characterizations suggested
that very low resistive p-type degenerate semiconducting layers were produced preserving the
diamond lattice, namely without diamond-graphite transition, in spite of the high irradiation dose (=

10'7 ions.cm™) used to reach heavily doping concentrations.

Other relevant results have been obtained by Ueda et al. in their studies about the post-implantation
annealing treatment for several dopant ions [66-68]. They have established that high pressure and
high temperature (HPHT) annealing is much more efficient than the traditional thermal annealing in
vacuum conditions. Basically, HPHT conditions (pressure of about 7GPa, and temperature higher
than 1200 °C) are located in the thermodynamically stable region of diamond in the carbon diagram
phase, this making highly efficient the implantation-induced damage recovery, allowing increasing
the implanted dose avoiding the re-crystallization in the graphitic form. The authors studied the
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influence of the annealing treatment on the boron concentration by cathodoluminescence
measurements. For an annealing at 1350 °C at the pressure of 7 GPa, the boron incorporation rate
was registered at 4.6%, higher than the incorporation rates measured for the other methods. In
addition, they evaluated the compensation rate of their films after the doping at 3,4 %, and found a
high hole mobility of 632 cm?.V-!'.s™! at room temperature. The highest doping efficiency was 7.1%
at the annealing temperature of 1400 °C, which is ten times higher than that for vacuum annealing (=
0.73%). These results indicate that HPHT annealing is more efficient for activation of ion-implanted

dopants in diamond.

Nevertheless, even if improvements have been obtained with this post-treatment annealing, doping
efficiency remains very limited and ion implantation cannot be used for developing electronic

component.

1.5.3 The diamond “in situ” doping

Finally the last and, to date, the most used diamond doping method is an “in situ” doping. The
principle is to introduce a doping gas involving the desired dopant chemical element in the gas
mixture during the diamond growth process. This method has been successfully developed both for

donors and acceptors atoms, such as nitrogen (N), phosphorus (P) and boron (B).

N-type doping

Basically, the n-type conductivity in diamond is more difficult to obtain than the p-type one. Nitrogen
atoms (N) are the natural candidates as donors for diamond and they prove to be easily incorporable
into a substitutional site. However, it creates an energetic level in the diamond band gap too deep,
namely 1.7 eV below the conduction band (see Figure 1.11) which makes the doped material unfit for
the production of electronic devices. However, the nitrogen impurities have several applications in

the field of quantum diamond devices and magnetometry [69, 70].

To date, the only chemical element useful for the n-type diamond doping in substitutional sites and
having a relatively low activation energy (E.) so as allow electronic application developing is the
phosphorus (P) (Ea= 0.6 eV, see Figure 1.11) [71, 72]. In particular, for n-type doping, several
interesting results have been initially obtained by incorporation of phosphorus atoms on (111)

oriented CVD diamond by addition of phosphine (PH3) or tertiarybutylphosphine (TBP) gases to the
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gas mixture [73-75]. Currently, the n-type doping by phosphorus is really effective only on the (111)

orientation, even if more recently promising results have been shown on (100) orientation [76-78].

Taking into account the deep donor level of phosphorous, other chemical elements were tested for n-
type doping, such as the arsenic (As) which has a theoretical activation energy value of 0.4 eV (see
Figure I.11). G. Frangieh et al. studied the incorporation of arsenic atoms by chemical vapour
deposition at GEMaC laboratory, but the incorporated arsenic atoms were electrically inactive, which
assumes that arsenic atoms were not incorporated into substitution sites but as an interstitial
impurities, or that they formed other kinds of defects in the material [79]. More recently, Barjon et
al. have been performed As implantation leading to the CL-bound exciton signatures but with no

evidence of electrical signatures [80].

P-type doping

Currently, the boron chemical element proves to be the only efficient dopant both for reproducibility
and for impurity quantity incorporated by chemical vapour deposition. The typical precursors gas
added to the growth mixture are the diborane (B2Hg) or trimethylboron (B(CHz3)3) [81, 82]. The

acceptor level presents an activation energy of 0.37 eV (see Figure I.11).

Nevertheless, the growth quality strongly depends on the crystal orientation. The growth on (111)
orientation face is not easy and leads very often to crystalline defects which further complicates the
growth of high quality thick films and reduces the electronic properties, besides the low availability
of substrates [83].

On the contrary, the growth on (100) orientation is easier to control and boron incorporation proves
to be easy in the (100) planes [84]. Nowadays, the process is very well controlled and many research
teams can incorporate boron by chemical vapour deposition in a range from 10'* to 10! cm™ in thin
films [85-87] with mobility that can reach values higher than 1500 cm2.V-!.s! [88, 89]. Additional
studies with the aim of producing thick films were carried out. Thick and highly boron doped diamond
films were produced making the separation of the CVD layer from the substrate possible and thus
allowing self-supporting layers production [90-92]. The obtained doped substrates have a very good
crystalline quality and it could be considered as the first technological brick for manufacturing

vertical components [93-95].

In a recent study carried out by Mortet et al., the growth of (110) orientated monocrystalline boron
doped diamond was successfully performed and widely investigated for different doping levels. In

particular the electrical, morphological and optical properties were studied proving the location of
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boron impurities in substitutional sites, the high incorporation and the good carrier mobility which

proved to be comparable to the (111) one, but lower than the (100) one [96].

In Figure .11 the energy diamond diagram summarizing the nitrogen, phosphorous, arsenic and

boron energetic levels introduced into the band gap is shown.
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Figure I.11. One dimension representation of the energy diagram of selected states in the diamond band gap.

In this thesis work, all the CVD monocrystalline doped diamond samples were doped by “in situ”

technique with boron addition.

1.6 Electronic properties of boron doped diamonds

In this section a summary of the electronic properties of the boron doped diamonds are presented.

1.6.1 The dopant activation energy

The dopant activation energy is affected by the dopant concentration into the material. In particular,
for boron doping levels below [B] < 10'° cm™ into diamond, the boron activation energy E, proves to
be 0.37 eV at room temperature. For boron doping levels above 10'* cm™ the E, decreases with the
raising of doping until to be cancelled at the metal-insulator transition (MIT). The metal-insulator
transition is usually explained by the overlapping of the impurity band (acceptors) and the valence
band [97]. From a theoretical point of view, the metallic transition appears in the diamond for boron
concentrations close to 2 x 10?° cm™ [98]. In a most recent study, Klein et al. studied the transport

properties of (100) orientated and heavily boron doped diamonds looking for an impurity
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concentration threshold allowing the MIT reaching. As a result, the [B] boron concentration threshold
into diamond was estimated to be at the order of 4.5 x 10** cm™[99].
The activation energy variation as a function of the doping concentration can be described by the

Equation 1.1 of the Pearson’s model [100]:

1 .
E, = E— a(Ny — Np)3 Equation I.1

where Eq = 0.37 eV, a = 4.1 x 10® eV.cm, Na is the acceptor concentration, Np is the donor
concentration, therefore Na-Np corresponds to the effective doping taking into account the
compensation.

Figure I1.12 shows the evolution of activation energy as a function of boron doping for

monocrystalline and polycrystalline diamonds.
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Figure 1.12. The energy activation variation as a function of boron doping level for monocrystalline (full dots) and
polycrystalline (empty squares) diamonds [97].

1.6.2 The density of the free hole carriers

According to the equation of neutrality, the evolution of the concentration of free holes in a non-
degenerated and partially compensated p-doped semiconductor may be expressed by the Equation 1.2

(88, 101]:

1
1 4¢o(Ny — Np)|?
p= E(d’A + Np) Il + (bs+ Np)?2 -1 Equation 1.2
with
3
g1\ Rmem*kT)2 —E,
$a =2 (%) W3 exp( %T ) Equation 1.3
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where g1/go = 1/4 indicating the factor of boron degeneracy; m* = 0.908 my is the effective mass of
the holes where my is the electron mass at rest, h is the Planck’s constant, k is the Boltzmann’s
constant and E, is the activation energy. Due to the high acceptor activation energy in low doping
diamonds, there are very few ionized dopants at room temperature (only about 0.2%) [102], therefore

the diamond resistivity remains high.

From Equation 1.2 and Equation 1.3, the temperature effect on the concentration can be expressed by

the Equation 1.4:

P~ AT3/2exp< kTa) Equation 1.4

where A is a constant. Figure 1.13 shows the trend of hole concentration for p-type diamonds as

function of the temperature for different doping levels.
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Figure 1.13. The hole concentration as function of the temperature for monocrystalline diamonds. Several curves
correspond to different boron concentrations: (a) Na=10'¢ cm™, (b) Na=10'7 cm?, (c) Na=10'% cm™ and (d) No=10"° cm™?
[103].

1.6.3 The mobility of the hole carriers

The hole mobility in monocrystalline lightly boron doped diamonds reaches about 2000 cm?.V-'.sl.
at room temperature [104]. However, this limit is very sensitive to the measurement method. In
addition, the carrier mobility decreases with the raising of the doping level and the temperature, as in
all semiconductors. The evolution of the hole mobility p for monocrystalline diamonds doped in the
wide range (10" - 10*! cm™) and temperature (300 — 500 K) can be computed by the Equation 1.5
[88]:
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_ﬁ(Nimp) Equation L5
T, N; = 00, N; (—)
,Ll( lmp) ,U(3 0 l‘mp) 300
where Nimp = is the impurity concentration, u(300, Nimp) and B(Nimp) are parameters which have to be

evaluated separately according to the doping experimental data.

Figure 1.14 collects several data from several studies about the mobility as a function of the impurity

concentration for room and high temperatures.
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Figure I.14 Hole mobility as a function of Ninp at T =300 K and 500 K for monocrystalline boron doped diamonds. The
black line fits the experimental data at room temperature; the grey line is a simulation fit at high temperature by the Eq.

1.5 [88].
In the previous paragraph concerning the p-type diamond doping, a recent work has been cited about
the characterization of the different mobility values depending on the diamond orientation ((111),
(110) and (100)) [96]. In Figure 1.15 is reported the plot showing the obtained results. The lower
mobility values for (111) and (110) layers compared to (100) layer can be ascribed to the higher

concentration of defects (compensating donors, passivated acceptors) which limits the hole mobility

just by impurity scattering.
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Figure 1.15. Evolution of the carrier mobility depending on the carrier density measured at room temperature by Hall
effect using Van der Pauw technique for different crystallographic orientation: (100) in black squares, (111) in red circles

and (110) in blue triangles [96].
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Finally, in Figure 1.16 the variation of the resistivity of diamond layers as a function of boron
concentration is reported. The resistivity decreases sharply with the increase of the incorporated
impurity quantity until to reach an extremely weak value close to the metal transition zone. It is
possible to note the progress that have been obtained in the last years: for the same doping level, the
resistivity values prove to be almost two orders of magnitude below. This finding is mainly ascribed
to the improvement obtained in terms of CVD diamond crystalline quality and to the sharp decrease

in the compensation ratio.
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Figure 1.16 Variation of the resistivity of boron doped diamonds as function of the boron concentration according to
several studies indicated in the legend. The curves represent the evolution of the resistivity by simulations with different
compensation rates k (k = 0.1, 1 and 5%). [89].
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I.7 Introduction to the diamond contacting

Nowadays, synthetic CVD diamond is widely studied for several applications, in particular doped
diamond in the field of power devices and intrinsic diamond for detection. Indeed, diamond
properties, such as wide band gap, exceptional thermal conductivity, high breakdown voltage, small
dielectric constant and very high carrier mobility, make diamond very attractive to work in these

domains.

A crucial point in electronic diamond device fabrication is diamond contacting. Several studies have
been carried out in the last decades about diamond electrical contacts which prove to be not an easy
task due to the diamond inertness and its wide bang gap. Moreover, depending on the final
application, contacts with different electrical behaviour, for example ohmic and Schottky, must be

manufactured on diamond surface.

During this thesis, two experiments were carried out and I worked with different diamond samples,

namely a set of CVD boron doped diamond samples and a set of intrinsic diamond samples, but in

29



Chapter I: State of the art

both cases, the aim was to develop ohmic contacts on diamond surfaces. Different techniques were
implemented: diamond graphitization by laser and by ion implantation, and diamond metallization.
Therefore, in order to have a better understanding on the key parameters for fabricating ohmic contact
on diamond, a paragraph regarding the energetic band diagram for diamond-metal junctions and some
examples of power devices based on doped diamond with ohmic and Schottky electrodes are reported
in the following section. Subsequently, a deep space dedicated to the key elements for ohmic contact
manufacturing together with the state of the art of intrinsic diamond detectors, their electrode

configurations and diamond graphitization processes will be presented.

1.7.1 Band diagram for a metal-semiconductor junction

In the solid-state physics literature, the study of energetic band diagram is the base for understanding
what occurs when a metal and a semiconductor are placed in contact (MS junction) and how the

interface properties change depending on the nature of materials.

Physically, when a MS junction is produced, which means that it can be considered as an only material
and an only thermodynamic system, the thermodynamic equilibrium of the full structure has to be
reached by exchange of charge carriers. If the Fermi levels of the two materials are already aligned,
the equilibrium is satisfied and no carrier exchange is required. This means also that the metal and
semiconductor work functions, which define the energy values necessary to extract a charge from the
materials to the vacuum level, proves to be equal each other (®m = @s). In Figure 1.17 the band
diagram of a metal and a semiconductor satisfying the equation @, = @, before (a) and after (b) the

contact are shown.
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Figure 1.17. Metal-semiconductor junction with ®@,, = @ (a) before and (b) after the contact [105].

On the contrary, when the Fermi levels are not aligned, a flux of carriers moves crossing the junction
interface until reaching the thermodynamic equilibrium. This causes a band bending phenomenon at

the interface. The carrier flux and the band bending directions depend on the different values of the
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two work functions. The work functions are affected by the metal and semiconductor nature, and by
the eventual semiconductor doping in terms of kind (p- or n-type) and quantity. All these factors,
collected in the work function values, give rise to different properties at the junction interface and, as
a consequence, a different electrical behaviour of the diamond contact.
For example, considering the diamond material used in this thesis work, namely p-type doped
diamonds, there are two possible electrical behaviours:

- Ohmic contact if the metal work function is higher than the semiconductor one (®n > @);

- Schottky behaviour when the metal work function is smaller than the semiconductor one

(Om < D).

In particular, considering the band structure of the MS junction at the thermal equilibrium in the case
of @y, > @, the alignment of the Fermi levels gives origin to the upward semiconductor band bending
related to the hole accumulation at the MS interface. In Figure 1.18 the band diagram of a metal and

a p-type semiconductor satisfying the equation @, > Osbefore (a) and after (b) the contact are shown.
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Figure 1.18 Metal-semiconductor junction with ®, > ®, (a) before the contact and (b) after the contact at the
thermodynamic equilibrium [105].

Then, applying an external voltage bias it is possible to polarize the junction with positive or negative
voltage. For example, with a negative difference of potential (Vs — Vi < 0), the carrier flux (hole in
p-type doping case) is driven into M—S direction and the upward semiconductor band bending
operates as a source of holes (anode) (see Figure 1.19 (a)). Whereas, the opposite applied bias (Vs —
Vm > 0) induces a hole flux displacement into S—M direction and no barrier is met by carriers (see
Figure 1.19 (b)). As a consequence, in both directions, the current can freely circulate and the contact
proves to be ohmic.

On the contrary for the case ®m < @, the alignment of the Fermi energetic levels induces the
downward semiconductor band bending and it originates a built-in potential barrier called Schottky
barrier at the interface. In Figure 1.20 the band diagrams of a metal and a p-type semiconductor

satisfying the equation @, < ®sbefore (a) and after (b) the contact are illustrated.
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Figure 1.20 Metal-semiconductor junction with @, < ® (a) before and (b) after the contact at the thermodynamic
equilibrium [105].

Then, according to the applied bias, the carriers flux can move into M—S and S—M directions for
(Vs = Vi <0) and (Vs — Vi > 0), respectively. Nevertheless, the carriers can flow only in the S—»M
direction encountering a potential barrier which can be overcome and giving rise to the Schottky
contact (see Figure 1.21 (b)), whilst into M—S direction the high potential barrier forbids any
displacement suppressing the carrier flux (see Figure .21 (a)).

Definitely, it is possible to define a MS junction as an ohmic contact if it owns a linear -V
characteristic in both biasing directions whilst, a rectifying MS junction conducing current in one
direction and confining it in the opposite one (forward and reverse polarizations) is called Schottky
contact.

Based on this theory, a lot of interesting works have been carried out involving diamond devices
development with ohmic and Schottky electrodes. Anyway, the choice of producing ohmic or
Schottky contacts is strongly related to the aim of the final diamond device. Once decided, there are
several and peculiar aspects, as key elements, which have to be carefully considered to produce the

desired contact. Among these, it is worth mentioning the kind of diamond doping, the dopant
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concentration, the choice of the metallic layers for contacting, and finally the terminations of diamond
surface before the metallization (for example hydrogenated or oxygenated terminations). All these
aspects widely affect the nature of the contacts making them ohmic or Schottky in addition to their

reliability and performance.
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Figure 1.21. Metal-semiconductor (p) contact with @, < ®sunder polarization: (a) Vs— Vin <0 and (b) Vs— Vi > 0 [105].

1.7.2 Schottky and ohmic contacts on electronic doped diamond devices

The most popular applications of electronic doped diamond devices are the Schottky diodes. A
Schottky diode is a unipolar device (one type of charge carriers) based on a metal-semiconductor
junction using the non-linear current transport behavior of rectifying under applied bias voltage. In
particular, the Schottky diode current transport is related to majority carriers in the active area, which
allows the fast switching from forward to reverse bias without minority carrier effects.

To date, a lot of studies has been carried out producing interesting results mainly basic on p-type
doped diamond, considering the several difficulties characterizing the n-type CVD synthesis. The
Schottky barrier diodes were investigated in particular by Butler et al. and Volpe et al. finding high
breakdown voltage [106, 107]; whilst Chen et al. registered high current density [108]. In addition,

good compromise between forward and reverse characteristic has been also demonstrated [109, 110].

Nowadays, the Schottky contact manufacturing can be obtained with good results on lightly doped
diamonds. Nevertheless it is still under investigation in particular to determine suitable metals which
form high Schottky barrier height with good mechanical adhesion, high thermally stable interface to
diamond and high breakdown voltage. Koné et al. investigated the performance of several Schottky
contacts produced with different metal material on the same monocrystalline p-type lightly boron
doped diamond [111]. Tungsten (W), aluminium (Al), nickel (Ni) and chrome (Cr) were evaluated

and compared showing different advantages and drawbacks. For example, W and Ni showed the
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highest Schottky barrier height value (1.67 and 1.57 eV, respectively), Cr and Ni gave the most
interesting values of forward current density range, while W, Al, and Ni the lowest reverse ones, and
the best rectifying factor was obtained by Ni (10'°). Finally, all the metal presented good thermal
stability and adhesion properties except for Cr and W respectively. These findings indicated that
nickel material represented the more suitable metallic material for Schottky barrier diode applications.
In the same publication, a study of the Schottky barrier heights as function of the metal work functions
is reported, and the obtained results are compared to the literature ones for a value range between
0.7-2.0eV.

More recently, Traoré et al. demonstrated an innovative Schottky diode in pseudo-vertical
configuration based on an oxygen terminated diamond surface covered by zirconium (metal easily
oxidizable) [110, 112-115]. The device presented a high forward current density value of 10* A.cm™?
at 6 V with very low leakage currents (under 1 pA) at room temperature and without annealing
process. Annealing post-treatments at 450°C of the zirconium Schottky diode allowed decreasing the
barrier height up to 1 eV. Therefore, the forward power losses was reduced with a reasonable
increasing of the reverse leakage current. Contrary to what is generally found in metal-diamond
Schottky contacts, the dispersion of the [-V characteristics was extremely weak for 85% of the whole
diode population, opening the route for industrial upscaling. A breakdown field of 7.7 MV.cm™!, with
a Balligan figure of merit above 244 MW.cm™, in addition to a high rectification ratio higher than 9
orders of magnitude with a low reverse current (10°'* A) were found which is clearly the state of the
art up to now.

The more attractive vertical Schottky diode configuration has been also studied. The Schottky contact
is formed at the metal / low doped diamond interface, while the ohmic contact is formed on the highly
doped back side. Umezawa et al. found high current in a vertically structured diamond Schottky
diodes with an Al>Os thick field-plate (1.8 pm) [116]. The maximum forward currents reached were
1 and 5 A at forward voltages of 2.4 and 7.2 V, respectively, and a maximum blocking voltage of

300 V at 250 °C.

In diamond electronic devices, ohmic contacts are typically fabricated on heavily doped (p-type or n-
type) layers because of their unique property of decreasing drastically their resistivity, for doping
level of the order of 10%° cm™ without degrading the crystallinity [117]. The fact that the heavily
doping diamond film under the electrodes leads to ohmic electrical behaviour can be ascribed to the
tunnelling current through the narrowed depletion region. Indeed, even if the potential barrier height
essentially does not change since the material is the same, the barrier thickness proves to be reduced
allowing to the charge carriers to reach more easily the metallic contact by tunnelling through the

barrier.
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In addition, increasing further the doping levels of diamonds it is possible to reach the condition of
degenerate semiconductor, when the Fermi level lies within the conduction or valence band (for n-
type and p-type doping, respectively), and the MIT occurs. As previously reported, the boron
concentration threshold for the MIT into diamonds was estimated to 4.5 x 10%° cm™[99]. Definitely,

in MIT conditions, a MS junction works as an ohmic contact.

On the contrary, the formation of ohmic contacts on lightly doped diamond samples (< 10'® cm™) is
more difficult. Indeed, it has been only obtained in particular conditions which will be described in
the next paragraph. The high difficult to form ohmic contact on lightly doped diamond was the
guideline of this thesis work.

1.7.3 Manufacturing of ohmic contacts on diamonds

Diamond contacts have to satisfy several requests to be considered as good electrodes: good
mechanical adhesion, chemical thermal stability over time, potential barrier close to 0 and the
possibility of bonding connections. Indeed, the electric contacts directly contribute to the active
performance of the device and is of main interest particularly for commercial purpose. For diamonds,
the fabrication of good ohmic contacts is still an opened field, especially on lightly doped and intrinsic
diamond. Indeed, excluding the heavy doping condition (in situ or by ion implantation) described in
the previous paragraph, the other possibilities to create ohmic contacts on diamond are strongly

related to the good combinations of the following aspects:

1. Pre-treatments of the diamond surface prior to the metallization;
2. Choice of the metallic layers and carbide formation at the metal / diamond interface;

3. Diamond surface terminations.

Regarding the first point, historically, several kinds of diamond surface treatments prior to the
metallization were tested based on the idea to lightly damage the diamond surface. The idea was to
modify in someway the nature of a perfect diamond surface so that the voltage drop across the contact
was small and negligible compared to the one crossing the active part of the device. For example,
reasonable good contacts have been fabricated on diamond surfaces previously mechanically
roughened leading to cracks and kinks formation, which cause a high electrical field and high
recombination velocities between the metal and the diamond. On these damaged diamond surface
metal contacts were created using silver paint [5, 118]. Another solution of diamond surface
damaging was experimented by a particle bombardment. For example, Ti, Au and Al ohmic contacts

were obtained on lightly boron doped polycrystalline diamond by sputtering the surface before the
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metallization causing the formation of graphitic and non-diamond carbon phases on the surface [5,
119-121]. Moreover, it was obtained another kind of damaged diamond using an excimer laser
treatment where a carbon phase transformation from diamond to non-diamond phase was observed.
Geis et al. induced the diamond-graphite transition and then removed the graphitic structures by
chemical and plasma etching, leaving just a thin modified layer (about 60 nm thick) [122]. This layer
was composed of a mixture of diamond, graphite and a not well identified non-diamond carbon phase.
After, metallic layer was produced using silver paint on this modified areas resulting in ohmic
contacts. Nevertheless, about this approach, some problematic points were not solved, as the adhesion
between the metal and the modified diamond which proved to be difficult to satisfy once got the
graphite transition. In general, these first contacts obtained by this diamond surface damaging proved

to be mechanically fragile and electrically very noisy [5].

Among the different diamond surface pre-treatments, Ar sputtering proved to be the most interesting
in terms of impact on the electrical properties of the contacts. A set of very interesting experiments
were carried out to compare the electrical performance of gold contacts deposited by thermal
evaporation on as-grown polycrystalline diamond surface against the same gold contacts deposited
on Ar-sputtered polycrystalline diamond surface [119]. I-V curves are reported in Figure 1.22. The
sputtering treatment was performed in vacuum, with an acceleration voltage of 2 kV and an incident

angle of about 65° regarding the normal of the surface.
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Figure 1.22. I-V characteristics of Au contacts on (a) as-grown and (b) sputtered polycrystalline boron doped diamond
surface [119].

The as-deposited Au contacts on un-treated diamond surface have not linear behaviour (see
Figure 1.22 (a)), and even after some annealing treatments (at 140 and 280 °C, for 30 min) they
preserved their rectifying behaviour. On the contrary, the [-V characteristic curves of the Au contacts

deposited on Ar-sputtered diamond surface have linear behaviour (see Figure 1.22 (b)). This finding
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was speculatively ascribed to the sputtering treatment creating energy states in the bandgap of the
diamond making the valence and conduction band essentially continuous. This would make every
metal deposited on diamond ohmic. Nevertheless, these ohmic contacts became rectifying after the
same annealing treatments due to the instability of the damaged layer at the diamond surface.
Considering that the graphitic carbon phase is thermodynamically more stable than that of diamond
in the experimental conditions, it was speculated that the damaged layer was absorbed into the gold

layer by the annealing treatment instead of to speculate a diamond self-restoration.

The second key element is the choice of the metallic layers to deposit on the diamond surfaces.
Indeed, the chemical reactions at the metal / diamond interfaces can strongly affect its structure and
properties [5]. Nowadays, several studies have been carried out about the diamond metallization with
the aim of establishing a guide for selecting and processing a suitable contact material on diamond
[119-121, 123-125]. Among these, Au and Ti have been widely analysed and chosen in this thesis
work. In these previous experiments, the metallization processes were performed in vacuum and by
thermal evaporation. The direct gold deposition on as-grown diamond gave rise to rectifying
behaviour, as explained before, and no chemical reaction was occurred by annealing treatment.
Therefore Au proved to be inactive on diamond. On the contrary, the experiment performed by
titanium deposition on as-grown diamond produced different results, as shown by the I-V
measurements in Figure .23 (a) [121]. In particular, Ti contacts proved to be rectifying just after the
deposition, but after annealing treatments, for increasing temperature values their characteristic
started to become linear (essentially at 430 °C). This findings were obtained from several researchers
[126-128]. XPS investigations showed the formation of Ti-C peak confirming the transition of the

I- V curves from Schottky to ohmic behaviour because of annealing treatment.
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Figure 1.23. I-V characteristics of Ti contacts on (a) as-grown and (b) sputtered polycrystalline boron doped diamond

surface [121].
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For completeness, Ti deposition on Ar-sputtered diamond surface is reported. The I-V characteristics
showed an ohmic behaviour for all the experimental conditions, namely as-deposited and after several
annealing treatments (see Figure .23 (b)), in addition to a higher conductivity rather than Au contacts.
Finally, XPS analyses indicated that the Ti-C bond formation was more significant for the

metallization of sputtered diamond surface than the as-grown one [121].

Unlike Au contacts deposited on sputtered diamond surface which loses ohmic properties by
subsequent annealing treatments, Ti contacts proved to be constantly ohmic after annealing treatments
thanks to the titanium carbide formation which limited the diffusion of the sputtering-induced defects
[5]. In addition, the chemical reactivity at the metal / diamond interface can be explained in terms of
carbide formation free energy (AG), which proves to be negative for titanium (-42 kcal.mol™! of TiC)
and positive for gold indicating that the carbide formation is thermodynamically favourable for

titanium material and un-favourable for gold metal [5].

Therefore, the previous interesting results obtained just for T1 contacts after the annealing treatments
can be associated to the titanium carbide formation which allows the generation of gap states

favouring the tunnelling transport and / or reducing of the barrier height [121].

Considering the good agreement between the thermodynamic data and the experimental
measurements it seemed that the thermodynamic data could be used to predict the interfacial reactions
and, as a consequence, the nature of the electric contact (ohmic or Schottky). Therefore, a model of
band structure interface has been developed [121] in order to explain the effects of the diamond
surface treatments and of the carbide formation on the contact electrical behaviour, which is reported
here in Figure 1.24. Figure 1.24 (a) shows a generic metal / diamond interface as-deposited, where the
contact has a rectifying behaviour due to the potential barrier ®@y,. The pictures (b) and (c) refer to the
ohmic behaviours of annealed Ti contacts deposited on as-grown diamond surface, which can be
explained in terms of point defect formation at and near the diamond surface due to the carbide
formation and / or Ar sputtering treatments. It is believed that such defects can restrict the depletion
width increasing the probability of tunnelling (Figure 1.24 (b)) and / or decrease the effective barrier
height (Figure 1.24 (c)). This model has been supported by several experiments also with different

metal material, like aluminium and molybdenum [5, 127].

Several metals have been studied to get the carbide forming metals, such as titanium, Molybdenum
(Mo) and Tantalum (Ta) [126-129]. The ohmic behaviour of these metal contacts after annealing has
been attributed to the formation of carbide at the interface. Of course, the choice of the metal material
has also to take into account the melting point of the metal which can be deduced from the related

phase diagram. Carbides are considered as reliable contacts especially for high-temperature devices.
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Figure 1.24. Model of the interface band diagram of the metal-diamond contact. (a) Interface of the as-deposited metal on
diamond; (b) interfaces with high concentration of electrical active defects and consequent reducing of the depletion
region width and (¢) decreasing of the barrier height due to the carbide formation and/or the ion bombardment [121].

For all of these aspects and the presented interface band structure model, in this thesis work
concerning the doped diamond contacting experiment, a titanium layer was deposited on the diamond
surface to get the carbide formation, useful for the electrical conduction and adhesion. Afterwards, a
gold layer was deposited as top-layer both for avoiding the titanium oxidation and for taking

advantage of the good gold electrical properties.

The last key element for ohmic contact deals with the diamond surface termination before the
metallization that can be changed. Usually, an as-grown CVD diamond sample surface presents
hydrogen termination as the diamond is grown in hydrogen atmosphere (as explained in the
Paragraph 1.3.3). However, this termination can be changed into oxygen terminations. This
modification can strongly affect the electrical behaviour since oxygen terminated diamond surface is
electropositive while hydrogenated diamond surface is electronegative [130]. To modify the
termination into oxygen terminated surface, it is sufficient to expose the sample to oxygen
environment such as acid cleaning solution based on oxygen or to an oxygen plasma.

Among recent studies, several papers have been published regarding the ohmic and rectifying contact
behaviour depending on the diamond surface terminations. For example, Teraji et al. demonstrated
how the diamond surface termination impacts the electrical performance of gold contact deposited on
CVD monocrystalline lightly boron doped diamonds (doping level = 10'> cm™) [131]. In particular,
the metallization of H-terminated diamond surface produced ohmic contacts, whilst, the metallic

deposition on O-terminated diamond surface imparted Schottky properties.
39



Chapter I: State of the art

Volpe et al. showed that an oxidizing diamond surface pre-treatment is a necessary step to optimize
the Schottky metal / diamond interface on lightly boron doped diamond surfaces [107, 132]. In
particular, Ti/Au ohmic contacts and Schottky Au contacts were obtained on the same H-terminated
lightly boron doped diamond surface but adding an oxidation treatment (by vacuum ultra-violet
(VUV) ozone treatment [133]) for the rectifying electrodes before the metallization [107]. Both Ti/Au
and Au contacts proved to be Schottky when deposited after an oxidation treatment of the whole
surface [132]. In addition, Kono et al. produced ohmic Au electrodes on H-terminated diamond
surface and finding a specific contact resistances in the order of 10 — 10* Q.cm? [134].

But one of the drawback of hydrogenated surface is its thermal instability and, even if improvement
in terms of specific contact resistance can be obtained on such surface, it is highly desirable to develop
a deposition process of ohmic contact on lightly boron doped layer starting from an oxygenated

diamond surface.

Nowadays, the development of good ohmic contacts is one key element not only for the electronic
device fabrication (with heavily and lightly doped diamonds), but also for the manufacturing of

performing intrinsic diamond detectors widely used, for example, in the field of high energy physics.

1.8 Diamond detectors

[.8.1 Why diamond detectors?

The large development of the diamond synthesis and growth processes in terms of techniques and

technologies in the last decades allowed the manufacturing of several kinds of diamond devices for
different applications and among these, there are the diamond detectors. In this thesis work, the
experiment performed in Italy has included the fabrication of ohmic contacts on a CVD
polycrystalline intrinsic diamond used as particle detectors. Therefore, it is worth understanding why
diamond is used for detection applications. It is mainly due to the remarkable properties of the
material such as:
v' the high electron and hole mobility which allows a high velocity of signal formation and to
operate at high frequencies;
v' the radiation hardness due to its compact and stable structure which determines its great
stability and reliability in high radiation environments for several years;
v’ the insulator property because of the wide band gap which gives rise to a low leakage current

at room temperature;

40



Chapter I: State of the art

v' the possibility to get a good spatial resolution during the detection process which is achieved
by a high segmentation of the contacts (this point will be presented subsequently).
Historically, the solid state detectors have been based on silicon materials in p-n junction
configuration, which have widely satisfied the market requests for scientific applications.
Nevertheless, for specific applications, diamond detectors can compete silicon.
In the Table 1.2 the most relevant properties from a detection point of view for diamond and silicon

are reported.

Table 1.2. Comparison between CVD diamond and silicon properties [3, 4, 15, 135].

Property Diamond Si
Bandgap, eV 5.47 1.2
Displacement energy, eV/atom 43 13-20
Resistivity, Q cm > 10" 2.3 x10°
Intrinsic carrier density, cm™ <10° 1.5 x 10
Mass density, g/cm? 3.52 2.33
Atomic charge 6 14
Dielectric constant 5.7 11.9
Energy to create e-h pairs, eV 13 3.6
Radiation Length, cm 12.2 9.4
Average created signal/um, e 36 89
Thermal conductivity, W/(cm K) 24 1.5
Breakdown Field, V/cm ~ 107 3 x10°

1800 h @RT, 0V 480 h @RT, 0V
2300 e @RT, 0V 1450 e @RT, OV

Carrier mobility, cm?/(V s)

Comparing the diamond and silicon properties it is possible to understand where the diamond
performances overcome the silicon ones. For example, it is clear that the displacement energy, which
determines the material radiation hardness, has played a crucial role to the development of diamond
detector technologies. Indeed, even if different radiation hard semiconductors are available in the
market, such as the oxygen-enriched silicon detectors which reach an irradiation hardening higher
than the standard silicon sensors [ 136], their expensive fabrication cost and their complex engineering
have left opened the pave for alternative solutions like devices based on diamonds. Nowadays the
diamond radiation hardness represents the main advantage respect to the other semiconductor
detectors (one order of magnitude of difference [137]) [3, 4, 138].

However it can be seen that, due to the different band gap energy between the two materials, a higher
energy is needed for diamond to create an electron-hole pair than for silicon. As a consequence, the

output signal of a diamond detector is largely less than the one from a silicon device. Nevertheless,
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the wide diamond bang gap has also a positive impact on the leakage or dark current which is
consequently lower than in silicon, also because of the very high resistivity (six orders of magnitude
more than that of silicon). Therefore, the diamond signal/noise ratio is considered as acceptable.

In addition, the lower diamond dielectric constant leads a lower capacitance compared to the silicon
one having similar dimensions. Finally, the extraordinary thermal conductivity value makes diamond
the most attractive material to operate at room temperature and without cooling systems.

Thus, diamond material proves to be excellent candidates to work as an active medium for detection

device though cost of fabrication of synthetic diamond is important.

1.8.2 Design of a diamond detector

The diamond detector design is based on the wide band gap property and very low dark current which
make not necessary a p-n junction for detection processes. As a result, very simple diamond
configuration can give rise to good detectors. Basically, to manufacture a diamond detector it is
sufficient to contact the top and the bottom surfaces by metallic electrodes. Through this contacting
it is possible to apply a voltage bias so as to create an electric field allowing separating the electron-
hole pairs generated in the diamond material when a radiation crosses the device leading to the
detection signal. Typical metal electrodes on diamond can be produced by Ti/Au or Cr/Au bilayers
as explained previously for diamond diodes. In Figure 1.25 a scheme of a simple diamond detector is

reported.

Incident

Radiation
| : Vou
Diamond
Metal s
Contacts e WY

Figure 1.25. Scheme of a simple diamond detector contacted on the two surfaces by pad-like metal electrodes. It is worth
noting that no depletion region (which is necessary for a p-n semiconductor detector) is needed for diamond materials
and all the diamond section is an active area [3].
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1.8.3 Charge pairs production and recombination

The charge pairs production mechanism in a diamond device are similar to the one in a semiconductor
device. Indeed, when an incident radiation crosses the active region (all the cross section of diamond
detectors) electron-hole pairs are produced and, if a voltage bias is applied, the electrons and holes
move in opposite directions until reaching the electrodes where an electric signal is generated (see
Figure 1.25). As shown in Table 1.2, a large amount of energy is needed to create one charge pair
respect to a silicon detector, which means that with the same energy the charge pairs quantity
generated in a diamond device is three times less than in a silicon detector. However, if the diamond
signal is compared to a gas detector, the first proves to be three times higher [3]. Therefore, the
diamond detector can be considered as a good compromise for the created signal quantity in addition
to its advantages to have a very low noise and to be radiation hard.

Once charge pairs are created, recombination phenomena take place. In particular, the charge pair
recombination in a diamond device is directly related to the quality of the crystal and the presence of
impurities, similarly to the recombination in the standard semiconductors. Indeed, defects and
impurities presence contributes to the charge recombination process making it easier by introducing
allowed energetic levels in the forbidden band. Therefore, this kind of recombination process have to
be added to the standard recombination phenomenon between the conduction and valence bands. As
a consequence, the lifetimes of charges recombining is given by both recombination processes, even
if it depends mostly on the quality of the diamond. The direct recombination of one electron in the
conduction band with one hole in valence band is called “intrinsic recombination” and it can change
from a few ps up to about 1 s. Recombination occurring due to intermedium energetic states is defined
as “extrinsic recombination” and it can be as low as 0.1 to 10 ns. The average, namely the effective

lifetime, can be computed taking into account both processes and it follows the Equation 1.6:

1 1 N 1 Equation 1.6

Te ff Tint  Text

where the subscripts eff, int and ext indicate the effective, intrinsic and extrinsic lifetime, respectively.
The major contribution to the effective lifetime proves to be given by the extrinsic lifetime (namely

crystal defects and impurities), therefore the Equation 1.6 can be written as the Equation 1.7 [3]:

Teff = Text Equation 1.7
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1.8.4 CCD and CCE of a detector

One of the required parameter for the manufacturing of a good radiation detector is to own a fast

charge collection and in general a fast overall response, which can be satisfied if the free charge
mobility is high enough (in the order of 10* cm?.V-'.s™). It is the case of diamond devices, where the
electric field profile of charge pair drift velocity is qualitatively similar to the standard semiconductor
ones. In particular, the velocity increases with the rising of the electric field intensity until to reach a
saturation value. Typically, diamond detectors are used at such high potential that the charge carriers
quickly achieve their maximum velocities. A standard electric field applied can be in the order of
1 kV/mm [3].

One of the most important parameter to evaluate the diamond detector performance is the Charge
Collection Distance (CCD), which represents the mean distance travelled by electrons and holes
before being trapped. The CCD of a diamond takes into account the contribution of electron and hole
mobilities together with their deep trapping lifetime under an electric field intensity (E) and is given

by the Equation I.8:
CCD = (pete + uptn) " E Equations 1.8

where pe and py are the electron and hole mobilities, 1. and T are the electron and hole deep trapping
lifetimes, and under the assumption that the detector thickness is larger than the CCD, and the field
E is uniform.

The Equation 1.8 can be rewritten as in the Equation 1.9:

CCD = utE Equations 1.9
where p = pe+ pn and 1/1 = (1/1e+ 1/1n).
Once the real distance crossed by the carriers (CCD) is assigned, it is possible to define the total

charge collected and induced to the readout electrodes (Qc) by the Equation I.10:

cCcD Equations 1.10
Q¢ = Q¢ I .

where Qg is the total charge generated by the incident radiation and L is the physical length (namely
the thickness) of the diamond material.
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Considering the standard definition of Charge Collection Efficiency (CCE) of a detector as the ratio
between the total charge induced to the readout electrodes and the total charge produced by the

incident radiation, it is possible to write it as:

CCE = & — CC_D Equation .11

Q: L

By the Equation .11 it is possible to determine the best diamond thickness value so as to make its
efficiency close to 1 (namely the 100%), although it is necessary to take into account the not perfect
uniformity of the synthetic CVD diamond along its thickness. Depending on the kind of CVD
diamond used as detectors, if polycrystalline or monocrystalline, the CCE expected can be around
50% or more than 90% [4].

On the other side, more specifically from an experimental point of view, it is possible to evaluate the
goodness of the device during a detection test by computing the CCD value. In particular, by
measuring the collected charge Qc and by knowing the total charge generated Qg and the diamond

thickness L it is possible rewrite the Equation 1.10 as:

CcCD = L& Equation I.12
Qe

For example, in high energy physics when a Minimum lonizing Particle (MIP, namely a charged
particle which embody the minimum ionizing losses in materials) crosses a diamond detector
generates 3600 electron-hole pairs every 100 um of material [3, 5], therefore the generated charge

can be written as:
Qs =36"L"qe Equation 1.13

where qcis the elementary charge and the thickness L is measured in micrometers. So, the Equation

1.12 becomes:

Qc Q¢ Equation 1.14
CCD[um] =L— = um
0~ 36q, M

Nowadays, one of the main efforts in the development of diamond detectors is toward the continuous
improvements of the charge collection distance and therefore of the response time. For example, a
diamond pre-treatment called “pumping” can be performed with the aim of improving the CVD

diamond detector performance in terms of charge collection distance and efficiency. It consists in a
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sample pre-irradiation by ionizing radiation, which increases the device efficiency thanks to the deep

trap saturation [3, 139].

1.8.5 Intrinsic diamond detectors in physics of high energy

There are a lot of interesting applications for intrinsic diamond detectors, in particular in the field of
physics of high energy. Indeed, in the physics of particles, the detectors have to operate in high
radiation fields for a long time and in these conditions standard semiconductor devices showed strong
deterioration due to the accumulated dose. This limit has been overcome by using diamond. In
addition, the high thermal conductivity of diamond makes them the ideal material to work as target
where the cooling instrumentations cannot be used.

For example, in the early 1990s, the CVD diamond detectors were investigated and compared to the
natural Ila type ones. As a result, the first polycrystalline films were able to sustain field of 1 V.um'!
reaching CCD values between 1 and 45 um [140]. In the subsequent decades, significant
improvements were done by the fabrication of particle detector for high flux environment such as the
LHC (Large Hadron Collider) experiments, where polycrystalline diamond detectors contacted by
pixel- and strip- like electrodes (20 mm by 60 mm) showed a CCD of 300 um [4, 141].

Other high energy physics experiments such as BaBar at Stanford Linear Accelerator Center (SLAC),
Joint European Torus (JET) at CCFE, National Ignition Facility (NIF) at LLNL, and the GSI
laboratories, have worked to the diamond detector development [4]. For example, BaBar was the first
experiment to apply a diamond detector contacted by pad-like electrodes as a Beam Condition
Monitor (BCM) [142]. A BCM device proves to be a very important component in the high energy
experiments because of the role to provide a rapid beam abort signal in the event of beam instability,
in order to protect other detectors from the radiation damaging. The task can be satisfied just by
device with a fast response (< 2 ns pulse FWHM) and radiation hard [143]. Diamonds for BCM
applications were installed also in ATLAS and CMS experiments at the LHC [144]. In BaBar
experiment the diamond detectors operated for 5 years until to the end of the experiment,
demonstrating the reliability in term of radiation hardness and low dark current which did not increase
during the irradiation processes. Recently, the RD42 collaboration has started a planning of research
and development on diamond detector contacted by strip- or pixel-like electrodes for the next LHC
experiments [145].

Neutron detectors were developed by JET experiment [146, 147]. In particular, the fast neutron (MeV
energy) measurements can be performed directly in the diamond material by the nuclear reaction
2C(n,o)’Be [148]. Indeed, the produced charge particle o induces a charge which can be detected
once it has drifted to the electrodes. For completeness, the thermal neutrons (tens of meV energy)
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detection can be performed by deposition of thin films of °Li (typically in the form of °LiF), or '°B
(such as boron free-standing or boron doped diamond) or 2*°U, as converter layers [149, 150].

In HADES experiment, in Germany, diamond detectors contacted by a strip-like electrodes were used
to measure the time of flight under irradiations by heavy ion beams [151].

Finally, also the TOTEM experiment at LHC uses CVD monocrystalline diamond detectors with pad-
like electrodes to do temporal measurements with very high precision [152]. For example for a single
sensor a time resolution less than 100 ps was measured with a MIP, while combining four detectors

this value was reduced of a 2 factor.

1.8.6 Diamond detectors based on the PIN junction

Basically, a simple p-n junction diode (with p- and n-type doping) can also operate as a radiation
detector but several disadvantages limit their use [3]. For example, the limited depletion region which
proves to be crucial to collect electron-hole charge pairs contributing to the current. When the
depletion region is very small the current produced by incident radiation is quantitatively limited. To
operate with a larger depletion region, the external electric field on the p-n junction can be increased
but with the consequent risk to reach and overcome the breakdown voltage threshold of the crystal
structure. A solution to this problem is to introduce an intrinsic layer of a semiconductor material
between the p and n layers, namely a thin material wholly operating as depletion region at moderate
voltages. This configuration is called PIN (P-type, Intrinsic, N-type) structure. The main advantage
of the PIN configuration is to fix the depletion width to the intrinsic layer width in order to get a wide
depletion region without applying high reverse bias, solving several problems related to the simple
p-n junctions.

PIN diamond devices have been studied and fabricated as detectors in particular for UV radiations.
For example, in Figure .26 a PIN detector scheme and its detection characteristic are reported [153].
The spectrum shows the device photo-response as function of the radiation wavelength, from IR
to UV. The maximum responsivity was registered at about 200 nm, while a strong rejection
characterized the visible range. The sub-gap response is due to the phonon-assisted indirect
absorption. This spectrum became a peculiarity of PIN detectors opening the way to solar blind
detection of UV and XUV radiations. For example, this kind of detectors are suitable for space
applications considering that they can operate in photovoltaic mode so as no external voltages is

needed.
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Figure 1.26. Scheme of a PIN photodetector and its spectrum after the measurement of the UV solar spectra [153].

1.8.7 Other diamond device applications

As previously discussed, diamond sensors are attractive devices to detect radiations in the UV range
and also in the X-ray spectrum thanks to their quick response, radiation hardness, linearity and
insensitivity to the visible wavelengths [2, 154]. About the particle detection, in addition to the M.L.P.
particles and neutrons, diamond detectors are operated with a-particles, protons and ionization
sources [155]. Therefore, additional diamond applications are currently popular and commercialized,
such as diamond dosimeters [156] and beam tagging monitor [157] for proton and hadron therapies,
respectively. Indeed, a diamond sensor can both track the passage of a single particle and determine
its energy and the spatial and temporal distribution of a particle beam. For example, to investigate the
radiation damage of living cells, a detector have to be able to detect the passage of every single ion
of the incident beam and to resist to the damage of the cumulative dose. Another important property
of diamond material characterizing the medical physics applications is called “tissue equivalence”
which makes diamond device compatible to the human body feedback under irradiation treatments.
Indeed, the human tissue has an average atomic number of around 7.5, which is close to that of

diamond (Z = 6), instead of the silicon one (Z = 14).

It is worth mentioning also the positive impact in terms of diamond size on the radiotherapy dose
measuring. Indeed, the possibility to produce diamond detector with small sizes (typically 1 mm?)
allows measuring with excellent spatial resolution if compared, for example, to the common utilized
ionization chambers.

Finally, diamond detectors can be operated in online mode, which proves to be a fundamental

characteristic during a medical treatment.

48



Chapter I: State of the art

1.8.8 Diamond contacting configuration and spatial resolution

The possibility to use diamond detectors for all of these applications has emboldened the development
of different configurations of diamond contacting, in order to improve the spatial resolution
performance so as to better adapt the device to the desired application. The first electrode
configuration for diamond detectors was very simple, namely it was composed of two pad-like
electrodes (large rectangular metallic contacts) covering the whole areas of both diamond surfaces,
as already shown in Figure 1.25. In this configuration the detector electrodes were read out with two
single electronic channels, one per side, therefore a limit was that the extracted electrical signals did
not give any spatial information about the passage of the particles or the radiations [2, 158].

After, the segmentation of the pad-like electrodes was introduced in order to make the detector
sensitive to the particle position. In this aspect, the first change was done by building strip-like
electrodes, where each electrode was individually read out and thus, one-dimension spatial
information could be obtained (1D). In Figure 1.27 is shown a typical diamond contacting

configuration by strip-like electrodes on the top surface and by a pad on the bottom surface.
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Figure 1.27. Detector contacted by strip-like electrodes on the top surface and by a pad-like electrode on the bottom
surface. Charges generated by a particle crossing the device (a) orthogonally and (b) with an angle are shown too [159].

In Figure 1.27 (a) and (b) a particle crossing the detector orthogonally and with a generic angle are
illustrated, respectively. In the case (b), the particle deposits its charge on several electrodes. Here, it
is possible to improve the track resolution by means of an evaluation of the charge ratios on the
adjacent strips.

In order to reach a bi-dimensional spatial resolution, the electrode segmentation into several strips
can be done also by the second pad obtaining two set of parallel strips orthogonally orientated each
other. In Figure .28 a sketch of a detector contacting by strip-like electrodes on both surfaces is
shown. In this configuration, every strip has to be individually read out in order to reach a 2D spatial
resolution. Indeed, as shown in the picture above, when a particle crosses the device with this
electrode configuration, the read out signal can be associated to one strip on the top and to another
one on the bottom (black strips) providing the two spatial coordinates. Although the electrodes are
segmented, the detector efficiency remains almost the same as a pad detector as only the electric field
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close to the surface is changed, while the position resolution is mainly determined by the distance

between the centre of two consecutive strips (pitch).

PARTICLE

Figure 1.28. Detector contacted by strip-like electrodes on both surfaces. The two strip sets are orthogonally orientated
each other. When a particle crosses the device two spatial coordinates are obtained (black strips) [159].

Next, a technology based on pixel-like electrodes was developed allowing also a bi-dimensional
spatial resolution [155, 160, 161]. In Figure 1.29 is reported a diamond detector contacted by pixel-

like electrodes used for dosimetry applications.

Figure 1.29. Top view of a bi-dimensional pixelated diamond dosimeter [161].

The pixel-like geometry for the electrodes consists in dividing a large pad-like electrode into small
squares in order to measure accurately the particle position. Indeed, if every pixel is read out
individually a granular mapping of the detector surface can be obtained.

Finally, the last option for a 2D spatial resolution is offered by an interdigitated strip-like contact
configuration reported in Figure 1.30. Here, the electric field is concentrated close to the front surface
and proves to be suitable for the detection of photons or particles which do not penetrate in depth,
such as UV radiation and a particles [2].

The research and the development in the field of the detector contacting is nowadays still an open
field. Subsequently to the development of the first bi-dimensional spatial resolution configurations,
Parker et al. were the first to propose the manufacturing of three-dimensional sensor contacting [162].
In particular, the basic idea was to decrease the drift distance of the charged carriers to less than the
detector thickness. By this way, the detector materials with a limited mean free path for the carriers

due to traps or grain borders, such as a polycrystalline diamond or a heavily irradiated silicon, could
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improve their performance. Indeed, while in the traditional planar geometry (pad-like electrodes) the
drift distance is given by the thickness of the detector material, in the 3D configuration this distance

is assigned by the electrode distance, as shown in the Figure 1.31.

Figure 1.30. Top of view of a sketch of the interdigitated strip-like contact configuration [2].
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Figure 1.31. Sketch of a planar (on the left) and 3D (on the right) electrode configuration for solid-state detectors. The
drift distance of the carriers decrease by using a 3D electrode configuration [159].
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In addition to a short collection distance, the 3D configuration offers also a fast collection time and
low depletion voltage. However, the electric field configuration becomes more complex than for the
previous configurations. The 3D technology of contacting has been successfully demonstrated with
silicon detectors [163] and the same principle has been applied to diamond, even if a solution to
fabricate electrodes inside the diamond bulk should be found. Kononenko et al. micro-structured a
diamond bulk by IR pulsed femto-second laser and fabricated a first 3D diamond prototype [164].
Nowadays this technology is successfully applied for diamond detectors and it is under further
investigations [165-167]. The diamond irradiation by laser will be presented in the Paragraph 1.9.1.

Finally, Liu et al. fabricated and tested last year (2017) a different type of 3D contacting for a UV
diamond detector, namely the groove-shaped electrode structure [168]. In particular, the novelty was
to create the interdigitated metallic electrodes not on the surface but within 10 um deep grooves
etched in diamond, with the aim of improving the collection efficiency of the carriers induced by UV
photons. In Figure 1.32 a sketch of both electrode configurations is reported. Preliminary
characterizations of the diamond detector contacted by this groove-shaped electrodes structure were
carried out and compared with the ones registered on the same diamond detector but contacted by a
conventional planar electrode structure. As a result, the responsivity of the new kind of detector was

increased up to 50% in the spectral range of 220 — 280 nm compared to that for the planar structure.
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Planar structure Groove-shaped structure
Figure 1.32 Sketch of the two electrode configurations fabricated for a UV diamond detector: the conventional planar
contact structure (on the left) and the new groove-shaped electrode structure (on the right) are shown [168].

1.8.9 Limitation of ohmic metallic contacting and alternative solutions

The diamond contacting by metallic layer deposition has been already introduced in the sections 1.7.2
and 1.8.8 about diamond diodes and detectors, and it will be explained step by step in the Chapter IV.
Today the scientific community recognises this technique as very efficient, with the peculiar
advantage to be reversible (the contacts can be removed and diamonds can be “recycled”), but it is
truth that, at the same time, some difficulties have to be overcome during the long and expensive
micro-fabrication steps. In particular, as already discussed in the Paragraph 1.7.3, even if the
manufacturing of ohmic metallic contacts on heavily doped diamonds proves to be well controlled, it
becomes a more difficult task on the lightly doped and intrinsic materials. In addition to this aspect,
during the diamond metallization process some other crucial points have to be checked, such as:

- The adhesion between metal and diamond;

- The good charge injection of the contacts to avoid polarization phenomena,;

- The contact stability, reliability and radiation hardness.
For example, the problem of adhesion is crucial since it strongly influences the good performance of
the device. The main difficulty resides in the diamond chemical inertness which makes the metallic
adhesion difficult, without excluding the possibility that the metal delaminates, reducing the average
life of the device. The polarization phenomenon have also to be checked. This occurs when, during
the transition of electrical currents through the diamond, the extraction process proves to be not high
enough to compensate the injection one, and therefore the neutrality state is not restored between two
consecutive detection events. As a result, a charge accumulation is obtained inside the crystal leading
to an electrical filed which works in opposite direction respect to the externally applied one. Finally,

contacts should be as stable as possible, durable and radiation hard.
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These problematic aspects together with the possible solutions available in literature, such as diamond
surface pre-treatments, carbide formation on the diamond surface and surface terminations, have been
already discussed in this thesis. Nevertheless, a different approach for the diamond contacting exists
in literature, namely the diamond graphitization. In the following last paragraphs the diamond

graphitization process will be explained together with the role played in terms of contacting.

1.9 Diamond graphitization

Diamond and graphite are two of the allotropic forms of the carbon, as explained in the diamond
material description at the beginning of this chapter (Paragraph 1.3.1). The different carbon atomic
arrangement of these two materials (sp> hybridization for diamond and sp? structure for graphite)
marks the borderline between the diamond and graphite properties which are very different. For
example, diamond material owns an extreme hardness, inertia and transparency, electric insulation
and high thermal conduction; on the contrary, graphitic material is soft, reactive and dark, with a good
electric conduction and a bad thermal one. Nevertheless, this borderline between the two materials
can be crossed allowing the transition from one phase to the other one. In particular, the so called
“diamond graphitization” allows obtaining transition from diamond phase to graphitic phase. This
kind of transition allows locally inducing graphite on or into diamond material. Nowadays several
studies have been carried out about the diamond graphitization in terms of physics of the process,
techniques and related applications. The diamond graphitization has been central in my thesis work
carried out in Italy and has been the most important key element of my research work developed in
France.

In the following, the processes of the diamond graphitization induced by laser and by ion implantation

and their applications in terms of diamond contacting will be presented.

1.9.1 Diamond graphitization induced by laser

The diamond-graphite transition can be induced by heating the diamond material so as to reach and
overcome the transition threshold temperature. For example, when a portion of diamond material is
heated by a laser radiation at temperatures higher than the threshold graphitization temperature
Tg = 700 °C (in air) it is possible to give rise to the breakdown of carbon atom sp® bonds which
consequently re-arrange themselves into sp? configuration, which is more stable at atmospheric
conditions. From a diamond lattice point of view, the energy acquired by carbon atoms proves to be
enough to undergo a diffusion jump and end up into sp” state in a new lattice cell. As a consequence

of this phase transition, the atom binding energy decreases while the mean distance between adjacent
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atoms increases. Therefore, it is easy to imagine how the diamond graphitization takes place easier
close to free volume of material, such as close to the surface or near defects [14].

A lot of studies have been carried out about the diamond graphitization process and in particular about
the laser-induced graphitization [14, 169-176] . During the radiation-matter interaction between a
laser beam and a diamond material, the laser radiation is absorbed by free electrons in elastic
collisions with atoms and ions in the process of “inverse bremsstrahlung”. Several processes can
contribute to determine the initial concentration of electron, namely the multiphoton absorption,
tunnelling of electrons into the conduction band for radiation with high intensity, or direct inter-band
transitions for laser radiation with short wavelength. In addition, impurities and defects can absorb
laser radiation and produce free electrons. From an irradiation point of view, the laser pulse intensity
and duration prove to be crucial parameters to describe what kind of graphitization process could take
place [14, 169]. In particular, it has been demonstrated that for low intensity and nanosecond or longer
laser pulses, excited electrons transfer kinetic energy to the lattice, the electrons-lattice system is in
thermal equilibrium and the electrons heat the lattice gradually up to reach T = T, during the
irradiation process as the electron-lattice relaxation time is about 1012 s. When the intensity is high
enough, an electron avalanche can be developed, so that the electron temperature can overcome the
lattice atom one, and the electron concentration can be much higher than under equilibrium
conditions. Fast electrons can reach sufficiently high energy to induce carbon atom ionization by
direct impact. Laser pulse energy absorbed by plasma is transferred finally to the lattice and can also
heat it up to T > T;. On the contrary, for femtosecond laser pulses, the laser energy is transferred to
the electrons in a short time interval of only a few hundred femtoseconds, which is shorter than the
electron lattice relaxation time. Therefore, the laser pulse energy will be deposited and will stay in
the electron system, and the lattice will not be thermally equilibrated with electrons. Anyway, the
duration of the laser pulse is longer than the relaxation time of the electronic gas, which is about
10" *s. Thus, the electron system will be in thermal equilibrium at a high temperature while the lattice
will be cool under femtosecond laser irradiation. Definitely, depending on radiation beam parameters,
the result of laser action can be quite different: from formation of micro- (nano-) regions with

sp?- dominated bonding up to a complete transformation of the diamond into a graphitic phase.

Another very important processing parameter is the laser radiation wavelength. Diamonds present an
interesting optical absorption spectrum useful for the choice of the irradiation wavelength. The
spectrum is reported in Figure 1.33. In correspondence of the wide diamond band gap (5.47 eV)
namely for energy less to the correspondent wavelength of 225 nm there is no absorption, such as in
the visible range which makes diamond transparent. On the contrary, for wavelength less than 225

nm there is a direct transition from valence band into conduction band. However, looking the
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spectrum around the IR range, diamond exhibits bands of absorption related to the contribution of
two and three phonon (2.5 — 6.5 um), while the absorption at one phonon is forbidden due to the cubic
symmetry of the crystal [177].
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Figure 1.33. Absorption spectrum of a pure diamond in the ultraviolet — visible — middle infrared range [177].

In the Lecce Laser Laboratory (L3) at the University of Salento, an excimer laser working with ArF
or KrF gas mixtures (A = 193 and 248 nm, respectively) was available. For this thesis work the ArF
mixture was selected to take advantage of the good results and the know-how developed during my
master thesis work about the production and characterization of graphitic structures induced by such

a laser on diamond surface [178].

Naturally, the results of the radiation-matter interaction depend also on the kind of diamond material,
namely on the diamond quality. Indeed, it is possible to see in literature how, for different qualities
of diamond crystals, the same laser radiation can be more or less absorbed. For instance, in Figure
1.34 (a), the light absorption coefficient (ao) changes as a function of the laser wavelength are

illustrated and for diamonds with different quality, in addition to the graphite feedback for
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Figure 1.34 (a) Trend of the optical absorption coefficient against the radiation wavelength for different materials: 1-
diamond, 2- graphite, 3- amorphous carbon film, 4- coating of hydrogenated amorphous carbon, 5- nanocrystalline
diamond film. (b) Trend of the transmittance of a CVD polycrystalline diamond as function of the laser pulse number
(shot) for different laser fluence [14, 171].
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As a result, single-crystal CVD diamonds are transparent to the laser light outside the UV range,
while for the other materials the absorption increases with the decrease of the quality. Graphitic
materials show the higher values of absorption. Considering the higher value for the graphite
absorption coefficient, during the transition diamond — graphite, the optical transmittance is expected
to decrease. In Figure 1.34 (b) is shown the transmittance change as a function of the laser pulse (or
shot) number for different laser fluences registered on a CVD polycrystalline diamond irradiated by
a picosecond laser (A =539 nm). It is possible to understand how the fluence laser strongly influences
the graphite formation: for example at 10 J.cm™, only one pulse is enough to begin the graphitization
process, while at 2.8 J.cm the transition seems to not start due to a too low laser fluence. Intermediate
values of laser fluence can need several laser shots to start the diamond graphitization process. This
finding suggest that, during a diamond irradiation process, the first laser-induced micro-defects
becoming radiation absorption centres for the next shots so as to give rise to the graphitization process
[14]. Physically it is worth reporting also that, when a laser beam hits a diamond surface with enough
fluence to allow the beginning of the local graphitization by only one laser shot, it can also cause a
bump on the surface profile due to the density difference between diamond and graphite (pdiamond
= 3.5 g.cm™, pgraphite = 1.9 g.cm™). In addition, if the laser fluence is sufficiently large, a part of the
graphite material can even be heated up to the sublimation temperature (Ts= 4000 °C) and to be
ablated away giving rise to the formation of a crater in the irradiated zone. In their several studies,
Konov et al. demonstrated that irradiating a turbostratic carbon film by a KrF laser, the graphitization
process starts at the laser fluence of F = 0.4 J.cm™, while the transition from only graphitization to
the ablation regime in a single-pulse action takes place at the laser energy density (or fluence) of F =
5 J.cm™[173]. For higher laser fluence values, the ablation rate became so high that a large crater can
be produced even in only one single pulse.

In my master thesis several studies about this evolution of the diamond irradiation process from the
graphitization regime to the ablation one were carried out. In particular in Figure 1.35 is reported the
average heights of the spot-like graphitic structures induced by ArF laser at a constant fluence value
(F = 5 J.cm™) and variable number of pulses (N = 1, 2, 4 and 8) on a CVD polycrystalline diamond
[178]. The plot shows positive average heights of the graphitic structures for the first laser pluses
(N =1 and 2) and negative ones for many pulses (N = 4 and 8). This finding suggests a bump
formation in first, then a partial ablation of the graphitic bump with two laser shots, and after the
ablation phenomenon proved to be dominant by the increasing of the pulse number. In general, the
ablation rate of a graphitic material depends on the laser fluence, but also on the pulse duration. In
particular, for long pulse duration and high thermal conductivity of the material the ablation depth

depends on the penetration of the heat in the diamond. On the contrary, for short pulses, the laser
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energy released in the graphitized layer is used only to vaporize the material and the heat loss in the

sample is negligible [14, 172].
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Figure 1.35. Average height of the spot-like graphitic structure obtained by a UV laser fluence of 5 J.cm? and a variable
number of laser shot (N=1, 2, 4 and §) on a CVD polycrystalline diamond measured by AFM. The zero level refers to the
flat unirradiated diamond surface [178-180].

1.9.2 Laser-writing technique applied to develop all-carbon detectors

Once the diamond graphitization process has been understood, several works have been carried out
trying to apply the technique in several fields, in particular the domain of diamond contacting. Indeed,
as previously explained, diamond contacting by the traditional metallization methods require
expensive micro-processing instrumentations, time and several surface pre-treatments, especially to
obtain the ohmic behaviour formation. On the contrary, diamond graphitization can be performed in
a laboratory equipped of an appropriate laser with few other less expensive instrumentations, in a
shorter time, with no particular surface pre-treatments. In addition, the diamond-graphite transition
ensures a strong mechanical adhesion between the graphite and the last diamond layers under the
irradiated zone. As last, but not the least, the graphitized areas on diamond prove to be good ohmic
conductors as expected for a graphitic material. Thanks to all of these advantages, several works have
been already published about diamond devices contacted by graphitic structures, such as the so called

“all-carbon detectors”.

During my master thesis, several set of graphitic strips were produced by laser-writing on a diamond
surface with different values of fluence and cycles of irradiation, and electrically characterized
showing always ohmic behaviour. The strip form of the graphitic structures was adopted to simulate
the subsequent step of diamond contacting for detector applications. Among this graphitic structures,
the graphitic strip showing lower resistivity value (p = 4 x 107 Q.cm, in line with the expected one
for graphite [14]) were characterized also by micro-Raman and AFM analyses confirming the

graphitic nature of the material and a good homogeneity of the structure along the whole area [178,
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179]. Therefore, the corresponding experimental irradiation conditions were used to produce a first
strip-like all-carbon detector using a CVD polycrystalline diamond. Then the device was tested by
nuclear investigations. At first, a preliminary and rough comparison between the performances of the
all-carbon device and those of a metallized diamond was carried out with a 500 MeV electron beam
at the Beam Test Facility (BTF) in Italy, demonstrating similar characteristics of the two detectors
[181]. Afterwards, a more complex investigation was performed with a 120 GeV pion beam at CERN
infrastructures. In Figure 1.36 the charge distribution of the all-carbon detector as measured with ultra-
relativistic pions and its Landau curve fit are reported. Data analyses show good nuclear detection
performances of all-carbon device, with a charge collection efficiency (CCE) of 42% (in agreement

with the expected value reported on supplier datasheet) [180].
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Figure 1.36. The charge distribution with a Landau curve fit of an all-carbon detector of dimensions 5 x 5 x 0.325 mm?

irradiated by a 120 GeV pion beam at CERN infrastructures [180].

1.9.3 Diamond graphitization into the bulk

For completeness, it has been demonstrated in literature that the laser-induced diamond graphitization
can be obtained not only on the surface but also in the bulk. In order to graphitize inside the diamond,
some conditions must be meet, such as [14, 164, 182]:

- The laser beam must be convergent (focusing plane) in the diamond bulk, in order to get a
laser fluence higher in the focal volume rather than in the intermedium one;

- Diamonds must be transparent to the laser radiation with low power;

- A nonlinear mechanism of radiation absorption shall induce a strong increase of the absorption
coefficient in the focal volume so as to permit to the beam of overcoming the threshold value
in the bulk;

- Structural or phase material changes must take place in the interaction zone;

- To localize the graphitization process it is necessary to minimize the laser pulse energy

keeping high intensity level (for example, reducing the pulse duration);
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- To produce complex structures in the diamond bulk, a translation system of the focal plane of

the beam into the sample must be developed.
Experimentally, it is possible to satisfy these conditions using lasers with a short pulse duration, such
as femtoseconds or few picoseconds, and operating with visible and near-infrared wavelengths (with

high quality monocrystalline and polycrystalline diamonds).

Similarly to the graphitization process on the diamond surface, in order to graphitize inside the
sample, it is necessary to overcome a fluence threshold value. In the Konov’s review it is reported
also an interesting study about the surface and bulk graphitization thresholds of a single crystal
diamond for different laser pulse duration (in the order of femto- and picoseconds) at fixed
wavelength (800 nm) [14, 164]. As a result, the bulk graphitization threshold proved to be much
higher than the surface one. For example for the femtosecond pulses the laser fluence inducing the
diamond graphitization was variable in the range 7 — 30 J.cm™ for the bulk process, while it was about
1 — 2 J.cm™ for the surface one. Basically, when the diamond — graphite phase transition occurs, the
difference of material density requires a free volume in the surrounding area to allow the increasing
of the mean distance between adjacent atoms, which is higher for the graphitic form. This condition
is always satisfied onto the surface. On the contrary, for the diamond bulk, the carbon atoms cannot
expand their volume during the transition and the carbon atoms prove to be placed at a distance less

than the equilibrium one. Therefore, more energy is required to reach the transition phase.

In addition, in the diamond bulk, as on its surface, the first effect during the laser irradiation is a
pronounced “incubation”, which is related to the presence and to the accumulation of stable micro-
and nano-defects, materials very sensitive to the radiation absorption, and that can produce free
electrons useful to heat the sample and to change its phase. Once the graphitization step is started, the
next laser pulses give rise to a rapid expansion effect of the graphitic sites, allowing the graphitization
propagation along the laser beam direction. Then, if the focal plane is moved inside the sample, the
graphitized volume follows the laser focal spot. The scan rate of this operation, in addition to the laser

fluence, influences the quality of the graphitic structures in the diamond bulk.

1.9.4 Applications of the 2D and 3D graphitized diamonds

Nowadays several works have been published about graphitic electrodes induced by laser on the
diamond surfaces and in the diamond bulks. For example, Pacilli et al. produced an all-carbon
detector characterized by graphitic pixel-like electrodes induced by KrF laser on a polycrystalline
diamond surface and they tested its good 2D detection performances by beta particles obtained from

a radioactive source [183]. Other all-carbon detectors composed by a high quality polycrystalline
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diamond and an array of small graphitic pixel produced by ArF laser were investigated by a *°Sr
radioactive source. These devices proved to work well as detectors and trackers of particles and
moreover, the surface graphitization was demonstrated not to produce bulk or interface defects, which
can limit the charge carrier transport and collection property of the devices, confirming that the laser
technique is useful for the diamond contacting [184, 185].

Graphitic electrodes in diamond bulk were produced for 3D all-carbon detectors in several studies.
Kononenko et al. showed the fabrication of graphitic pillars in diamond by femtosecond laser pulses,
characterizing the device performance for signal collection, noise and leakage current [186]. Finally,
the diamond graphitization into the bulk has been investigated also for different applications, such as
to fabricate microfluidic channels by femtosecond laser into a single crystal diamond [187], and to
create graphitic electrodes integrated in a diamond-based cathode prototype for solar cell application

[188].

1.9.5 Diamond graphitization induced by 1on implantation

Historically, the ion implantation technique has been developed to introduce dopant material into
semiconductor crystals as already discussed in the Paragraph 1.5.2; however, when the technique is
applied to diamond materials, a different and very interesting aim can be reached: the diamond
graphitization. Indeed, it is well known in literature that when a material is implanted by ions (such
as H, He", D', C" and Xe" ions), lattice defects in addition to the impurities are induced [189-192].
In particular, if the implanted semiconductor is diamond, it is possible to locally break sp® carbon
bonds in the crystal and, if the density of the broken bonds reaches a sufficiently high concentration
(depending on the implantation experimental conditions), the damaged material may rearrange
assuming sp? bonds in stable form. Then, when such a diamond amorphization into the material is
induced, a subsequent annealing treatment is required in order to transform definitely the amorphized
material into graphite. Uzan-Saguy et al. demonstrated that the damage density threshold (critical
dose) beyond which the graphitization occurs after the annealing treatment was equal to
10?? vacancies/cm’; on the contrary, for implantation inducing a damage density value below this
critical dose, the annealing process restores the origin diamond crystallinity [64]. In the samples
implanted beyond the threshold, the annealing treatment not only contributes to the definitive
graphitic phase formation but also restores the amorphized material into diamond phase in the area

proved not to be enough damaged, which are typically located around the most hit one.

For completeness, in some most recent studies the critical dose of the defect density was found
slightly above than that determined by Uzan-Saguy et al. A value equal to 9 x 10?* vac/cm® has been
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established by Olivero et al. [193]. In the same paper, they attributed this discrepancy to the higher
internal pressure for deep implantations which could effectively increase the graphitization threshold,

as already suggested in previous studied [189, 194].

1.9.6 The ion implantation process

The experimental parameters characterizing an ion implantation treatment are the nature of ions, their
dose and their energy, which together affect the quantity of developed defects and therefore define
the achievement of the graphitization threshold or not. Basically, when an ion beam hits a solid state
material, its ions penetrate in the crystalline lattice and move through it interacting with both
electronic clouds and nuclei of the target [195]. The elastic ion - electronic cloud collisions preserved
the ion energy, while the inelastic ion - electronic cloud and ion - nuclear ones transfer energy to the
lattice which suffers damages. In particular, if the transferred energy proved to be greater than the
displacement energy (Eq) of the target atom, this atom will be displaced from its lattice position. Each
displaced atom leaves a vacancy (hole), while the moved atoms can allocate in other vacancies
(substitutional atoms) or among the lattice sites (interstitial atoms). Each vacancy and substitutional
atom pair recombine at room temperature, while the atoms in the interstitial positions remain in the
quantity of the ion implantation dose. The ion energy loss during the inelastic collisions is given by
the sum of the both stopping mechanisms (the inelastic electronic and nuclear interactions). In
particular, the stopping power (dE/dx) is defined as the energy dE lost by an ion crossing a distance
dx by the equation

dE i
ak _ f Tdo Equation .15
dx

where do indicates the collision cross section, T is the energy lost by the ion during a collision event
and N is the density of scattering centres of the target material. Therefore, the stopping cross section

g is given by

1 dE Equation 1.16

=—.— = [ Tdo.
£ N dx do

The total stopping power is composed of the nuclear and electronic processes, as described before,

and consequently the Equation I.15 can be written as

dE. (dE dEy Equation 1.17
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where ¢ and &, are the electronic and nuclear stopping cross sections, respectively. Theoretical studies
predict that incident ions are stopped mainly by nuclear collisions if the implantation energy is low,
while the dominant stopping will be given by electronic interactions if the implantation energy is
high. In addition, while for the Lindhard’s model the ion-electronic interactions do not imply any
deviation in the projectile trajectory, the Coulomb interaction between two positive (screened)
charges results in both energy loss and significant deviation in the projectile trajectory. This deviation
gives rise to the lateral and longitudinal spread respect the depth distribution of the implanted species.
At the same time, due to this ion-nuclear collisions, the target atoms are moved from their original

positions implying the lattice damaging [195].

From the energy loss, the ion range R can be calculated according to

_ J dE Equation .18
) dE/dx

where the integration limits are from the initial ion energy to zero. However, the slowing down
process of an ion moving in a solid material is a statistical process, therefore the places where the
implanted ions stop are also of a statistical nature and should be expressed using statistical variables.
The ion range R is related to the mean track length of the ion before coming to rest while the projected
range Rp gives the mean penetration depth of the ion relative to the surface. Considering the projected

range distribution, the Gaussian approximation gives the implant density n(x) as

(x — Rp) Equation 1.19
n(x) = “exp |—

aP\/_

where x is measured along the direction of the beam, @ is the ion dose (or fluence) and op is the
standard deviation in the projected range Rp, also referred as the ion range straggling ARp into the

longitudinal and lateral direction respect Rp.

Quantitative information can be obtained by commercial software of simulating for ion implantation
processes into crystalline materials. This calculation program are based on Monte Carlo simulations
and can give an estimation of the implant damage and the final ion distribution. In this thesis the
SRIM software (Stopping and Range of Ions in Matter [196, 197]) has been used to compute the ion
penetration depth and to simulate the ion propagation into the diamond targets. The ion beam profile

proves to be Gaussian.

For completeness, under particular irradiation conditions, a channelling phenomenon can take place.
In particular, the channelling phenomenon occurs when the ion trajectory is in line with the atomic

rows causing a slower rate of energy loss. As a result, the ion distribution and the lattice damage
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prove to be not Gaussian [195]. The instrumentation available for this thesis experiment exclude this
phenomenon. Indeed, the home-made machine is not equipped of a ion focusing system which imply

a high ion dispersion once the beam goes out from the accelerator gun to reach the sample.

1.9.7 Applications of the 1on implanted-induced diamond graphitization

The idea to use the ion implantation technique into diamond material has found its first applications
in the production of defect zones or graphitic layers into diamond device for different aims, and

among this the huge problem of the diamond contacting.

Chen et al. in the 2002 studied the graphite / metal contact fabrication on a boron doped diamond
studying the electrical performance [198]. In particular, they doped the material by in situ growth
technique aiming to obtain a very low boron concentration, which was measured of 6 x 10'* cm™ by
Hall effect. After the growth the sample was oxidized in order to replace the hydrogen terminations
of the CVD diamond film. Then, the diamond graphitization was induced by Ar" implantation at
40 keV with a dose of 1 x 10'® cm?, and a subsequent Ti/Pt/Au metallic stack in the circular TLM
configuration was fabricated as final contact. The authors verified a good ohmic behaviour at the
graphite / Ti interface but they registered high values of contact resistance (4.72 x 10° Q) and specific

contact resistance of (1.18 Q.cm?).

Most recently (2017), Pinero et al. published a work where they tried to get ohmic contacts on
diamond by direct heavy boron implantation [199]. Their idea was to generate defects in a very thin
superficial layer in the same time of the diamond doping process, in order to improve the tunnel effect
through the bend bending at diamond surface. In addition, they investigated several annealing
treatments to reduce the specific contact resistance. As a result, comparing the performance of their
implanted, annealed and then metallized sample fabricated on a highly boron doped diamond, a

decreasing of the specific contact resistance were registered.

Bolshakov et al. during the last year (2017) fabricated a thin diamond detector for thermal neutrons
with a buried graphitic electrode [200]. In particular, they performed the growth of a 3 pm thick CVD
diamond material on a HPHT substrate, then they exposed the sample to helium ion implantation at
350 keV. After an annealing treatment to convert the amorphization into graphite, they restarted the
diamond growth until reaching about 12 pum. In this configuration, the buried graphitic layer worked
as bottom electrode, while the top of diamond surface was contacted by an aluminium pad. The thin
detector was successfully tested by radioactive sources emitting y radiation, o particles and neutrons

and the small thickness proved to improve in terms of sensitivity and high energy resolution.
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For completeness, Matsumoto et al. (2014) investigated the reduction of n-type diamond specific
contact resistance using graphitic electrodes obtained just by heating the sample [201]. In particular,
the doped diamond was growth using phosphine (PH3) gas with a doping concentration of about
10%° cm?. Then, the diamond surface graphitization was performed by direct annealing at 1300 °C
for 10 min in vacuum. Afterwards, the diamond metallization was produced by a Ti/Pt/Au stack, and
finally the uncovered graphitic material was removed. For comparison a similar diamond sample
without graphite layer was fabricated. As a result, the specific contact resistance of the
graphite/metallic electrodes proved to be equal to of 0.9 Q.cm?, one order of magnitude lower than

that of metallic contacts.

Finally, another kind of application related to the ion beams into diamonds is the lift-off technique
assisted by ion implantation to slice diamonds [202]. Indeed, the preparation of a slice of diamond
basically requires the use of a laser or the use of a saw but these standard cutting techniques lead to
the loss of a thickness more than 0.2 mm. An alternative solution to minimize the cutting loss is to
use a lift off technique assisted by ion implantation which allows creating a damaged layer along the
whole area of the diamond bulk. After an annealing step, the graphitic layer can be etched by an

electrochemical process so as to separate the diamond film.

1.10 Conclusions

Among the different diamond synthesis techniques, the MPACVD process proves to be the most
adapted to synthetize and grow high quality monocrystalline and polycrystalline diamonds, with high
purity and crystallinity levels useful for the production of power electronic devices and detectors.

In terms of doping, nowadays the best results are obtained by in situ technique which allows
incorporating impurities in a very well controlled way, producing good samples in particular for the
(100) oriented crystallographic face. The boron dopant proves to be well incorporating with doping
levels in the range from 10" up to 10! cm™. The obtained doped layers have a very good crystalline
quality with an extremely low compensation rate and it could be considered as the first technological
brick for the manufacturing of electronic devices.

Every electronic devices or detectors need performant metallic electrodes and the fabrication of good
ohmic contacts on diamond surface proves to be still a difficult work. Indeed, even if for highly boron
doping (> 10%° cm™) the ohmic behavior is easily reached the manufacturing of ohmic contacts on
lightly boron doped (< 10" c¢cm™) or intrinsic diamonds is still an open field, as well as for
phosphorous doped diamond. Several aspects have to be taken into account for this technology step,
such as the choice of the metallic layers, the termination of the diamond surface and the eventually
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surface pre-treatments. It has been demonstrated that the use of a metal compatible with the formation
of a carbide (for instance titanium to get the TiC), the hydrogen terminations and the Ar sputtering
pre-treatments can favour the formation of ohmic contacts.

Nevertheless, sometimes these precautions can prove not to be enough and other solutions have to be
found. For example, diamond graphitization by laser-writing has been successfully performed and
allowed fabricating ohmic, stable and reliable graphitic electrodes on the diamond surface in short
time and by not expensive technological steps. The laser technique offers also the possibility to
graphitize the diamond in the bulk for 3D detectors. By this approach, the so called all-carbon device
have been obtained.

However, another technique can also be used to graphitize diamond, namely the ion implantation.
Nowadays, this technique has been successfully applied to dope heavily and at the same time to
graphitize diamonds and to induce conductive layers in the diamond bulk (with ion energy of
hundreds keV or few MeV) and could constitute a good approach to improve ohmic contacts on

lightly doped or even intrinsic diamond material.

65



Chapter II: Instrumentations for the sample manufacturing and characterization

CHAPTER II: INSTRUMENTATIONS FOR THE
SAMPLE MANUFACTURING AND
CHARACTERIZATION
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I1.1 Introduction

This chapter collects the instrumentation data used to manufacture and to characterize the samples

produced in the two experiments carried out during this thesis.

In particular, the first part of the chapter deals with the description of CVD polycrystalline intrinsic
diamonds and of the experimental set-up used to graphitize these samples by laser-writing technique
at L3 (Italy). The diamonds were chosen to be contacted and used as all-carbon detectors for a new
experiment of high energy physics and were provided by Applied Diamond Inc. (USA). This
experiment called PADME (Positron Annihilation into Dark Matter Experiment) [12] and supported
by the Italian National Institute of Nuclear Physics (INFN) will be presented in the Chapter III.

Afterwards, a second section concerning the instrumentation used at LSPM (France) for the diamond
growth and contacting is reported. In particular, the protocol of the diamond substrate preparation
before the growth process, the description of the MPACVD reactors allowing synthetizing intrinsic
and boron doped CVD monocrystalline diamond, in addition to all instrumentation used to graphitize

(by ion implantation) and metallize these samples are presented.

Then, in the last part of the chapter all the characterization techniques used to analyze the as-grown,
graphitized and metallized diamond from the structural, morphological, compositional, mechanical

and electrical points of view are described.

For both experiments, several sample manufacturing and characterization steps were carried out in
collaboration with national and international institutes of research which have been opportunely

mentioned in the text.

I1.2 Diamond graphitization by laser-writing technique

I1.2.1 Diamond samples

The authors of PADME experiment have planned to use a diamond detector as active target and the
main candidate for this role, up today, proves to be a detector grade CVD polycrystalline diamond
with segmented ohmic graphitic contacts. The choice to propose graphitic electrodes rather than
metallic ones is strongly related to the energy loss during the interaction positron beam — electrode
matter during the nuclear investigations, which can be reduced using a material with a low atomic
number. Details about this will be offered in the Chapter III

The target dimensions are fixed, namely 20 x 20 x 0.05 mm?. Considering the large area of this

diamond and the related high cost of productions, for this thesis work a set of the same kind of samples
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but less large (5 x 5 x 0.05 mm?) was also bought in order to optimize and characterize the diamond
graphitization process on them preserving the real scale samples for the nuclear investigations. All
the samples, two large and the whole set of the smaller ones were detector grade CVD polycrystalline
intrinsic diamond films provided by Applied Diamond Inc. (USA) [203]. In Figure II.1 the small

sample set together with the large diamond are shown.

(a) (b
Figure I1.1. (a) Set of small detector grade CVD polycrystalline intrinsic diamonds (5 x 5 x 0.05 mm?), and (b) one large
diamond (20 x 20 x 0.05 mm?®) located in its graphitization holder.

All the diamond samples own the same properties:

= Level of nitrogen impurities < 1 ppb

=  Roughness (Ra) < 5 nm for the polished surface (nucleation side)

* Roughness (Ra) < 1.5 um for the unpolished surface (growth side)

= Electric resistivity > 102 Q.m

» Thermal conductivity > 1700 W.m™' K!

» Hardness (Knoop) = 5.700 Kg.mm™
The exceptional sizes of the sample prohibited the use of monocrystalline material. For these reasons,
the only samples available on the market were polycrystalline material. In addition, they were only
partially treated during the polishing steps, indeed only one surface (the nucleation side) was polished

while the other one (the growth side) was left “as-grown”.

11.2.1 Experimental set-up

These diamond samples were graphitized by laser writing technique (which has been already
discussed in the Chapter I) in order to produce graphitic contacts on their surfaces. The complete
experimental set-up is schematically illustrated in the Figure I1.2 (a). The principal components of
this set-up are:

- An excimer laser as radiation source;

- An optical system to focus and modulate the laser beam;
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- A set of two sub-micrometric motorized translation stages to allow the production of bi-
dimensional graphitic patterns;
- LabVIEW software to remotely control at the same time the laser and the X and Y translation

stage operations.

(2)

ﬂl

b

Objective 15x

X and Y sub-micrometric
translation stages

Circular Diamond sample
Mask 1x1 em?
pinhole and its holder

(©)

Optical
| XYZ Linear Stages | support

(b) | XY Controllers |

’ CCD Camera |

Laser beam output | .

Laser
beam

Diamond Holder \ Pinhole

Figure I1.2. (a) Scheme of the experimental set-up of laser-induced diamond graphitization process. In the top-right corner
a picture of the LabVIEW interface to control remotely the laser and the translation stages is shown. Pictures of (b) the
excimer laser and (c) the optical and sample translation system at L3.

The laser source

In this experimental set-up the radiation source was an excimer laser (light amplification by

stimulated emission of radiation), as shown in Figure I1.2 (b). This device is a molecular laser
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involving transitions between two electronic states and allows using opportune gas mixtures as active
medium. For example, the mixture can be composed of one rare gas (such as Ar, Kr, Xe) and of atoms
of one halogen element (such as F, CI). In particular, for these kinds of atoms, the molecular state can
exist only in the excited one (excimer) as the fundamental state proves to be repulsive. As a
consequence, the fundamental state is always empty and leads to population inversion between levels

involved by the transition, which is the necessary condition to operate with an excimer laser.

Accordingly, the laser source used to irradiate diamond sample surfaces is a pulsed excimer laser,
model LPX3051 from the company Lambda Physik, which is interfaced with a computer for the
control of the functions. The laser was used with an active mixture of ArF, which is characterized by
a wavelength of 193 nm (deep UV) and a pulse duration of 20 ns. The beam maximum energy is

about 500 mJ per pulse and the pulse frequency operation was 10 Hz.

The optical system, the translation stages and software

When the laser radiation is emitted, the beam crosses a 1 x 1 cm? rectangular aperture named mask
and an energy attenuator to modify the beam size and its energy (Figure I1.2 (c)). Then, the laser
radiation crosses an additional circular pinhole with variable aperture to reduce arbitrarily the beam
size. Finally, the beam is focused by a 15x UV objective lens on the diamond surface. The diamond
and its holder were fixed on two sub-micrometric motorized translation stages for the movement in
the X—Y plane perpendicular to the beam direction with a sub-micrometric resolution (0.1 pm). A
third stage in parallel direction of the laser radiation (Z-axes) allowed the manual focusing of the

beam on the diamond surface.

Considering the know-how gained in my master thesis during which I worked with the same laser on
the diamond graphitization process, at the beginning of my PhD I was entrusted to choose new
mechanical components to host the optical lens, which proves to be more efficient in terms of stability,
compactness and having more degrees of freedom to modify the pinhole aperture. This components
are shown in the “optical support” group in the Figure 11.2 (¢). Moreover, the diamond holder was
home-made taking into account the special sample dimensions (Figure II.1 (b)). In addition, during
my PhD I implemented a software in LabVIEW to synchronize the laser shooting with the two
controllers of the bi-dimensional diamond-stage displacements, and to control all of them remotely.
This software allowed for the first time at L3 fabricating systematic bi-dimensional graphitic
structures on diamond surface with great reliability and reproducibility (Figure I1.2 (a)). Finally, a
CCD camera was used to monitor the graphitization process, take pictures and register short movies

(Figure IL.2 (c)).
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I1.3 HPHT substrate preparation before the growth

The CVD monocrystalline diamond growth was performed by homo-epitaxy on commercial (100)
orientated Ib HPHT diamond substrates provided by Sumitomo company [204]. The Ib diamonds
owns a nitrogen impurity concentration close to 10! atom.cm™ (1 ppm) and have a dimension of
3 x 3 x 1.5 mm?®. The quality of the substrates is crucial for the growing CVD diamond of high quality,
and some pre-treatments are required. For example, in order to remove any impurities on the substrate
surface and to avoid the generation of defects during growth process, the samples were chemically
treated according to a multi-step protocol. Subsequently, the substrates were etched in situ by an

H>/O; plasma. These preliminary steps are reported in the following paragraphs.

11.3.1 Diamond substrate cleaning

Before each diamond deposition, the HPHT diamond substrates must be cleaned according to the

following procedure:

1. Water cleaning (t = 60 minutes, T = 140 °C): solution composed of 9 ml for the HCI (37%)
and 3 ml for the HNO3 (65%). This step must be carried out in particular safety conditions
(gloves, glasses, blouse and under suction hood);

2. Cleaning steps with distilled water (two baths);

3. Ultrasonic bath in acetone (t = 10 min @ RT);

4. Ultrasonic bath in isopropanol (t = 10 min @ RT).

The first cleaning allows dissolving metal particle residues of the catalyst materials during the HPHT
growth (Co and/or Ni). The subsequent distilled water baths make it possible to clean the acid
remaining on the sample surface. Finally, the acetone bath degreases the sample surface while the

isopropanol bath completes the cleaning process removing acetone residue.

I1.3.2 Choice of the substrate side for the growth process

The HPHT substrate surface on which the CVD diamond will be deposited have to be carefully
selected, so as to minimize defects formation and stresses during the growth. However, during the
HPHT growth process it is not possible to avoid the formation of different crystallographic planes
and therefore, different growth sectors are presents once the HPHT crystal has been sliced. A large
difference in impurity concentrations (mainly nitrogen) characterizes these different growth sectors

[205] and it is necessary to select the face having the largest mono-sector. In order to determine what
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sample side is the most suitable, all the substrates were analysed by the Diamond View™ set-up
supplied by GIA Instruments and available at LSPM. This instrumentation allowed observing the
luminescence of the sample which is related to the presence of impurities, and therefore it allowed
recognising the appropriate face for the diamond deposition. In particular, the samples were irradiated
by UV light (230 nm), namely by photons with energy close to that of the diamond bandgap, so as all
luminescent centres having an energy lower than the band gap of diamond can be detected. As a
result, a homogeneous luminescence image was obtained in the case of a sample with mono-sector
side, while an inhomogeneous luminescence picture was produced for a sample with different growth

sectors in the same face. Both cases are shown in the Figure I1.3.

Figure II.3. Luminescence pictures of a HPHT diamond face with a single growth sector (on the left) and with several
growth sectors (on the right) taken by Diamond View ™.

11.3.3 Surface treatment

The last treatment to perform on the HPHT diamond substrate before starting the homo-epitaxial
growth process is a plasma etching with a gas mixture of H»/O> (with 2% of oxygen) during
90 minutes [206]. This step is carried out directly in the growth reactor and makes it possible to
remove the hardened layer of the substrate surface. This hardened layer is due to the polishing step

and contains a significant amount of impurities and defects, which have to be removed [207, 208].

I1.4 Reactors for CVD intrinsic and boron doped diamond growth

All the monocrystalline diamond films used during this work, both intrinsic and boron doped, were
grown with a Bell Jar (quartz bell deposition chamber) microwave plasma assisted chemical vapor
deposition reactors developed at LSPM in collaboration with the company Plassys. The reactor
development at LSPM has started since 1990 with the first prototype and it has been improved in the
subsequent decades in terms of electromagnetic simulations associated with the development of

plasma models that rely on a phenomenological description of hydrogen / methane microwave plasma
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chemistry that has been validated experimentally [32, 33, 209-212]. This reactor was promoted in
2007 and it is now commercially available under the designation BJS150. It has allowed reliably
developing thick diamond films of very high crystalline purity or with very high boron doping level
[94, 213]. Its design also makes it possible to ensure good sealing with high vacuum conditions (of
the order of 107" mbar), thus limiting the incorporation of impurities, such as nitrogen, during growth
process.

Nowadays, at LSPM two BJS150 reactors are available, which are dedicated to the growth of intrinsic
and boron doped diamond films. The reactors are shown in Figure I1.4.
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Figure I1.4. Pictures of the BIS150 reactors (a) dedicated to the intrinsic diamonds, (b) dedicated to boron-doped diamonds
and (c) deposition plasma (LSPM).

Each reactor is equipped with a cooled substrate holder of 2 inches in diameter, which allows
decoupling the substrate temperature from the plasma characteristics (pressure, power). The substrate
holder can be vertically translated during the process allowing carefully adjusting the position
between the substrate and the plasma. It is also very easily accessible thanks to an electric actuator

allowing the opening of the reactor by the lower flange, making particularly comfortable the loading
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and unloading operations, as well as the steps of preparation and cleaning of the substrate holder. A

scheme illustrating the different elements of the reactors is reported in Figure IL.5.
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1. Resonant aluminum cavity B. Gas panel

2. Water-cooled and height-adjustable sample holder ~ B1. Access of gases by pneumatic valves

3. Diamond substrate B2. Mass flow meters

4. Plasma B3. Hydrogen purified by a palladium diffuser

5. Quartz bell B4. Argon gas

6. Dichromatic pyrometer BS5. Diborane gas

7. Pressure gauges (capacitive + Pirani)

8. Blower (cooling of the bell) C. Pumping system

Cl1. Drawer valve

A microwave coupling device C2. Turbomolecular pump

Al. 2.45 GHz magnetron head powered by a pulsed C3. Pressure control by solenoid valve

generator (Sairem 6kW) C4. Primary pump by dry spiral pump

A2. Impedance adapters

A3. Water cooled coupling antenna
A4. Wave Guide

AS. Piston of short circuit

Figure I1.5. Diagram of the metal cavity deposit reactor and list of the various elements that compose it.

The microwave generator (2.45 GHz) is used to activate the gas phase and it can produce a maximum
power of 6 kW. Thanks to a computerized system, the generator can work either in continuous mode

(from 10 to 100% of its power) or in pulsed mode (from 10 to 100% of its power) up to 1000 Hz.
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During the growth processes the gas mixture is composed of H2, CH4 and O, for intrinsic diamonds,
while in the case of boron doped films, diborane gas (B2Hg) is added. The gas concentrations with
the corresponding growth experimental parameters for intrinsic and doped samples are reported in

more details in the Chapter I'V.

I1.5 Ion implantation machine

The ion implantation instrumentation was also a home-made machine built modifying a standard
implantation system. The aim of using this modified instrumentation was to eject light ions towards
diamond samples with a low acceleration energy, in order to induce a graphitic layer just underneath
the diamond surface. This graphitic layer produced before the metallic contact deposition, was

expected to improve the electrode electrical performance.

The main experimental parameters were the ion source, in addition to the applied current and the
implantation time which determined the ion dose, and the voltage accelerating the ion beam which
affected the penetration depth. During this work it has been developed a useful recipe to induce
diamond amorphization just underneath the sample surface: helium source, with a current of 300 pA
and a voltage of 10 keV, for an implantation process with a 30 s duration. The implantation treatments

were performed at room temperature and under secondary vacuum conditions.

After the ion implantation process, annealing treatments were carried out in order to allow the
transition of the amorphous diamond into graphite [214]. The experimental conditions were:

T = 1000 °C, t = 60 minutes, vacuum of 10 mbar.

11.6 Micro-fabrications instrumentations

I1.6.1 Evaporator

In order to produce metallic contacts on the boron doped diamond surfaces, a stack of titanium / gold
layers was deposited by an electronic-beam evaporator which is schematized in Figure 11.6 (a).
Several samples can be placed and fixed on the holder on the top of the chamber. The holder is rotated
by 180° once the processing starts and can be cooled by a liquid nitrogen system. The top and the
bottom of the evaporator chamber are separated by a valve. On the bottom the crucibles are placed
with the metals to deposit. An electron beam bombards the metal inducing a local heating. When the
metal melting temperature is reached, the evaporation of metallic atoms towards the diamond samples

occurs. The e-beam evaporator used for this work was the MEB 550S model provided by company
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Plassys and available at the clean room of the University of Paris Diderot (Figure I1.6 (b)). For this
thesis, the titanium / gold bilayer was chosen [5, 121]. The metallic layer thicknesses were 50 nm and

200 nm for Ti and Au respectively, with a deposition rate of 0.1 and 0.3 nm/s, respectively.
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(a) (b)
Figure I1.6. (a) Scheme of the e-beam evaporator for the metallic depositions. (b) Picture of the evaporator available at
the University of Paris Diderot.

Finally, in order to improve the mechanical adhesion between the titanium layer and the diamond
surface, a short Ar' etching treatment was carried out before all metallic deposition (Ar = 9 sccm,
t= 1205s).

Once the metallic pad micro-fabrication was completed, an annealing treatment for the titanium
carbide formation was performed in a standard furnace at T = 500 °C [5, 132], for 60 min under

secondary vacuum conditions.

11.6.2 PECVD

Plasma enhanced chemical vapor deposition (PECVD) is a chemical vapor deposition process used

to deposit thin films from a gas state (vapor) to a solid state on a substrate. Chemical reactions are
involved in the process, which occur after creation of a plasma of the reacting gases. The plasma is
generally created in the space between two parallel electrodes (a grounded electrode and an RF (radio
frequency) energized electrode). A precursor gas mixture is introduced in the reactor and the
capacitive coupling between the two electrodes excites the reactant gases into a plasma. This plasma
creates reactive and energetic species by collision resulting in the reaction product being deposited
on the substrate (Figure I1.7 (a)). The other products of the reactions are then pumped away by a

pumping system.
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(b)
Figure I1.7. (a) Scheme of a PECVD system used for the dioxide silicon deposition. Picture of the PECVD available at
the University of Paris Diderot.

For this work, a commercial Corial D250 PECVD system was used to deposit silicon dioxide (SiO-)
on diamond substrates used as a masking material. This instrumentation was available at the clean
room of the University of Paris Diderot (Figure I1.7 (b)).
A lot of samples could be processed in the same time and in a very short time. The silica films were
2 pm thick, deposited with a rate of 0.4 pm/min. The deposition parameters were:

- Substrate temperature: 280 °C

- Working pressure: 11000 mTorr

- SiHs: 40 sccm

- N20: 10000 sccm

- Ar: 500 sccm

- RF: 120 W

11.6.3 Reactive lon Etching (RIE) using Inductively Coupled Plasma (ICP)

set-up

The reactive ion etching (RIE) is a chemical etching enhanced by ion bombardment, which takes
advantage of both physical and chemical etching mechanisms. The physical mechanism is due to the
heavy charged species present in a plasma, which are accelerated by the electric field. These species

bombard the sample surface sputtering its atoms. This mechanism is dominant at low pressure due to
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the decrease of collisions in the chamber. It produces an anisotropic etching with, overall, low etching
rate and selectivity. There is also a chemical etching related to radicals, neutral reactive species which
produce volatile species. The chemical nature of the gas mixture is chosen to react spontaneously
with the etched target material. This mechanism proves to be dominant at high pressure giving rise
to an isotropic etching. Here, the etching rate and the selectivity are higher than physical process. The
RIE technique combines each advantages of these two mechanisms and permits to have a best
selectivity, a higher etching rate and anisotropic etching. In this thesis, RIE has been performed using

an ICP machine which is now an equipment largely used for etching different materials.

In Figure I1.8 a scheme and a picture of the instrumentation available at the University of Paris 13 are

shown.

(a) (b)
Figure 11.8. (a) Scheme of a ICP-RIE system used for the plasma etching treatments on diamond, silica and titanium
materials. (b) Picture of the ICP-RIE instrumentation available at the clean room of the University of Paris 13.
The plasma is generated by an inductive coupling with a radiofrequency (RF) generator. The
inductance generates an alternative RF magnetic field and induces RF electric fields. This electric
filed increases the electron energy leading to the ionization of the gas molecules and atoms. The
generator power increases electronic density and consequently the ions and reactive species density.
The auxiliary RF power controls the bias voltage so as the energy and the ion flux.
The use of ICP-RIE leads to several advantages, such as the generation of a higher plasma density at
lower working pressure than the classical CCP system (Capacitively Coupled Plasma), and the
possibility to control the plasma density and the ion bombardment in an independent way. Moreover,
the etching rate and selectivity parameters are, overall, higher than for CCP systems.

The ICP instrumentation was a commercial ICP 200IL provided by the Corial company.
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This system is composed of:

an aluminum chamber where a secondary vacuum is performed by turbomolecular and a dry

primary pump. An load lock useful to locate the samples without bringing the chamber at

room pressure;

- different available gases: Cl», BCl3, CoHa, Ho, CHF3, Oz and Ar;

- a helical antenna supplied with a 1000 W maximum power and 2MHz radiofrequency
generator;

- a200 mm diameter polarization cathode supplied by a 300W maximum power and 13.56 MHz

radiofrequency generator. The cathode is cooled by water and helium circuits;

- an in-situ etching thickness measurement by 672 nm wavelength laser interferometer.

The etching recipes developed during this thesis were reported in Table II.1 and will be discussed in

more details in Chapter IV:

Table. II.1. Working pressure (w.p.), gas concentrations, generator power and etching rates used during the ICP etching
treatments for diamond, silica, titanium and residual photoresist.

LF RF .
Material (mWT}I:}r) (sgin) (ScI:rFr:) (scCclIzn) (si:n) power  power Etl::tl::l ¢
(W) (W)
Diamond 3 97 3 - - 500 280 0.5 pm/min
Silica 3 3 30 - - 400 150 0.3 um/min
Titanium 2 - - 50 5 200 70 1.8 nm/s
Photoresist 50 20 - - - 0 110 -

11.6.4 Other technological steps

Optical lithography

During the micro-fabrication technological steps, photolithography processes were performed in
order to transfer the mesa and TLM shapes on the CVD boron doped diamond sample surfaces. The
mesa and TLM patterns for the contacts will widely described in the Chapter IV. The instrumentation
used for this work was an UV400 band spectra mask aligner (MJB4) provided by the SUSS MicroTec
company equipped with HgXE 500 W UV lamp used at a measured optical power of 17 mW.cm™
for an electric power of 355 W.

In order to transfer the desired shape on the samples, photoresist is deposited with spin-coater devices.
In particular, negative photoresist was coated and structured for the mesa pattern and positive
photoresist was used for the TLM pattern. The experimental parameters are summarized in the

Table 11.2.
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Table. 11.2. Experimental parameters of the photoresist coating and photolithographic steps.

Pattern  Photoresist Coating Pre-bake Flood Development Post-bake Thickness
exposure  exposure (nm)
Mesa AZ5214 2000 rpm, 30 s 45 mJ 400 mJ AZ726 MIF, 40s 80 °C, 10 min 1.8
TLM AZ1518 5000 rpm, 30 s 150 mJ - AZ726,20 s 80 °C, 30 min 2

The profile of the samples during the micro-fabrication steps were investigated by a stylus

profilometer of Alpha step IQ provided by company Kla Tencor type.

Chemical etching of gold

The gold etching was performed using a chemical treatment with potassium iodide solution heated at

50 °C, with an etching rate of about 7.5 nm/s.

Vacuum ultraviolet (VUV)-light irradiation for ozone treatment

In order to change the hydrogen diamond terminations into oxygen ones as it will be discussed in the
chapter IV, the samples were exposed to a vacuum ultraviolet (VUV)-light irradiation in oxygen
atmosphere [133]. The irradiation source was a monochromatic xenon excimer lamp (wavelength of
172 nm) which leads to the production of ozone in the chamber allowing oxygenated termination at
the diamond surface. The oxygen atmosphere pressure was maintained at 2 mbar and the treatment

duration was 45 min.

I1.7 Characterization techniques

During the work carried out for diamond growth, diamond contacting either by graphitization or
metallization, the samples were step by step analyzed and characterized in order to define the diamond
contacting protocol. In addition, at the end of the sample manufacturing, final investigations were
performed from structural, morphological, compositional, mechanical and electrical points of view.

In the following, the experimental set-ups used are presented.

I1.7.1 Raman spectroscopy

The Raman spectroscopy constitutes, together with the IR absorption, one of the branches of the
vibrational spectroscopy. This technique is based on the radiation-matter interaction between a laser

radiation and the sample matter. Indeed, thanks to the incident laser excitation, it is possible to induce
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molecular and crystalline lattice vibrations in the material and then to collect the scattered radiations,
useful to investigate the composition, the bonding and the crystalline structure of the material. In
particular, this technique is very utilized to study carbon materials as it allows obtaining very
important information about the samples, like the quality of the crystal, the presence of impurities,
the kind of carbon bonding (for example graphite or diamond) and in qualitative way the doping level.

In addition, this technique presents the great advantage to be not destructive.

The Raman spectroscopy foresees that a monochromatic electromagnetic radiation with a wavelength
typically in the Visible range or in the near IR or UV hitting the sample matter causes a vibrational
movement of the molecules, which can lead to the absorption or to the scattering of the photons
depending on the radiation frequency vo. If the photon has an energy equal to the molecule vibrational
energy hvo = hvyibrational, it 1s absorbed inducing a change of dipole moment of the molecule. On the
contrary, when the photon energy is much higher than vibrational energy of the molecule hvo >>
hvvibrational, the photon scattering process becomes dominant and the molecule polarization occurs. In
this last case, under the effect of the electromagnetic field, the scattered photons can disturb the
electronic cloud (which implies a change in the molecule polarizability), which leads to the transition
of the molecular system into a virtual level of excitation. There are three types of scattering process

presented in the following and illustrated in the Figure I1.9:

» The Rayleigh scattering: the elastic scattering without energy (and frequency) change. During
this process, the incident photon induces a vibrational state transition of the molecule in to a
virtual state, and the molecule, after the de-excitation of energy hvrayiegh = hvo, comes back in
the original state;

» The Stokes Raman scattering: the first type of inelastic scattering. In this case, the material
absorbs a part of the photon energy and after the de-excitation of energy hvsiokesRaman = hvo-
hVvyibrational, the dis-excited state corresponds to the level (v+Av);

» The anti-Stokes Raman scattering: the second type of inelastic scattering. In this case, the
material gives energy to the photon, and after the de-excitation of energy hvanti-stokesRaman =

hvothvyibrational, the dis-excited state corresponds to the level (v-Av).

Accordingly, the detection of the inelastic scattered light allows having access to the absorption or to
the emission of photons at a particular wavelength which is characteristic of the studied material. At
room temperature, the molecules that populate the first excited vibrational level are less numerous
than the ones that populate the fundamental energetic state therefore, the photon absorption process

is less likely than the emission one and, as a consequence, the anti-Stokes signals are weaker than the
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Stokes one. However, even if the Stokes scattering is 107 times lower than Rayleigh one, the Stokes

Raman scattering process proves to be particularly suited for diamond characterization [177].
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Figure I1.9. Scheme of molecular vibrational transitions involved by the interaction radiation-matter.
For completeness, it is reported that often, a Raman spectrum is composed of broad bands overlapping
the Raman signals during the data acquisition phase. These bands are related to the fluorescence
process in the sample, which is also called photoluminescence (PL). In order to eliminate a good part
of this effect, it is possible to use a laser radiation with low energy, for example in the red colour or

near IR, which cannot cause the electron transitions responsible of fluorescence in the visible range

[215].

During this thesis work, Raman analyses were performed for both experiments. In particular, for
diamond graphitized by laser (Italy), the investigations were carried out in collaboration with the
Department of Chemistry, Materials and Chemical Engineering of the Polytechnic of Milan (Italy).
The machine was a Jobin Yvon Labram HR800 Raman spectrometer equipped with an Olympus
BX41 microscope and an X-Y computer controlled moving stage (1 um of spatial resolution). The
spectra were recorded using the 514.5 nm exciting line of an Ar" laser (20 mW). The laser beam was
focused on the samples by a 50x objective. For the as-grown, ion implanted, and annealed diamond
(France), the Raman investigations were also performed with a Jobin-Yvon HR800 spectrometer
equipped with two motorized stages for bi-dimensional displacements and available at the LSPM.
Several wavelengths were available but for these experiments, all the spectra were recorded using the
623.8 nm exciting line of a He/Ne laser, with a focusing 100x objective lens. For both experimental

set-up, the laser spot diameter was approximately few um, and each spectrum was obtained as the

average of four acquisitions.
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The experimental set-up used at LSPM is reported in Figure I1.10.

Figure I1.10. Picture of the Raman spectrometer available at LSPM.

Raman peaks for graphitized and boron doped diamonds

The most important Raman signal for a CVD diamond film or crystal is the well defined and sharp
peak centred at 1332.5 cm™!, which is characteristic of an undisturbed carbon structure bound by sp’
covalent bonds. The Raman peak characteristic of graphitic materials is the G peak, which has a wide
band shape centred at 1580 cm™'. For graphitized diamonds, the ratio of the intensities between
diamond and G peaks allows getting an estimation of the proportion between these two phases [177,
178]. Typically, in carbonaceous materials the presence of the graphite (G peak) is often accompanied
by the presence of other two bands: one around the wave number 1350 cm™, called disordered
graphite D, and the other centred at 2700 cm™ and related to the second order of the previous one,
called 2D. All this peaks are related to the carbon structure bound of sp? type. It is worth specifying
that also not graphitized diamond can present graphitic components, for example in the case of
undesired defects get during the diamond growth process. Nowadays, the Raman investigations are

widely used to characterize diamond graphitization process [14, 178, 183, 216, 217].

The Raman spectroscopy can also permit a qualitative estimation of the doping level for doped
diamonds, in particular boron impurities in the case of this work. When diamond is boron doped, the
main effect is that the diamond peak initially present at 1332.5 cm™' shifts towards the shorter
wavelengths with, at the same time, a decrease of its intensity [218]. This shift is also accompanied
by a deformation on one of the two peak sides depending on the excitation wavelength used. This
phenomenon is called Fano effect and it is expected mainly for heavy doping [219, 220]. Other signals

can be attributed to the boron presence, in particular bands at 1000 cm™ and 1225 cm™ as well as a
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band at 500 cm™! which is generally observed when the doping becomes very strong (> 10?° cm™)

[221].

I1.7.2 Scanning electron microscopy

The scanning electron microscopy (SEM) is a kind of electronic microscopy developed to observe
materials on the micro- and nano-scales, with a magnification much higher than the one obtained by
an optical microscope. The working principle of an electronic microscope is based on the usage of a
focused electron beam (beam diameter of the order of tens A) which is sent on the sample surface by
electromagnetic lens capable of directing the beam. By bi-dimensional scanning on the sample
surface, it is possible to get a bi-dimensional magnified image of the surface with morphological
details, holes, bumps, and roughness. A vacuum system is necessary to avoid the losing of electron
energy by scattering process between electrons and environment molecules (typically the high
vacuum is around 107 and 10 mbar).

The products of the electron beam-sample interaction are summarized in the following and illustrated
in the Figure I1.11:

» Secondary Electrons (SE) characterized by a low level of energy (between 0 and 50 eV);

» Backscattered Electrons (BE) characterized by a high level of energy, which is comparable to
the primary electron one (few keV). The probability of the BE emission increase with the
atomic number of the investigated material;

» Auger electrons with energy of hundreds of eV. Their emission prove to be very low;

X-Rays;
» Radiations in UV, Visible and IR ranges.

A\

Primary Electron Beam

Secondary Electrons

(nm range) Auger Electrons

5-75 A Analysis Depth

Backscattered Electrons
(several 10’s of nm to 100 nm) e
Characteristic X-rays
1-3 um Analysis Depth

Samples Surface

Figure I1.11. Scheme of the products of the electron beam-sample surface primary interaction.
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The most interesting signals for SEM analysis are given by secondary electrons and backscattered
ones. In particular, the SE collected and detected by the microscope detection system are only related
to the layers very close to the surface, due to the low level of their energy. The detectable SE are
originated within a few nanometres from the sample surface and they are ejected from the bound
electronic shells of the specimen atoms by inelastic scattering interactions with beam electrons.
Characteristic X-rays may be produced when inner-shell ionization occurs (see Figure I1.12). On the
contrary, the BE, which have energy higher than 50 eV, are produced during the interaction of the
primary beam with the nuclei of sample atoms and give information about average atomic number of
the origin area and about the topography.

This technique proves to be particularly useful to appreciate the laser-induced morphological

modifications on diamonds [187, 216, 222].

Energy dispersive X-ray spectroscopy (EDS)

Typically, a SEM microscope is equipped with an X-ray detection system able to perform energy
dispersive X-ray spectroscopy. As illustrated in Figure II.12, the electron beam-sample interaction
can lead to the emission of X radiation due to the passage of an electron from the excited state to the
fundamental state by a non-radiative process. In particular, thanks to the excitation of an incident
electron, an electronic hole can be created and one electron coming from a more external energetic
level can fall in, with an X-ray emission. This emitted radiation represents a peculiar characteristic of
the energetic level difference involved in the excitation-emission process. Moreover, the X radiation

proves to be also uniquely characteristic of the chemical element which gave origin to the emission.

Incident electron

Characteristic X-ray

Ejected electron

Figure II.12. Schematic representation of the interaction between the beam electron and the sample atom producing an
X-rays.

85



Chapter II: Instrumentations for the sample manufacturing and characterization

For this thesis work, SEM and EDS analyses were performed in both experiments. In particular, for
the experiment carried out in Italy, the investigations were performed in collaboration with the
CNR- IMM Institute for Microelectronics and Microsystem of Lecce (Italy) by using a dual beam
NVISION40 Focused Ion Beam instrument, equipped with a high-resolution SEM GEMINI column.
The instrument was also equipped with an INCA 350 X-Act detector allowing compositional analyses
by energy dispersive X-ray spectroscopy (Figure I1.13). For the characterization of the diamond
samples manufactured in France, a Leica S440 SEM equipped with an XFlash 6 detector for the EDS
analyses was available at the LSPM.

S
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2

Figure I1.13. Picture of the SEM microscope at the CNR-IMM Institute for Microelectronics and Microsystem of Lecce
(Italy).

11.7.3 Cathodoluminescence spectroscopy

The cathodoluminescence (CL) spectroscopy is considered as a very useful method to characterize
monocrystalline diamond films. Indeed, this very sensitive technique makes it possible to estimate
the crystalline quality of a diamond film [223, 224] and to quantify the doping level whatever the
crystalline orientation [94, 225-227]. CL analyses also make it possible to observe the propagation of
dislocations within homoepitaxial films [228]. This technique presents several advantages, such as:
v' Tt allows generating of a very large number of carriers even in large gap materials due to the
high energy of the electron beam compared to photoluminescence;
v' It allows investigating energetic levels present in the forbidden band related to defects or
impurities;
v It makes it possible to quantify impurity atoms actually participating in the doping (namely
which are located in substitutional sites), unlike the Secondary lon Mass Spectrometry which

measures all the dopant atoms in the material;
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v' It is a non-destructive technique;

v' Tt allows imaging with good spatial resolution as it is associated with a SEM microscope.

The CL investigations consist in observing the light emissions produced by a sample under the action
of an electron beam bombardment of an SEM microscope. In particular, the interaction between an
electron beam of several thousands of eV and a semiconductor material can generate electron-hole
pairs, giving rise to a locally non-equilibrium state [229]. Then, the equilibrium state is restored by
de-excitation phenomena of these excited electronic levels. The de-excitation processes can take place
in different ways:

» Non-radiative transitions (therefore undetectable) for which a large number of phonons with
energy ko (lattice vibrations) are produced, resulting in local heating of the sample (Figure
I1.14 (a));

» Fundamental radiative de-excitations (band-to-band), (Figure 11.14 (b));

» When intermediate levels (which are related to structural defects or impurities) are present in
the band gap, de-excitation can also be radiative via these donor or acceptor levels (Figure
I1.14 (¢));

» Radiative transitions called excitonic. When the incident electrons collide with the electrons
in the valence band (VB), these last are excited in the conduction band (CB). Among the
created electron-hole pairs, some of them may undergo Coulomb interacts giving rise to
recombination phenomena. These recombinations lead to the formation of a new state or level
called "exciton" (Figure 11.14 (d)). In this case, the recombination is defined as intrinsic
excitonic recombination (“free exciton”, labelled FE). The involved energy is about few meV
and everything occurs as if the electron emitted from the VB was in a level of energy Ex very
slightly lower than the energy of the conduction band (in the case of diamond Ex = 80 meV).
In a doped semiconductor, another recombination can also be carried out via localized states
created in the forbidden band by the dopant. In this case, the recombination is defined as
extrinsic excitonic recombination (“bound exciton”, indicated BE). Therefore the excitons
have, in addition to their binding energy Ex, a localization energy Eb which is the binding

energy between the impurity and the free exciton.

Al these possibilities are summarized in the Figure I1.14. The theoretical principle explained above
is very simplistic because, several semiconductor materials such as silicon, germanium and diamond
have a so-called indirect band gap. This means that in the band diagram, with the energy E as a
function of the k momentum of the electron, the bottom of the conduction band is shifted with respect

to the top of the valence band along the axis of the moments (see Figure I1.15).
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Figure I1.14. Scheme of the de-excitation processes after the interaction electron beam — matter (sample) of an electron
from the CB to a hole in the VB crossing the bandgap of a semiconductor. (a) Non-radiative transition with phonon
production, (b) band to band direct radiative transition, (¢) radiative transition via a localized acceptor level, (d) free and
bounded excitonic radiative transitions.
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Figure I1.15. Scheme of the free exciton (FE) and bound exciton (BE) recombinations through the indirect diamond band
gap assisted by a TO phonon. Ex, Eb and ho indicate the exciton binding energy, the impurity — free exciton binding
energy and the phonon energy of the momentum conservation, respectively.

Therefore, for diamond materials, there is no probability of obtaining the direct band-to-band
transition presented in case (b) of Figure II.14. In order to preserve the momentum of the electron,
the transition must be done via two different steps: the emission of a photon which provides almost
all the energy, while the required momentum is brought by the production of a phonon (lattice
vibration). The energy of this phonon (of few meV) is low as compared to the radiative emission in
the case of diamond. The recombination of these free excitons through the forbidden band, thus finally
generates a luminous emission of energy (E) close to that of the band gap (BGE) which is given by
the following formula: BGE - Ex - ho. Excitons can also be localized in donor and acceptor levels of

the material such as those created by phosphorus or boron impurities in diamonds. The energy of the
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photon is given by the formula: BGE - Ex - Eb - ho. These bound excitons can be observed in the

energy region close to the forbidden band when the material is of high quality [230].

There are also various types of phonons according to the vibration of the considered lattice [229].
Briefly we distinguish the optical and acoustic phonons according to the involved oscillations. In
addition, depending on the propagation direction in the crystal lattice, the optical and acoustic
phonons may be "transverse" or "longitudinal". Therefore, the CL spectra near the BGE region
contain of a lot of data which allow determining the nature and quantity of the impurities (doping),
in addition to the quality of a diamond single crystal. Definitely, a high exciton-related light intensity

in this area indicates the good crystalline quality of diamond.

In Chapter IV, CL spectra recorded on CVD monocrystalline boron doped diamonds for different
doping levels will be reported and will be commented in order to produce reference spectra for the
quantitative analyses of the boron concentrations obtained in the CVD doped samples grown in this

work.

CL investigations were performed by using the microscopes ZEISS EVO MA-15 (with a LaB6
filament) coupled with a Horiba-Jobin-Yvon cathodoluminescence system available at LSPM. The
experimental parameters were: beam current of 20 nA, electron acceleration of 10 keV and
measurement temperature of 110 K thanks to a cooling system based on liquid nitrogen. A picture of

the CL instrumentation is shown in Figure II.16.

Figurell.16. Picture of the CL spectrometer available at LSPM. In the bottom of this image it is possible to see a bottle of
liquid nitrogen which allowed of investigated the sample at the temperature of 110 K.
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I1.7.4 Nano-indentation analyses

In the diamond contacting experiment by laser-induced graphitization, a study of the mechanical
property change of diamond samples before and after the laser treatments was performed by
indentation analyses. The basic idea of the indentation investigations is to press opportunely the
sample with a load, by a special tip, and to measure the deformation induced on the sample (which
can be plastic or elastic). Up today, one of the most important method utilized to perform indentation
measurements on nanoscale is the Oliver and Pharr’s one. This method is based on the measurement
of the penetration depth when a slowly increasing load is applied on a tip [231]. Specifically, for this
thesis work, the unirradiated and graphitized sample hardness and their reduced elastic modulus were
measured following this method, so as to investigate the laser treatment impact on diamond surfaces
in terms of both hardness and carbon atom bonding, respectively. The nano-indentation investigations
were performed in collaboration with the Department of Physics, Chemistry and Biology (IFM) at
Link6ping University in Sweden by using a triboindenter TI950 (provided by company Hysitron)
working with a Berkovich diamond probe at room temperature and 40% relative humidity. The
penetration depth of the indenter on the graphitized diamond surfaces was limited to 15 nm (< 10%
of the possible total thickness [180]) to avoid any effect from the substrates. Hardness and reduced
elastic modulus maps were performed with multiple indents in 10 x 120 pm? areas to analyze the
variations of mechanical properties on the irradiated zones. The triboindenter is shown in the Figure

IL.17.

Figure I1.17. Picture of the triboindenter used for the nano-indentation analyses carried out in collaboration with the IFM
Institute, at Link6ping University in Sweden.
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11.7.5 Current-voltage measurements

Several electrical characterizations were performed during this work. In particular, for the diamond
graphitization experiment (Italy), once graphitic contacts were produced, extensive current-voltage
analyses were carried out on a transmission line model (TLM) method (by two probes) [232] to verify
the conduction property with focus on the ohmic electrical behavior. In addition to estimate the laser-
induced graphite resistivity, the diamond resistivity and the electrical insulation between adjacent
contacts have been measured. For the diamond growth and contacting experiments (France), the
metallic contact electrical behavior and their specific contact resistance were also investigated by
TLM method, for different boron doping level and with or without an intermedium graphitic layer
underneath the CVD film surfaces. In addition, the study on the impact of the boron doping on the
diamond surface electrical conduction was performed by current-voltage measurements using the
“four-point probe method” on the as-grown CVD films [233, 234]. This method was applied also to
characterize the sheet resistivity of a CVD intrinsic sample before and after the ion implanted-induced

graphitization.

The instrumentations used for the two experiments are described in the following.

For the laser-induced graphitized diamonds the current-voltage measurements were performed in
collaboration with the CNR Nanotec Institute at Lecce (Italy). The instrumentation was composed of
a probe station with two probes with tungsten tips of 40 um in diameter moved by two
micromanipulators and a LabVIEW software to control a Yokogawa 7651 programmable DC source,
a SR570 low noise current preamplifier and a HP34410 digital multimeter.

For the ion implanted / metallized diamonds the [-V investigations were carried out in collaboration
with the TELEM team at the University of Paris Diderot. The instrumentation was composed of a
probe station with two probes and micromanipulators, a LabVIEW software to control a Yokogawa

7651 programmable DC source and a Femto Amp DLCPA-200 amplifier.

In Figure I1.18 a picture taken during I-V measurements by two probes on a metallized CVD boron

doped diamond is shown.

Finally, the current-voltage measurements of CVD boron doped film surfaces, in addition to the ion
implanted ones, were carried out at the LSPM. The instrumentation used for these measurements was
a model 4200-SCS provided by Keithley, equipped with four-point collinear probes with a space in
between of 1 mm. The external probes allowed applying the current while the internal ones measuring
the produced difference of potential. The imposed current was adjusted according to the resistance of

the characterized material.
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All the corresponding equations used by the TLM and four-point probe methods are presented and
discussed in the corresponding section of the Chapter III and IV.

In Figure I1.19 a scheme of the I-V measurement by four-point probes and a picture taken on a

diamond sample under the electrical investigations are reported.

(a) (b)

Figure I1.18. (a) Picture taken during the contact probe - metallic pads on a CVD monocrystalline boron doped diamond
during the current-voltage measurements by TLM method at the University of Paris Diderot and (b) its enlargement

focused on the sample.
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Figure I1.19. (a) Scheme of the I-V four probe instrumentation, where it is possible to apply current I on a sample and
measure the difference of potential V by four collinear points (point spacing s = 1 mm). (b) Picture of a diamond sample
under I-V investigations by four probe method.
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I1.8 Conclusion

During this thesis work two experiments were carried out. The first one, developed in Italy, concerned
the manufacturing of strip-like graphitic contacts by the laser writing technique on CVD
polycrystalline intrinsic diamonds in order to produce all-carbon detectors. The second one,
developed in France, was about the growth of CVD monocrystalline intrinsic and boron doped
diamonds using Bell Jar type reactors and about the manufacturing and characterization of ohmic
contacts on them. In particular, small pad-like metallic electrodes were deposited on the diamond
surfaces after having produced mesa structures on the CVD doped films. E-beam evaporator and
PECVD were used for the deposition processes, while plasma etching treatments were performed by
ICP. In addition, an ion implanted-induced graphitic layer was produced underneath the CVD
diamond surfaces in order to improve the contact electrical conduction performance for electronic
applications. In this chapter, all the experimental set-up used for the manufacturing of the samples

were presented.

Moreover, an extensive characterization work was carried out for both experiments. In particular, the
structural, morphological, mechanical and electrical changes induced by laser on the graphitized
diamond were investigated. The boron concentration and the sheet resistivity of the CVD doped films,
together with the micro-fabrication of the mesa structures and TLM contacts, and the ion implantation
process were widely characterized by Raman, SEM, EDS, CL and four probe I-V measurements and

all of these experimental set-up have been also presented.

All these characterizations have been possible thanks to the collaboration with several national and

international institutes of research mentioned in the chapter.
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CHAPTER III: DIAMOND GRAPHITIZATION
AND ALL-CARBON DETECTOR
PERFORMANCE
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I11.1 Introduction

In the Chapter I it has been presented the state of the art of the diamond contacting both in terms of
the traditional diamond metallization technique and of the most recent diamond graphitization one.
In particular, the diamond graphitization can be induced by laser or ion implantation treatments
allowing fabricating graphitic contacts onto the sample surface and into its bulk. Both these diamond
contacting processes together with their applications has been illustrated [183-186, 200, 235]. An
extensive report at today of the main contact configurations together with their related spatial

resolutions (1D, 2D, 3D) used on diamond devices has been reported too [2, 3, 158-161].

The first part of this thesis work was dedicated to the fabrication of reliable ohmic graphitic contacts
on diamond surfaces by laser-writing technique. In particular, the know-how gained during my master
thesis [178-181] because of a wide study about the radiation-matter interaction between the UV laser
beam and the diamond surface has been my starting point for the development of a protocol of
diamond contacting. In addition, a dedicated LabVIEW software was developed during this PhD in
order to produce graphitic bi-dimensional pattern on diamond surface.

Indeed, the main aim of this work has been to contact CVD intrinsic polycrystalline diamonds by
graphitic electrodes to produce all-carbon detectors for high-energy physics applications. In
particular, the L3 team has been involved in the framework of the PADME project [12] of the INFN
institute [236], which has proposed in the role of active target as main candidate an all-carbon
detector. Therefore, a diamond graphitization protocol has been defined in this thesis dedicated to
satisfy the specific requests of the PADME project about the electrode configuration and their
performance.

In this chapter, an introduction to the PADME experiment, the manufacturing of the graphitic
electrodes, their characterization from morphological, structural, compositional, mechanical and
electrical points of view are presented. Then, the detector assembling step onto a dedicated printed
circuit board (PC-board) is discussed. Finally, the nuclear investigations performed on the first
PADME all-carbon detector prototype at the BTF facility [237] by electron and positron beam are

widely discussed.

I11.2 Introduction to the PADME experiment and detector requests

In nuclear physics literature, it is well known that the Standard Model (SM) describes with high
precision the strong, weak and electromagnetic interactions of the all known particles, namely the

ordinary matter. Nevertheless, several phenomena require unavoidably an extension of the SM. At
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nowadays, one the crucial points is the “dark matter”. Indeed, while the nature of the dark matter is
currently unknown, the experimental evidences got by cosmological and gravitational studies prove
that the Universe is composed of dark matter for the most part, and only a small part of the ordinary
one. The spiral motion of galaxies, the gravitational lensing, the power spectrum of the anisotropies
of the background cosmic radiation, in addition to the abundance of the elements produced by
primordial nucleosynthesis are some of several observations indicating the existence of a unknown
matter, which does not emit and does not absorb light.

The most studied extension to the SM is the Supersymmetry [238], which presents several theoretical
and phenomenological reasons, and which is based on the hypothesis that the dark matter would be
composed of massive particle weakly interacting with the ordinary matter [239]. In parallel way, other
theoretical and phenomenological studies are carried forward based on a different hypothesis, namely
the existence of a “dark sector”, where the dark matter lives without sharing no kind of interaction
with the SM [240]. One of the simplest models of dark sector just adds an additional gauge symmetry
Uq(1) to the SM [241], which describes the mutual interactions of the dark sector particles. In
particular, the gauge boson A’ corresponding to the additional gauge symmetry is called “dark
photon” [242], which can mutually mix with the SM photon producing a week indirect interaction of
the SM matter with the dark sector.

In this field, at the end of 2015 the Italian National Institute of Nuclear Physics (INFN) [236] has
approved the Positron Annihilation into Dark Matter Experiment (PADME) [12], searching for dark
photons A’. The experiment is designed for detecting dark photons produced by the annihilation
phenomena of a 550 MeV positron beam onto a thin diamond target. In particular, knowing the energy
and the direction of the incident beam and measuring of final state missing mass by reconstructing
only the recoiling photon in e'e” — yA’ events), it could be possible the determinate the A’ existence,
regardless of the decays produced by A’ (ordinary or dark) [12, 243].

Technically, the most favourable production mechanism for the dark photon in the interaction of a
high intensity, mono-energetic electron beam with a target is the analogue of the standard
Bremsstrahlung: e (N) — e (N)A'. In this case, which is the approach of the majority of the dark
matter experiments nowadays, it is very difficult to look for the production of the A" by looking for
the missing energy taken away by the dark photon and its decays products (ordinary or dark). On the
contrary, the other possible dark photon production mechanism, i.e. the e’e¢” annihilation, has a well
defined initial state and therefore it would allow searching for the A’ by precise measuring the recoil
photon in e'e” — yA’ events, following a missing mass technique [12, 243]. The latter, has been the
approach chosen for the PADME experiment. In Figure III.1 (a) a sketch of the basic interaction is
reported.
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Figure III.1. (a) Scheme of the positron-electron interaction studied by the PADME experiment. (b) Scheme of the
PADME experiment together with the main interactions between a positron beam and a target: (i) bremsstrahlung
e"N — "Ny with large (1) or small (2) energy loss; (ii) annihilation predicted by the SM ee” — vy (a related photon is
labelled v,); (iii) annihilation with production of a dark photon ee” — YA’ (the ordinary and dark photons are indicated
as v, and A’, respectively) [244].

In Figure IIL.1. (b) the PADME experiment layout together with the main positron beam-target
interactions are presented. The exit of the accelerator, the target and all the detection system are placed
under high vacuum conditions. A dipole magnet working with a field of about 0.5 T surrounds the
zone behind the target in order to sweep away the interacting (€1, e2") and non-interacting positrons
of the beam. These particles can be detected by the veto/spectrometer system and high-energy
positron veto. On the contrary, the photons originated by the positron — electron interactions, pass
through the magnetic field without suffering any deflection and continue straight their path along the
vacuum chamber. Most of these photons are originated from the bremsstrahlung phenomenon due to
the positron-electron interactions with large (1) or small (2) energy loss. The corresponding photons
v1 are collected by the Electromagnetic Calorimeter (ECAL), while the photons y2 produced with a
small deflection angle, cross the ECAL hole and hit the fast Small Angle Calorimeter (SAC). Finally,
all the photons y. produced by the positron-electron annihilation interaction (e'e” — yy and
e'e” — yA’), will be detected by the ECAL. In particular, this calorimeter proves to be useful to
measure accurately both energy and angle of the ordinary photon emitted with the dark photon.

For this experiment the authors aim to reconstruct the average position of each positron bunch, with
a spatial resolution less than 1 mm, without measuring the total flux. No particular requirement was

raised about the time resolution.
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The choice of the target plays a crucial role in this experiment, indeed in order to favorize the
annihilation process with respect to bremsstrahlung one in the interaction between the positron beam
and the target, a low atomic number Z for the target has been preferred. This choice enhances the
dark photon signal because the annihilation cross-section scales as the atomic number Z of the target,
while the bremsstrahlung cross-section scales as the atomic number Z? of the target [3, 245]. In this
way, the minimization of the degradation of the positron beam in terms of energy and trajectory is
obtained by the use of diamonds. In addition, in line with the tentative of preserving the positron
beam, a strategic choice has been done also about the thickness of the target. The device should be
thin enough to reduce the probability to lose positron energy due to trapping and other interactions
with consequential losing of information about the particle paths. Therefore, the proposed target have
to be 50 or 100 um (maximum) thick. Moreover, the target surface dimension must be enough large
to intercept the whole area of the positron beam taking into account also the drift in time of its
position, so as to maximize the number of positron on target during the data taking. For this reason,
a target with surface dimensions of 20 x 20 mm? was assigned [12].

One of the peculiar features and novelty of this experiment is that the target has been thought to play
a double role: to act not only as a target but also as detector, namely as “active target”. Indeed, in
addition “to provide” electrons for the annihilation interactions (namely working as target), the device
should also monitor the positron beam and its interactions (namely working as detector). From an
experimental point of view, the physical knowledge of the beam spot hitting the target can improve
the missing mass resolution and thus increasing the statistical significance of the signal; at the same
time, it is well known in literature that diamond materials can work well as detectors [144-147, 151,

152, 246]. Definitely, the tough task of active target can be consigned to a thin diamond device.

In order to potentiate the performance of the diamond detector and to make it a bi-dimensional sensor,
a crucial point was given by the projecting of the electrodes. In particular, the electrical contacts
should own at the same time several characteristics, for example to be good electrical conductors,
robust and stables, capable to eject the signals bi-dimensionally and with a spatial resolution less than
1 mm [12]. In addition, as not negligible condition, the electrodes should have a small atomic number
and thin thickness (in analogy to the reasons explained above for the target material). Therefore, as
useful compromise it has been proposed of manufacturing graphitic electrodes (namely composed of
carbon as the target. Indeed, by this way, the atomic number conditions can be satisfied instead of the
traditional metallic contacting which would have implied the deposition of metal layers with high Z
values. In this contest, the development of the laser-writing technique on large scale diamonds has

become a crucial task. In addition, the different geometric requests for the sensor has made the
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PADME diamond target a novelty both in the field of diamond detectors and for the consequent

manufacturing of graphitic contacts on so large scale.

In this doctorate work, the manufacturing of thin graphitic contacts, on both whole diamond surfaces
(20 x 20mm?), with an opportune strip-like shape and orthogonally oriented in the two views, was
developed and carried out in order to produce a segmented all-carbon device with bi-dimensional

resolution representing the first prototype of PADME active target.

The PADME experiment will be hosted at the DAO®NE Beam Test Facility (BTF) in Frascati (Rome,
Italy) where the linear electron and positron accelerator (LINAC) will be dedicated starting from the
2018 [237, 247]. Meantime, a first PADME’s beam test took place on November 2015 at the BTF

Facility using the first active target diamond graphitized during this doctorate work.

Following, a section about the manufacturing of the graphitic electrodes in the PADME configuration,
then the surface characterizations after the laser treatment, and finally the performance of the diamond

device irradiated by electron and positron beams are going to be shown and discussed.

I11.3 Manufacturing of graphitic contacts on small and large diamonds

The PADME active target has been planned to be large and thin. In particular, the required superficial
dimensions are 20 x 20 mm? with a thickness of 50 pm. As explained in the Chapter II, considering
the so large diamond area and its related high cost of production, an additional set of smaller diamonds
(5 x 5 x 0.05 mm?®) was also bought in order to optimize and characterize the diamond graphitization
process for the contact manufacturing. In this way, the large samples were preserved for the nuclear
investigations and the final experiment. All the samples, two large and the whole set of the smaller
ones were detector grade CVD polycrystalline intrinsic diamond films provided by Applied Diamond
Inc. (USA) [203].

In order to manufacture a segmented all-carbon detector able to detect bi-dimensionally the particle
beams with a special resolution less than 1 mm [12], graphitic electrodes with a strip-like shape, a
pitch of 1 mm, a small gap between every two consecutive contacts and orthogonally orientated in
the two views were manufactured on the diamond surfaces. Therefore, to cover the whole diamond
area, 36 graphitic strips (18 for each side) with the dimensions of 18 x 0.85 mm? were produced on
the large samples, and 8 contacts (4 for every side) with the dimensions of 4 x 0.85 mm? on the small
diamonds. For every sample the strips pitch was 1 mm and the gap between two consecutive strips
was equal to 0.15 mm. The experimental laser were: the fixed fluence equal to 5 J.cm™, the energy
per pulse of 0.9 mJ and the laser power density of 0.25 GW.cm™, producing a spot diameter size of
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150 um. In Figure II1.2 (a), a picture of the small sample after the laser treatment, obtained by an
optical microscope, is reported: four strips vertically oriented on the top side are visible. In Figure
II1.2 (b), a defocused picture of the graphitized diamond is shown in order to visualize both 4 vertical
strips (top surface) and 4 horizontal strips (bottom surface), indicated with 1, 2, 3,4 and 5, 6, 7, 8,

respectively. This electrode configuration, which is orthogonally oriented in the two sides, is crucial

to obtain bi-dimensional information during the detection process.
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Figure II1.2. (a) Focused and (b) unfocused optical microscope images of the segmented all-carbon sensor. Four graphitic
contacts with vertical orientation (named 1, 2, 3, 4) and four horizontal contacts (indicated as 5, 6, 7, 8), are visible. Strip
dimensions: 4 x 0.85 mm?, pitch of 1 mm and inter-strip dead gap of 0.15 mm [248].

The diamond graphitization consisted of manufacturing every large strip-like electrode as the sum of
several smaller strips (scans) partially overlapped each other. Taking into account that the laser
system has a spot size diameter of 150 um wide, different consecutive small scans were necessary to
reach a width slightly lower than 1 mm. In addition, an overlap between two consecutive strips was
planned in order to avoid the presence of unirradiated zone (harmful to the proper functioning of the
electrical contact). Therefore, during the manufacturing of every single graphitic contact (or
electrode), a fixed laser horizontal shift of 100 um was adopted for the production of two consecutive
small strips, providing an overlapping configuration for both sides of every small strip. Eight small

vertical strips were necessary to get one large graphitic contact of 850 um wide.

P

|
fomn || o

Figure I11.3. Optical microscope images of the large segmented all-carbon sensor after the laser treatment on one (a) and
both surfaces (b).
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In analogy to the Figure II1.2 about the small graphitized diamond, in Figure I11.3 two pictures about
the large diamond after the laser treatment on one side (a) and on both sides (b) are shown. The
eighteen contacts per side were produced with the same laser treatment protocol.

In the following section, the contact characterization performed on the small diamonds is presented.

111.4 Contact characterization

111.4.1 Morphological investigations

In order to study how the diamond surface morphology was changed after the laser treatment, SEM
investigations were performed. In particular, considering the adopted irradiation protocol a strong
periodicity in the laser-induced modifications was expected within every graphitic electrode.

A first SEM image shown in Figure II1.4 evidences the changes of the graphitized diamond surface
at two different magnification scales. In particular, the inset in the top-right corner shows the sub-

structure of one of the large strip in Figure I11.2 (a).

Figure I11.4. SEM image of a laser-induced graphitic strip on the diamond surface and integrated contrast profile acquired
from the dashed green rectangular area in the image. Three different regions, A, B and C can be identified on the basis of
the optical contrast. An overview of the whole strip is shown in the top-right inset [248].

Every single large strip is composed of eight thinner strips each related to a single laser scan. The
SEM image reveals a periodic contrast modulation, perpendicular to the strip length, which is clearly
highlighted by the integrated contrast profile obtained from the area in the rectangle (the rectangle
height corresponds to the integration width, whereas the rectangle base is the length of the contrast
line scan, of about 225 um). It is worth noting that this contrast modulation has a periodicity of about

100 pum, as expected considering the experimental conditions.
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By analyzing the SEM image, it is also possible to identify the main contrast variations highlighted
in the picture by white dashed lines: 1) the presence of brighter (A) and darker (B) regions within each
strip and i1) the presence of lens-shape dark details (C), running along every strip and about 10 pm
wide. In this section, these contrast variations are analyzed from a morphological point of view and

correlated with the laser graphitization process.

Figure IIL.5. (a) and (b) compare the surface morphology of the regions A and B respectively. The
images were acquired with the sample tilted at 45° with respect to the incident electron beam in order
to enhance the topographical features of the surface. The surface of region B exhibits a higher density
of holes and swellings, suggesting an increase of the laser induced damage. This is confirmed by the
high magnification images of the same regions reported in Figure IIL.5 (c) and (d). The surface
modification is here evident at the nanoscale, in particular the presence of small grains, resulting from

material ablation/redisposition.

REGION A REGION B

REGION A REGION B

Figure I11.5. Comparison of the surface topography of the regions A and B at low (a) and (b), and at high magnification
(c) and (d), respectively [248].

Figure IIL.6. reports the high magnification image of the region C; in particular, the bottom part of
the image reveals the enhanced surface damage of the lens-shaped darker region, in comparison with
the surrounding smoother areas. These morphological differences inside every laser scan and

periodically distributed along every large strip (contact) are related to the laser beam energy

102



Chapter I11: Diamond graphitization and all-carbon detector performance

distribution inside the laser spot and to the overlapping phenomena. In particular, the higher damage
induced in region C is due to the higher energy density in the center of the laser spots. The peculiar
lens-shaped regions are reminiscent of the beam footprints during the vertical displacements of the
laser processing. On the contrary, regions A and B are related to the irradiation from the laser beam
lateral tails. In particular, their modification is lower than in the zone C, due to less energy absorbed.

Small differences detectable in A and B regions, could be ascribed to a small asymmetry of the energy

distribution in the beam tails.

SMOOTHER AREA

ROUGHER AREA

Figure I11.6. Surface morphology of region C, showing topographic differences between the bottom part of the image
(darker region of the C area shown in Figure I11.4) and the top part of the image (brighter region of the C area shown in
Figure 2). The image suggests an enhanced roughness in the bottom region [248].

Irradiated zone I Unirradiated zone

I

ITransition
zone

Undamaged
rone

Figure II1.7. Surface morphology of the boundary between treated and untreated regions [248].

Finally, the Figure II1.7 shows the SEM image of the boundary between treated and untreated sample
areas. A transition region, with a width of about 5 um, is evident between the undamaged and the

laser graphitized surface.
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111.4.2 Compositional analyses

The laser-induced diamond graphitization was performed in air and therefore the diamond surface hit
by the radiation beam was constantly exposed to the chemical species presented in the environment.
In order to individualize any modification of the material due to reactions with atmospheric gases,
EDS analyses were carried out. In particular, the three regions highlighted by the white boundary
lines and showing the contrast features previously discussed, were analyzed. Figure IIL.8. (a) and (b)

show the investigated areas and the acquired spectra, respectively.
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Figure I11.8. (a) EDS analyses performed on three different contrast areas (A, B and C regions) and (b) the corresponding
spectra [248].

In addition to the obvious presence of the carbon peak due to both diamond and graphite phases, EDS
spectra show the presence of an oxygen peak (O) as illustrated in Figure IIL.8 (b). The oxygen
localized in the irradiated areas suggests a widespread absorption process from atmospheric air related
to the great reactivity of the carbon atom dangling chemical bonds formed under laser treatment,
enhanced by high temperature at the molten target surface; moreover, deep UV laser irradiation can
promote dissociation of Oz molecules. An increase of the oxygen signal was detected moving from
regions A and B (spectra 1 and 2, respectively) to the region C (spectrum 3), (Figure I11.8 (a)). In
particular, zones A and B show an oxygen peak of comparable intensity while a significant higher
signal is appreciable in the zone C according to the increase of deposited energy density. The trends
described above were confirmed by repeating the EDS analysis in different points of the samples.
Based on the above observations it is possible to assume that the enhanced oxidation process could

be related to the higher surface damage observed in these regions of the sample.
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111.4.3 Structural investigations

To describe the structural changes induced by the laser processing at the molecular level, a study by
micro-Raman spectroscopy was carried out. The Raman technique was employed in order to obtain
a qualitative estimation of the degree of graphitization/amorphization of the material belonging to the
different areas identified by SEM measurements and by visual inspection of the optical microscope
images. Taking into account the periodicity of the laser-induced morphological modifications, a
Raman mapping recording spectra at different points along a line orthogonal to a strip was performed.
In particular, twenty-one measurements with a step of 5 pm were carried out with the aim of
investigating the three regions showing the major contrast features. In particular, the mapping starts
from the center of a C region, crosses A and B areas and ends in the subsequent C region (see Figure

11L9).

Figure II1.9. Optical microscopy image of a selected area of a strip. A, B and C regions can be identified on the basis of
the optical contrast. Notice the transition region labelled C* between A and B regions (vertical white dotted lines are
shown as guide for the eye). Red dots separated by 5 micrometers along the horizontal pathway indicate the points
analysed by Raman spectroscopy. The histogram describes the evolution of the integrated Raman intensity of the diamond
Raman line (1332 cm™). An overview of the investigated zone is shown in the bottom-right corner [248].

The complete set of the Raman spectra in a 3D plot is shown in Figure II1.10.

In Figure III.11, several representative Raman spectra are reported, showing characteristic patterns,

which can be ascribed to differently modified carbon.
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Figure II1.10. Complete set of the micro-Raman measurements got mapping the graphitized diamond along a line
orthogonal to a strip (red dots Figure I11.9).
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Figure III.11. Plot of Raman spectra representative of the different regions analyzed by Raman mapping (see Figure II1.9
to identify the points of measurement). At the bottom, the Raman spectrum of the unirradiated diamond (black line) is
reported for comparison [248].

The Raman spectrum of the unirradiated material is also reported in Figure III.11. This spectrum was
recorded in a region of the sample distant from strip-like contacts. It shows only the characteristic
features of pure diamond, with the sharp Raman line at 1332 cm™! confirming the good quality of the
starting CVD polycrystalline diamond sample. Indeed, the spectrum does not show features which
can be ascribed to the presence of disordered (e.g. amorphous) carbon, nor to the presence of graphitic
domains. Labels A, B, C in Figure III.11 indicate spectra obtained from different regions of a strip-
like contact, showing different morphology. All these spectra clearly show features ascribed to

graphitic material; moreover, the characteristic Raman line of diamond appears in all spectra, showing
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an intensity modulation associated to a change of the measurement point. The presence of two broad
features (namely the G and D bands at 1580 cm™ and 1350 cm™, respectively) can be taken as the
signature of the presence of small-sized graphitic domains and/or of the presence of disordered
graphitic material [249, 250]. Indeed, the D band is silent in highly crystalline graphite or graphene,
because of symmetry selection rules, and it rises in the presence of defects (chemical defects or
structural imperfections) as well as when © electrons are confined into small graphene-like islands
[251,252]. The presence of the line at 1332 cm™! suggests that some diamond domains survive in the
irradiated regions of the sample, may be because of inhomogeneity in the graphitization of the
material (see Figures II1.8 and II1.9). An alternative explanation could be given considering that the
exciting laser beam 1is also probing the pristine diamond bulk extending below the
graphitized/amorphized surface. However, due to the high absorption coefficient of graphite in the
visible range, this behaviour is expected only in presence of very thin graphitized domains, extending

in depth only for few atomic layers [253].

A careful comparison among the spectra reported in Figure III1.11 shows non-negligible differences
in band shape and in the intensity pattern, which could be ascribed to the unavoidable inhomogeneity
of the modified carbon material. Differently to the spectra recorded in the other regions, the two
spectra representative of region C show a sharp G peak. Such a region is characterized by a more
effective graphitization, in agreement with the morphological analysis. This finding suggests that in

the region C more extended and regular graphitic islands are present.

It is possible to obtain a qualitative estimate and to map the degree of graphitization in the different
points analyzed following the evolution of the Raman intensity of the diamond band, moving across
the strip. This is illustrated by the histogram reported in Figure I11.9, which shows a clear modulation
of the diamond content, that is low in region C while increases remarkably in regions A and B. It is
possible to notice the presence of a region previously not identified (labelled C’ in Figure I11.9),
located at the edge between A and B areas, and characterized by a relatively low diamond content. A
possible explanation of this behaviour is the partial overlapping of the irradiated regions during the
laser fabrication of two adjacent thin strips: the enhanced graphitization of region C’ could result
from the fact that it underwent double laser irradiations, both effective in promoting the carbon
transformation from sp° to sp? carbon structure. Interestingly, according to the geometrical parameters
adopted during the “writing” of the strips, also regions A and B have been exposed twice to the photon
beam, during two subsequent laser scans. The higher content of diamond observed in these regions
can be justified as due to partial ablation of the graphitic material grown during the first scan, and

subsequently damaged and/or ablated during the second scan. The balance between processes
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responsible of graphitization and laser induced carbon ablation is then crucial in determining the

structure of the resulting modified material [14, 180].

111.4.4 Nano-mechanical characterizations

Nano-indentation maps were performed on a portion of a single graphitic strip (10 x 120 um?) to
study the changes on the mechanical properties of the irradiated surface and to demonstrate the
feasibility and the reliability of the laser-writing technique. Figure I11.12 (a) and (b) show hardness
(H) and reduced elastic modulus (E;) for three different regions, A, B and C, previously studied
(Figure I11.4)). Both maps clearly show the modified graphitic surface (vertical band-like) with lower
hardness and lower elastic modulus with respect to the substrate. Indeed, for the unirradiated surface
the hardness and elastic modulus average values are (2.35 £ 0.17) GPa and (23.2 + 2.0) GPa,
respectively. After the laser processing the H and E, average values are (0.60 = 0.05) GPa and (12.5
+ 1.0) GPa, respectively. The change in the mechanical properties can be correlated to the
morphological changes. For example, in Figure II1.12 (a), it is possible to see a softer central region
with two adjacent strip-like harder zones on the two sides (which are however less hard than the

unirradiated surface).
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Figure II1.12. (a) Hardness and (b) reduced elastic modulus mappings of a portion of a single laser-induced strip. A, B
and C regions can be identified on the basis of the mechanical property contrast [248].

These three areas coincide with the three regions A, B, and C identified and characterized by SEM
and Raman analyses (Figure II1.4 and Figure II1.9). A similar behavior is observed for E,, Figure
II1.12 (b). In particular, the central (blue band) area is about 10 pm wide in agreement with the width
estimated by SEM for the lens-shape dark structures in region C. Furthermore, mechanical results
correlate well with the morphological images showing the most damaged zone of the strip (Figure
11.7).

The presence of a softer area and with low reduced elastic modulus is compatible with the presence
of abundant graphitic domains [254] and the nano-indentation maps suggest that an effective and
rather homogenous graphitization occurred throughout the whole region C, in agreement with
spectroscopic results (Figure I111.9, I11.10 and II1.11). Here, the energy deposited by the laser beam is
larger (center of the spot); moreover, overlapping phenomena between more consecutive laser scans
are absent. On the other hand, the two larger areas on both sides of the central strip (corresponding to
areas A and B) show a limited change in the mechanical properties, in agreement with the abundance
of diamond phase, as proven by Raman experiments (Raman Figure II1.9, II1.10 and III.11) and
confirmed by morphological changes (Figure II1.5). As already discussed in Section 4.3, this feature
can be justified considering that regions A and B receive a double irradiation dose, such that
previously graphitized layers undergo ablation [14]. This process sequence allows interpreting the
presence of the diamond peak (thin graphitic layer and inhomogeneous graphitization) and
consequently a fluctuation of H and E; values along the two regions.

Interestingly, at the boundary between A and B regions (left edge of Figure II1.12 (a) and I11.12(b)) a

relatively soft region (colored in green and light blue) occurs. This behavior nicely correlates with
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the peculiar characteristic of the C’ zone, clearly identified by Raman analysis and described as a

region with a relatively low diamond content.

I11.4.5 Electrical measurements

TLM method for resistivity measurements

Current-voltage (I-V) measurements were carried out to evaluate the strip resistivity by means of the
TLM method [232]. First, a series of [-V tests were performed measuring the current as function of
the increasing distance d between the two tungsten probes (diameter in 40 pum). Then, the total
resistance Rt from each I-V curve was extracted. Plotting Rt values as a function of the distance d,
the contact resistance Rc and the resistivity p of the material under investigation are obtained by a

linear fit of the experimental data according to:

Ry = 2R + P d Equation III.1
wt

where w and t are the width and the thickness of the electrical medium to investigate, respectively.

From the Equation III.1 it is possible to obtain the resistivity equation and applying the error

propagation law on that, the resistivity error is given by the equation:

OR o] o Equation I11.2
o_p — p( slope + w + _t) q
Rslope w t

where Grsiope 1 the standard deviation of the linear fit slope, ow and o are the errors on the material

width and thickness.

This technique was applied inside every graphitic electrode and among the complainer strips of both
surfaces in order to investigate both the electrical conduction of the graphitic electrodes laser-induced

and the nature of the contact graphite-diamond.

Measurements inside the graphitic strips

All the graphitic electrodes were manufactured with the same diamond irradiation protocol, therefore
two typical I-V characteristics recorded within two graphite strips (on both surfaces) at a distance d
varying from 0.5 mm to 3 mm (in steps of 0.5 mm) are shown in Figure II1.13. In both plots, each
curve exhibits an almost linear trend, which confirms along the whole graphitic area the ohmic nature
of the strip and allows extrapolating a resistance value Rt for each separation by a linear fit. Figure

II1.14 shows the total resistance Rt values against the probe distance for the same strips.
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Figure II1.13. Typical I-V characteristics recorded inside one graphite strip varying the contact separation distance d on
the (a) nucleation and (b) growth side.
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Figure I11.14 Plots of the total resistance Rt against the distance d between the probes extrapolated from the I-V curves
shown in Figure I11.13 for the corresponding strips ((a) on the nucleation side and (b) on the growth one).

To perform an accurate estimate and for statistical analysis, this set of measurements was repeated

for all the graphite contacts of each sample side finding always a good linearity both in the I-V curves

and in the total resistance as a function of probe separation, which confirmed the reproducibility of

the graphitization process.

Then, with the aim of studying if the diamond surface topography affects the result of the

graphitization process, a comparison between the total resistance values obtained for the contacts on

the polished diamond surface and the ones got from the strips on the unpolished sample surface

(nucleation and growth side, respectively) was carried out. Figure II1.15 shows the mean values of

the total resistance against the probe distance for the strips on both surfaces.
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Figure II1.15. Mean values of the Resistance Rt plotted against the distance d between the probes for the graphite
electrodes produced on both nucleation (a, left) and growth (b, right) diamond surfaces [248].

Fitting linearly the data, an estimate of the slopes was extracted providing mean values among the
complainer electrodes of (2.01 £ 0.03) x 10° Q.m™ and (1.63 £ 0.02) x 10° Q.m™! for the graphitic
strips on the nucleation and growth side, respectively. Since the electrode width is about 850 pm
(measured by SEM) and assuming that the strip average thickness is about 180 nm (estimated value
for a graphitic strip produced with similar irradiation conditions [180]), the graphite laser-induced
resistivity values computed by Equation III.1 proved to be about (3.08 + 0.14) x 10° Q.m and
(2.50 £ 0.10) x 10° Q.m for nucleation and growth side, respectively. The errors were computed by
Equation III.2 considering that orsiope Was given by the standard deviation of the linear fit slope, o
was the thickness error calculated in a previous study and equal to 5 nm and oy was the error on the
strip width which was estimated to be about the 12 % of the measure. The resistivity values proves
to be in good agreement with the expected ones for graphitic materials pgraphite = 10° — 10° Q.m [14,

180, 255-257].

In addition, it is possible to observe that Rt data evaluated from the I-V curves recorded on the four
growth side graphitic strips are characterized by a lower standard deviation than those extracted from
the measurements carried out on the nucleation side graphite strips. This result is ascribed to the
probes/graphitic electrode contacts, which result to be improved and more reproducible by the higher
roughness of the unpolished diamond side, as it is confirmed also by the lower mean contact resistance
Re unpolished €valuated from the fits (R polished = (165 * 3) Q and Reunpotished= (113 £ 2) Q). In line with

this, the total resistance error bar is shorter for the unpolished nucleation side (Figure I11.15).

112



Chapter Il1: Diamond graphitization and all-carbon detector performance

Measurements between couples of graphitic strips

Subsequently, the electric insulation between electrodes was verified by contacting all the coplanar
graphitic strips. Exiguous currents of about some hundreds of fA were measured between strips
produced on both diamond surfaces besides an almost linear behaviour of the I-V curves over the
investigated voltage range, from —10 V to +10 V, which suggests an ohmic nature for the
graphite/diamond contact. Typical I-V characteristics recorded by contacting the four coplanar
graphitic electrodes for a distance d along the diamond surface are shown in Figure II1.16 (a). By
using the TLM method (Equation III.1 and III.2) the diamond resistivity was evaluated
(Figure I11.16 (b)), which results to be of (8.1 = 0.8) x 10° Q.m in agreement for the expected diamond

values.

After these electrical investigations, it is possible to conclude that conductive graphitic contacts, with
ohmic behaviour, have been created on diamond surface taking advantage of diamond graphitization

process induced by laser.

a
(2 ()) Strips on the nucleation side (b) Strips on the nucleation side
L5l = d=1.5mm 20t = Resistance
. = d=3.0mm ~ —— Linear fit of resistance
= d=4.5mm G
_ 1.0+ = 16}
t‘g:' 0.5+ S
= g 12}
e 0.0 E
o [7,]
G -05) £ 8
1.0 £
-1.0F o
= 4r
-1.5¢
1 1 L L L 0 N 1 1 L
-10 -5 0 5 10 0.0 0.1 0.2 0.3 0.4 0.5

1
Voltage (V) Distance d (mm)

Figure II1.16 (a) Typical I-V characteristics recorded on nucleation side by contacting two coplanar graphitic strips for a
distance d. (b) Resistance R plotted against the distance d along the diamond surface [248].

I11.5 PADME beam test set-up

I11.5.1 Experimental set-up

A picture of the experiment set-up for the PADME beam test and its schematic representation are
shown in Figure II1.17 (a) and (b), respectively. The main components are:

- LINAC particle accelerator Figure I11.17 (d);

- Diamond detector Figure I11.17 (c);
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- Calorimeter;

- Medipix detector.
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Figure I11.17. (a) Picture and (b) sketch of the experimental set-up of the PADME beam test at the DAONE BTF facility
[258]. (c) Picture of the diamond target with its PC-board and physical support, (d) picture of the particle output of the
LINAC accelerator [237].
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The LINAC accelerator works with beams of positrons and electrons, which were arranged in pulsed
beams of 450 MeV e" or ¢, in 40 ns long bunches at the rate of 50 Hz, with an average multiplicity
of 10* particles [247]. The electromagnetic calorimeter (ECAL) is made of cylindrical lead glasses
for a high resolution measurement of the intensity of the beams [259]. The diamond active target was
located at a distance of about 3 m from the calorimeter and 93 cm from the beryllium window of the
accelerator with the task to monitor and to collect the particle beam bi-dimensionally (while the
estimation of the third spatial component, namely along the diamond thickness, is assigned to the
software simulations). Finally, an additional detector called Medipix was placed between the
accelerator and the diamond target in order to check the beam profile [260]. Basically, when a particle
beam leaves the vacuum pipe through a thin beryllium window (Figure I11.17 (d)), in first it hits the
silicon pixel detector Medipix (matrix of 256 x 256 pixels of 55 x 55 um?), then it arrives on the
diamond target and finally it is collected by the calorimeter behind the target.

The diamond device and its dedicated PC-board (home-made) were fixed inside an aluminium
support structure (Figure III.17 (c)), which was mounted on a movable table with orthogonal
configuration to the beam direction. It was possible to control the detector sub-millimetric translations
in the two directions perpendicular to the particle beam remotely.

In Figure II1.18, two typical beam profile images taken by Medipix, one for the positron beam (on
the left) and one for the electron beam (on the right). It is possible to appreciate some differences
between the two particle beams in terms of beam position, shape and intensity.
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Figure I11.18 Images of two typical bi-dimensional profiles of the positron beam (on the left) and of the electron beam
(on the right) got by detector Medipix [261].

The diamond detector, as every solid-state detector, needs an electronic system to amplify the signals.
During the beam test, the diamond electrodes were opportunely readout by two kinds of commercial
amplification systems, a single channel charge amplifier (CSA) or a single channel voltage amplifier

(VA) provided by Cividec [262]. Most electrodes were readout by the CSA, while half of the strips
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on the second diamond surface were readout by Voltage Amplifiers (VA) terminated by 50 Q. The
CSA had a not negligible size and were connected to the PC-board through a 15-50 cm long input
coaxial cable for each channel that can ruin the good signal-to-noise ratio of Charge Sensitive
Amplifiers (CSA). On the contrary, the VA have typically a worse signal-to-noise ratio with respect
to CSA but are not affected by the length of the input cable. The CSA used in the beam-test had a
gain of 5 mV.fC!, with a 100 MHz bandwidth, 2 ns rise-time, 7 ns pulse width and 750 e equivalent
input noise. The VA had a gain of 100, 2 GHz bandwidth and 25 uV equivalent input noise when
terminated with 50 Q at the input. The analogical signals of the electronic channels were digitized by
the multichannel digitizer CAEN V1742 [263] with 12 bit ADC at 1 GHz sampling rate in a time
window of 1024 ns. The same readout electronics was reading the signal from the lead-glass
calorimeter. The data collecting was done alterning electronic beams with positron at an average
energy of 450 MeV. The typical average multiplicity was 10* particles in a bunch, with a higher
multiplicity (about 20%) for the electron beams. During most of the data taking the active target was
operated with a bias voltage of 150 V. The data acquisition system (DAQ) was a prototype version
for PADME experiment [264]. It recorded the entire digital waveforms for each channel (36 signals
from the diamond strips and one signal from the calorimeter). Figure I11.19 shows the typical digitized
output signals got by a charge amplifier and by a voltage amplifier from two different electrodes

summing 300 consecutive events to suppress the electronic readout chain noise and its fluctuations.
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Figure I11.19. Typical curves got from the fast charge amplifier (CSA, dotted blue line) and from the fast voltage amplifier
(VA, continuous red line) summing the digitized output signals for 300 consecutive events [258].

Finally, to extract the charge collected at the beam passages, all the waveforms were recorded for all
the strips of the diamond detector event by event. In particular, the waveforms were processed
integrating the signal in the range 80 ns — 500 ns and applying a multiplicative calibration constant
previously measured for each amplifier. The calibration procedure was made on bench by injecting a
known charge O = C.AV, where AV is the amplitude of a low-frequency square wave and C is the AC
calibration coupling capacitance of 1 pF. The rectangular pulses were lasting 10 ns, emulating the

time structure of a particle bunch of the beam [258].
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I11.5.2 Diamond target contacting on the PC-board

The graphitized diamond presented 18 graphitic strip-like electrodes for each surface which have to
be contacted (Paragraph 3). A made-home PC-board was manufactured for this kind of diamond
target, with a hole slightly smaller in size than the diamond area where to site the target. Considering
that the electrodes were orthogonally orientated in the two views, in the beam test configuration the
contacts vertically placed and upstream were named X strips (X1, ..., X1g) with respect to the Y strips
(Y1, ..., Y13) which were horizontally orientated and downstream. In this configuration, the X strips
proved to be on the diamond top surface, while the Y strips on the bottom side and in contact with
the PC-board (Figure I11.20 (a)).

Basically, the electrical connections among the Y graphitic strips and the copper paths on the PC-
board were created via silver paint spots deposited manually, while the connection among the X strips
and the other board traces were established by bonding technique taking advantages of the free surface

from any mechanical contact. The bonding connection was performed by aluminium wires (diameter

fbearr‘;.loss

~0.1,

(b)

Figure II1.20. (a) Picture of the all-carbon target as assembled on the PC-board and (b) its sketch [258] showing the
sensitive area (white colour) to the beam detection after the broking corner and some failed connections (black colour).
The physical intersection between the diamond detector () and the beam (- - -) during the Charge Collection Distance
(CCD) measurements are shown (b). The strip names (X, Y;) and other labels (which are going to be explained later) are
placed around the diamond sketch. An orange adhesive tape was placed on the graphitized diamond just to fix better it on
the board (a). Both pictures are shown as seen by the particle beams.

of 40 um), and together with the silver paint glue was already previously tested for an all-carbon
device placed on an integrated circuit for nuclear investigations [180], Figure II11.21.

During these delicate hand manipulation and assembling phases, which were carried out in laboratory
for the first time for this kind of sample (wide area, very small thickness and rigid material, which
made it extremely fragile) a small corner of the diamond sensor broke. The poor planarity of the first

prototype of home-made PC-board and the many strips to contact on both surfaces made these tasks
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huge. Finally, some wire bonding of the X stripes were jumped off during the assembling step, and
then they were repaired by additional connection operations done manually via tungsten wires and
silver paint glue. As an unavoidable consequence, a reduction of the detector effective sensitive area
was obtained. A picture of the graphitized diamond after all the contacting steps on the PC-board is
reported in Figure I11.20 (a), while a sketch of its final sensitive area useful for the beam detection is

shown in the Figure I11.20 (b).

Figure I11.21. An all-carbon detector assebled on a PC-board for nuclear investigations. The large graphitic pad on the
back side was glued by silver paint, while the stripe-like graphitic electrodes on the front side were contacted by
alluminium wire bonding [180].

Definitely, 22 diamond electrodes proved to be correctly connected to the board, as shown a posteriori
by reading out the electrical signal from the corresponding channels during the beam test. In
particular, 12 X strips of the front side and 10 Y ones of the back side worked well, while 6 X and
8 Y electrodes were unconnected, which can be considered electrically floating and the underneath
sensor volume passive. The strip numbering adopted for the data analyses is shown in the sketch of
Figure I11.20 (b), while the broken corner of the device is not drawn (the bottom-left corner). Anyway,
this area did not affect particularly the diamond functionality being located in a peripheral area and
the experience gained in the assembling steps of this first target prototype allowed identifying some
problematic handling steps which can be fixed for the next samples with the help of additional

laboratory tools, such as micro-manipulators, conductive glue dispenser and vacuum pick-up tools.

I11.6 Beam test analyses and results

The data collected in the beam test at the Laboratory BTF allowed demonstrating the efficiency of
the all-carbon device as monitor detector for intensity and position of the electron and positron beams.
In particular, in this section, quantitative measurements of the detector response is terms of timing
resolution, charge collection distance (CCD) and spatial resolution are presented.

During this beam test, hundreds of thousands events were collected and processed. One event

corresponds to one bunch of particles shot against the diamond target with the same charge (positive
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or negative if the particles were positrons or electrons, respectively), duration of 10 ns, frequency of
50 Hz and a multiplicity variable depending on the kind of the particles (on average 10000 positrons
or 12000 electrons). The beam characteristics (charge, multiplicity and switching time) depended on
the DAFNE’s accelerator necessities on those days. During the data collecting, several events were
grouped in different runs, where the event number changed depending on the investigation aims.
Typically, 300 consecutive events were assigned to every run because they proved to be enough for
the collecting data of the different studies.

In addition, it was possible to change run by run the beam shape by the manipulation of magnetic
fields near the particle gun and the bias voltage applied (positive or negative).

For every event the charge released by the particles was collected form all the active electrodes and

analyzed as following.

I11.6.1 Signal characteristic and time resolution

The charge ejected from each strip was digitized into a pulse with a defined timing. The integration
of this signal in a fix timing range (tmin, tmax) provides the charge value injecting into the amplifiers

strip by strip. The equation of the charge values is:

B fvdet 1 XAt 1 Equation I11.3
R G R G

where At is the sampling time (1 ns), R the resistance (50 Q) and G the charge gain of every amplifier;

while the timing range of integration was chosen between 80 ns and 300 ns.

In order to get an estimation of the time resolution different fits were carried out. In first, a Gaussian
fit was applied on the every waveform to determine the maximum voltage value and its position; then,
using the previous results as initial parameters, a subsequent fit of the waveform was done by a pulse

function V(t) composed of the following analytic form:

Vo pert <t,

t—t, _t=to .
e G -Py(t) pert>t, Equation I11.4

V0+V1'
1

where to was the arriving time of the signal on one only strip, Vo was the baseline value, P3(t) was a
third degree polynomial (with the constant term fixed to 1, and two free parameters), while Vi and t;
were parameters determined by the previous fit.

After the convergence, the fit is repeated and restricted to the range where the maximum value is the

abscissa (to) whose ordinate correspond to the 75% of the pulse width.
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Then, it was possible to estimate the time resolution from the distribution of the difference in to
between two neighbouring strips which collected a similar amount of charge (namely hit from a
similar fraction of the beam), in order to limit the beam fluctuation effects. The run was chosen with
rather stable conditions and the sampling rate of the digitizer to 5 GS.s! and with a bias voltage of

150V.
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Figure I11.22. Distribution of the signal arrival time difference for the strips X8 and X9 (blue line) and Gaussian fit (red
line) [265, 266].

In Figure II1.22 the distribution of the arrival time difference between the two strips is shown. Fitting
the data by a Gaussian curve it was possible to get an estimation of the distribution width 64if, which

is related to the time resolution o; by the equation:

, Equation IIL.5
O-diffz O't2‘1+0't2,2=0't'\/§

where it was assumed that the two strips contributed in equal amount to the time spread. The final

time resolution of about 2 ns.

[1.6.2 CCD

In diamond detectors, all kinds of defects (impurities, vacancy, and grain edges in the case of

polycrystalline ones) can trap the charge carriers preventing their complete collection to the
electrodes.
The typical parameter used to characterize the quality of the active medium of a radiation detector is

the charge collection distance (CCD), which is defined as:

cch = L % Equation II1.6
G

where L is the sensor thickness, Qc is the charge collected by the electrodes and not trapped in the
material bulk and Qg is the charge generated by a relativistic charged particle passing along the

detector thickness.
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Therefore, in the case of the beam test, it was possible to calculate the CCD of this diamond detector

following the equation:

CCD[um] = QrorlfC]-6250[e~/fC] Equation II1.7
8 - 36[8_/‘[,1m] * Nyctive

where Qrort is the sum of the collected charge from all the X strips (or Y strips), the generated charge
Qg is estimated as the product between the average number of electron-hole pairs generated by a
relativistic charged particle crossing one unit of diamond material (36 e”.um™' [3]), and the number of
particle beam hitting the active detector region, Nacive. Here, the detected particle number (Nactive)
proved to be constantly smaller than the multiplicity measured by the calorimeter behind the detector
(which was Npositron = 10000 and Nejectron 12000) due to different sources of signal losing.

Therefore, in order to evaluate correctly the detector CCD it was necessary to estimate the signal loss
introducing some corrector factors [258, 261] (which are also indicated in Figure I11.20 (b)). The first
factor had to be related to the beam leak due to the beam instability (shape and position), which was
called foeamloss. TO estimate it, some consecutive events characterized by the only horizontal
decentralization, namely the minimum geometric leak of the beam transversal size were chosen as
reference and analysed with a bias voltage of 150 V. In particular, the fyeam,loss Value was estimated
assuming that the beam profile was symmetric which means that the portion of the lost charge on one
side was identical to the one collected on the other side respect to the maximum point. So, the foeam,loss
value representing the part of beam profile outside the area of active target proved to be of the 10%.
The second aspect contributing to the signal lost was related to the inactive detector area due to the
gap among the electrodes (fgap), which was deliberately not graphitized to allow segmented and bi-
dimensional detecting. Considering that the gap between neighbouring strips was fixed at 150 pum,
the fraction of the no active gap was the 15% of the whole area for each surface. Finally, the last and
important inefficiency to consider was given by the “dead” electrodes, namely the strips with the not-
working connections on the PC-board (fic). In order to assign an electrical contribute to the
unconnected electrodes and to get a complete profile of the collected charge in function of the strip
position, the missing charge values were computed by linear interpolation of the collected charge
values for the neighbouring strips. Indeed, all the graphitic strips which were correctly connected to
the PC-board, resulted to work very well, with a satisfying stability and giving back signals without

evidence of degradation with time.

Therefore, if the unconnected strip n had the two nearer strips working, the charge Q. was assigned

follow the equation:
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_ Qny1+Qng Equation I11.8

o >

While, if there were two consecutive unconnected strips, n and n+1, the charges Q, and Qn+1 were

assigned by:

1 Equation II1.9
Qn =5 @usz = Qn-1) + Qnos !

Qnt1 = %(Qn+2 —Qn-1) +Qn1 Equation [IL.10
In this way it was possible the beam reconstruction on both surfaces, bunch per bunch. An example
of beam profiles as seen by PADME active target are shown in Figure I11.23 (a) and (b) for the X
(horizontal) and the Y (vertical) views, respectively. Here, in order to suppress the beam fluctuations,
the profiles obtained in a run of 300 consecutive events recorded under stable beam conditions and at
a bias voltage of 150 V, are summed. In the two plots the blue histogram represents the real
measurements, while the red bins the interpolated values.

The most damaged surface turn to be the Y side, due to the bad planarity of the PC-board made at

home, as explained in the Section 5.2.
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Figure I11.23. Sum of the beam profile for 300 events as measured by the diamond detector in the (a) horizontal and (b)
vertical views. The entries for the strips 6 and 12 (a) and 3, 4, 6, 10, 12, 14 and 16 (b), in red lines, were obtained by
linear interpolation of the charge measured in the neighbouring strips (blue line) [258].
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Then, the no active diamond area underneath the dead electrodes was evaluated by the ratio between
the Qror and Qinterpolated, Where Qinterpolated Was the total charge of X and Y strips got summing to real
collected charge (Qror) the interpolated charge values for the not-connected electrodes. As a result,
the fraction of dead strip area intersecting the beam was the 13% for the electrodes measuring the X

plane and the 38% for the ones working on the Y plane (Figure I11.20 (b)).
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Definitely, the detector active region (ep), namely the overlapping of all the active regions on both
surfaces, can be calculated in first approximation and considering the orthogonality of the electrodes,

with the following equation:
Ep = Ex * & Equation II1.11
where
exry = (1= fxarygap) * (1 = Fraryne)- Equation I11.12

Accordingly, the estimation of the particle number crossing the detector active area can be given by

the equation:

m

Nactive = particle (1 = fiost-beam) " €D Equation I1I.13

therefore
Ngcrive = 10% X 0.9 x 0.852 x 0.87 X 0.62 = 3500 Equation II1.14

being 10* the beam intensity measured by the calorimeter, and the f factors: foeam joss = 0.1, X gap =

fY,gap: 015, fX,nc: 0.13 and fY’nc: 0.38
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Figure I11.24. Distribution of the total charge collected on diamond the X and Y surfaces ((a) and (b) respectively) in blue
colour, and the Gaussian fits in red dashed line [265, 267].

The total collected charge Qrot to put in the Equation II1.7 was calculated as the mean of a Gaussian
fit to the distribution of Q in a dedicated run composed of 300 events where the detector operated at
a bias voltage of 150 V (see Figure II1.24 (a) and (b)), where the values of 230 fC and 227.5 fC were
obtained for the X and Y surfaces, respectively.

The final CCD values estimated for both sides were:
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-6250  230fC - 6250 ion I1I.
ccp, = Qx _ f — 114um Equation I11.15
36 ' Nctive 36 fC/um - 3500
©6250  227.5fC- 6250 Equation I1L.1
CCDy = Oy f = 11.3um quation II1.16

36 - Nacipe 36 fC/pm - 3500

The two results turn out to be similar each other as expected with an average value of 11.35 + 0.05
um. The error is dominated by a systematic uncertainty related to the calibration (4%); while the
difference between the measurements on the X and Y planes (1%) is used as an estimation of other
residual systematic effects [258]. This CCD value obtained is in line with the expected performance
for this kind of CVD polycrystalline diamond, considering its low quality due the technological
processing difficulties (discussed in Chapter II), and no pumping treatments with ionizing radiations
was performed by the supplier.

Anyway, the quite low signal originated from this kind of diamonds (CCD < L/2) with respect to
much thicker sensors, does not represent a problem for the experiments where several thousands of

particles have to be detected.

An other interesting aspect related to the CCD of a detector is to evaluate its dependence on the high
voltage applied. Indeed, it is well know that the mean free path of the charge carriers in a detector
increases with the carrier velocity, which is related to the electric field within the device.

Therefore, the study of the CCD change in function of the applied voltage was carried out. In
particular, the CCD values were computed for different voltages applied between the diamond
surfaces in the following ranges (175, 50,) V and (-50, -175) V, and shown in Figure II1.25. The
obtained CCD values proves to be systematically lower than the estimated ones for a similar diamond
after a pumping treatment, as expected. Between the positive and negative bias, a discrepancy is

evident for the low voltages, which is presumably indicative of some polarization effect.

In general, it is possible to assert that the all-carbon detector was able to sustain high voltages (with
an average 150 V for two weeks continuously) without discharge phenomena, and all the graphitic
electrodes well connected to the PC-board worked properly under these voltages. Finally, considering
the front-end electronics and the signal transport chain used for this beam test it was possible to
estimate the typical equivalent input noises, which proved to be 0.8 fC for the CSA amplifiers and
3.6 fC for the VA amplifiers.

Accordingly, the signal to noise ratio (S/N) estimated for a limited particle number for bunch (1000
m.i.p.) proved to be equal to 80 and 18 for the CSA and VA, respectively. Both values can be

considered satisfying even for a rather low intensity of the bunch in the beam.
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Figure II1.25. Evolution of the average charge collection distance values in function of a variable high voltage in the
ranges (175, 50,) V in red circles, and (-50, -175) in blue squares. The CCD error bars do not exceed the size of the
markers [258].

I11.6.3 Spatial resolution

A next very important parameter for a detector is its spatial Resolution. The beam average position
in its transversal plane can be estimated for every event measuring the centroid of the charge on both
surfaces X and Y, in independent way, following the equation:
ZNx XL
l

(X) — i=1 %I

Ny Hx
22, 0 Equation II1.17

N.
Zi=yl Qly Vi

(Y) =
%207

Equation II1.18

where Ny() is the number of strips of the X(Y) side, Qi*®? and x(y); are the collected charge and the
coordinate of the i-th x(y) collecting strip. The not connected electrode contribution was computed,
and included in the Equations III.17 and III.18 by linear interpolation of the charge collected by

adjacent strips (previously explained in the Section 6.2).

Under stable beam conditions, with 10* particles for bunch, with a bias voltage of 150 V and a X- Y
beam spot of 2 x 3 mm?, 300 events were recorded and analyzed. In particular, plotting the distribution
of the reconstructed beam centroid in function of the strip position it was possible to estimate the
spatial resolution of the beam centroid position by the sigma of the Gaussian fit to the distribution,
Figure I11.26 (a) and (b). The spatial resolutions obtained for the X and Y sides are (0.20 £ 0.01) mm
and (0.32 + 0.02) mm, respectively. The standard deviation difference between the two diamond

surfaces is mainly related to the single particle bunch fluctuation, which is expected to be of about
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that size [268], in addition to a small fluctuation of the detector answer. For both results, the PADME

experiment request of having a spatial resolution smaller than 1 mm is widely satisfied.
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Figure II1.26. Distribution of the average beam position in the (a) horizontal and (b) vertical views computed by the Eq.
II1.17 and III.18, respectively, (continuous blue line). The corresponding Gaussian fits are shown with red dashed lines
[265, 267].

Finally, to study the correspondence between the detector translation by the mobile table and the
beam charge centroid shift, 10* events were registered and analysed. Technically, the table was moved
vertically with steps of 1 mm after about 10 s of data taking, while the horizontal coordinates were
left fixed. In Figure I11.27 (a) the beam charge centroid evolution as function of the event number is

shown.
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Figure I11.27. (a) Beam charge centroid position against the event number and (b) its enlargement (of the range 4000 —
10000) when the diamond detector is translated along vertical coordinates (Y) with 1 mm steps [258, 265].

When most of the beam is intercepted by the active part of the detector (event number above about
5000 in Figure I11.27(a)) the charge-of-gravity method is a good estimator of the beam position Figure
II1.27 (b). Nevertheless, several important systematic errors contribute to a not perfect linearity, such
as the drift of the beam centroid with the time (no null slope of the green fit), the asymmetric and not

fully contained beam profile and missing measurements for the unconnected strips.
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Additional tests have been planned in order to improve this limit and verify the full linearity, for
example a test with a full contacted detector, and a beam profile more narrow and regular in the shape,

as expected to be during the experiment.

I11.7 Conclusions

In this chapter the laser-induced graphitization of several detector grade CVD intrinsic polycrystalline
diamond samples (small and large, 5 x 5 x 0.05 mm? and 20 x 20 x 0.05 mm?, respectively) has been
presented. The development of a LabVIEW software allowed fabricating bi-dimensional graphitic
pattern satisfying the electrode geometric requests for the segmented all-carbon detector of the
PADME experiment. A wide characterization of the graphitic pattern was carried out on the small
diamonds by complementary experiments which are sensitive to different properties of the modified
material. In particular, SEM and micro-Raman investigations allowed understanding the physical
evolution of the graphitization process, and in particular how the morphological and structural
changes depend on laser processing. The two techniques indicate a strong periodicity of the surface
modifications correlated to the fabrication process. Then, phenomena of absorption from environment
were evidenced by EDS analyses, where oxygen impurities were found on all the irradiated areas,
with increasing intensity values for the most damaged zones. Afterwards, hardness and elastic
modulus mappings were performed showing that hard-soft transformation occurred depending on the
locally deposited energy. The finding proves to be in line with the change of hybridization (sp®> — sp?)
of carbon atoms recorder by SEM and micro-Raman results. Nevertheless, a difference in the
graphitization degree recorded by Raman and nano-indentation investigations, namely the narrow C’
region at the border between A and B areas, was not recognized by SEM analyses, so as the
morphological study detected small differences between A and B regions, which were not confirmed
by spectroscopic and mechanical investigations. These aspects can be further studied by a more in-
depth analysis.

Finally, current-voltage measurements allowed investigating the nature of the diamond / graphite
contact and evaluating the graphitic strip resistivity values. In particular, good conductive properties
and ohmic behavior were observed for all the graphitic strips, with a resistivity average around
2.5-3 x 107° Q.m along the strips. In addition, exiguous currents of about some hundreds of fA were
measured between coplanar strips over the voltage range from —10 V to +10 V suggesting an ohmic
nature for the graphite/diamond contact and making the strips suitable as electrodes in all-carbon

SENSOors.
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Afterwards, a large CVD polycrystalline intrinsic diamond graphitized with the same strip-like
electrode configurations was assembled onto a dedicated PC-board by silver paint and wire bonding,
and was tested as first prototype of this all-carbon sensor by 450 MeV electron and positron beams
at the BTF of Frascati (Italy) as an preliminary investigation to the PADME experiment. Although
great reliability and stability was recorder for the graphitic contacts, some problems of PC-board
planarity together with some jumped off wire bonding was met. Taking advantage of the twenty-two
graphitic strips correctly contacted a wide nuclear investigation was carried out. The detector CCD
was measured of the order of 10 um for an electric field of 3 V.um™ without pumping, as expected
for such an as-grown CVD polycrystalline diamond sensor. By high intensity particle electron and
positron beams (of the order of 10* per bunch) a time resolution of 2 ns and a space resolution of
about 200 um were obtained. In addition, the detector capability of following the beam position
variations with the time was also investigated obtaining first good results and with the possibility to
improve them by fixing some systematic errors. Definitely, the all-carbon detector performance prove
to satisfy all the requests done for a sensor candidate as active target of the PADME experiment.
Finally, these findings show also that this kind of detector can be used to monitor online a particle

beam with high intensity.
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CHAPTER I1V: GROWTH AND CONTACTING
OF CVD MONOCRYSTALLINE BORON
DOPED DIAMONDS
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Chapter 1V: Growth and contacting of CVD monocrystalline boron doped diamonds

1V.1 Introduction

In the chapter I it has been discussed what is today the state of art of the diamond contacting with a
deep focus on the problem of the ohmic contact manufacturing on lightly doped diamonds. In
particular, nowadays it proves to be not particularly difficult to produce ohmic electrodes on heavily
p-type doped samples, even if less success has been obtained for lightly doped samples and it is still
an open field for n-type doping.

Traditionally, the diamond electrodes can be produced in two ways: diamond metallization or
diamond graphitization. In the first case, metallic layers are deposited on the diamond surface with
appropriate micro-fabrication technological steps [117, 145, 157, 161]. In the second case, the
diamond graphitization process is used to induce the formation of graphitic contacts on the diamond
surface or into the bulk. This process has been experimented by laser (for surface and buried contacts)
[180, 183-186], or by ion implantation to produce electrodes into the diamond bulk [200] or to

generate defects at the surface by direct heavy boron implantation [199].

The main idea of this work has been to combine both techniques in order to improve the electrical
conduction at the diamond / metal interface. Indeed, the diamond graphitization just underneath the
surface should create some defects and consequently reduce the depletion region width by decreasing

the potential barrier height at the diamond / metal interface [121].

In this chapter, the synthesis of CVD monocrystalline diamond films at different boron doping levels,
the diamond graphitization process by ion implantation, the manufacturing of mesa structure and

TLM metallic patterns on the samples allowing electrical contact characterizations will be presented.

1V.2 Diamond synthesis and characterization

IV.2.1 Synthetized samples

Several CVD monocrystalline diamond films with different boron doping levels were grown. The
reactors utilized for the synthesis were two commercial micro-wave chemical vapour deposition
reactors (Plassys BJS150) which have been described in Chapter II. One is dedicated to the growth
of intrinsic diamond films and the other one to boron doping. The growth conditions were the same
for all the samples except for the diborane (B2Hs) concentration in the gas phase and growth duration.
The growths were performed by homo-epitaxy on (100) oriented type-Ib HPHT substrates having

dimensions of 3 x 3 x 1.5 mm?®. The substrate temperature was adjusted at 900 °C, the methane
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content at 5% of the gas mixture, the gas pressure at 140 mbar, the microwave power at 2.4 kW and

the total gas flux at 200 sccm/min.

The (B/C)gas ratio was varied in the range 0 — 15000 ppm for reaching a wide set of boron doping
level. Oxygen was added to the gas mixture H»/CHa4/B2Hs to limit soot production in the plasma and
improve surface morphology as previously demonstrated [269] even if it is well known that the
addition of this gas reduces doping level [270]. In addition, in order to overcome the typical boron
concentrations reached with a gas mixture involving oxygen atoms, a higher boron level in gas phase
((B/C)gas ratio 15000 ppm) without oxygen gas was performed. The growth duration was varied from

35 minutes to 2 hours and 45 minutes.

For the sample grown without diborane addition ((B/C)gas ratio 0 ppm) the doping was ensured by the
boron memory effects in the bell jar reactor. This sample has been labelled “Not Intentionally Doped”

(NID) sample [271].

Finally, another sample was grown without dopant gas (B2He) but in a different reactor which has

been exclusively dedicated to the synthesis of intrinsic diamond films avoiding any doping.

The sample’s growth conditions are described in Table IV.l and the corresponding sample

morphologies are shown in Figure IV.1.

Table IV.1. Diamond samples: growth conditions and geometric parameters before and after the growth processes. The
intrinsic and boron reactor are labelled as I and B in the R column, respectively. L, Wi, We, T indicate the sample length,
width, weight and thickness, respectively; while the i and f subscript refer to the initial and final states. The growth
duration and the CVD thickness are labelled as t and Tcyp, respectively.

Growth Conditions Geometric Parameters
Sample (B/C)gas Gas Gas Gas Gas Li Wi Wei Wer Ti t Tcvp
phase | R | Ha i CHi | 02 - BaMle -y | mmy | (g (@ | (mm) | (min) | (um)
(ppm) (scem) | (scem) | (seem) (scem)
A Intrinsic | 1 | 1895 10 0.5 0 3.16 | 3.16 | 0.05091 | 00514 | 1477 | 110 | 4.9
B NID B 189.5 10 0.5 NID 3.18 3.18 0.05179 | 0.05227 | 1.496 60 4.7
C 3.16 3.16 0.05025 | 0.05092 | 1.470 100 6.6
3000 B 184.5 10 0.5 5
D 3.16 3.14 0.05091 | 0.05134 | 1.494 60 4.2
E 3.15 2.92 0.04639 0.047 1.475 90 6.4
6000 B 179.5 10 0.5 10
F 3.17 3.17 0.05115 | 0.05159 | 1.484 60 4.3
1 .1 .04 . 4 1.44 1 11
G 12000 B 169.5 10 0.5 20 3.16 3.16 0.04933 | 0.05043 0 65
H 3.17 3.16 0.05036 | 0.05072 | 1.474 60 35
1 1 1 - - 1.4 2
15000 B 165 10 0 25 3.16 3.16 60 35
J 3.17 3.16 - - 1.470 35 2
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The thickness of the grown CVD layers were estimated for the samples A, B, C, D, E, F, G and H by
measuring the weight before and after the growth associated with the initial dimensions of the
substrates. The CVD thickness of the most doped samples, namely I and J, were measured directly
using a calliper before and after growth, as a consequence of the very low increase of the weight after

growth.

Thick
samples

Thin
samples

Figure IV.1. Picture of the set of diamond samples as-grown. In the first column on the left two samples with the same
boron doping of 12000 ppm (B/C).s but different thickness (the thicker films on the top and the thinner ones on the
bottom) are presented. Similarly, the second and third columns are arranged for the doping levels of 6000, 3000 ppm
(B/C)gas phase- Finally, in the fourth and last column the NID and intrinsic diamonds are placed on the top and bottom row,
respectively.

In Figure IV.1, it is possible to appreciate the evolution of the colour and of the surface roughness.
Basically, for the intrinsic diamond, a transparent colour is expected but considering that the growth
was performed on Ib type HPHT substrates, the typical yellow colour due to nitrogen impurities
(which are called Hz defects) dominates (sample in the bottom-right corner). When the boron
concentration is increased, it is evident that the sample’s colour becomes darker or even black colour
for the most doped samples (diamonds on the left side of the picture). This effect is in line with the

presence of boron impurities in the CVD layers [213].

Finally, an evident variability in terms of diamond surface roughness can be observed. In particular,
for longer depositions (i.e. thicker CVD layers), the roughness of the sample increases particularly at
the edges probably because of a higher local temperature. This is clearly illustrated since the edges

appear rougher than the central part of the sample. In addition, at high boron levels, the defect density
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and the surface roughness increase. As a consequence, the thinner and less doped sample proved to

be the smoother one of all the set (see in the right-bottom corner of the picture).

It is worth reporting that the synthesis of thick CVD boron doped diamond layer was planned to
develop the technological micro-fabrication steps. On the contrary, the synthesis of thin samples was
dedicated to the full device processing and their characterizations, once the micro-fabrication process

is developed.

Then, the investigations of the diamond set from structural, chemical and electrical points of view,

are described below.

1V.2.2 Micro-Raman analyses

The micro-Raman investigations can provide information about the boron impurities by the Fano
effect which is a distortion of the diamond Raman peak (as explained in the Chapter II). All the
samples were analysed using an excitation wavelength of 632 nm. The Raman spectra of the samples
labelled B, D, and F proved to be very similar, without evidence of Fano effect, while the spectra of
the most doped samples (H and J) presented a small Fano effect. The spectrum of the sample F
representing the first group of diamonds, and the spectrum of the sample J showing the Fano effect

are reported in the Figure IV.2 (a) and (b), respectively.
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\Figure IV.2. Micro-Raman spectra without (a) and with (b) evidence of the Fano effect corresponding to the samples F
and J, which were doped with a (B/C)gs equal to 6000 and 15000 ppm, respectively. A red dashed square indicates the
zone of the Fano effect (b).

The Fano effect evidences only for the most doped samples is an expected result and can be
considered in line with the literature [219, 220]. Therefore, further investigations proved to be

necessary in order to obtain a quantitative estimation of the different doping levels.
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In the next paragraph, the investigations carried out by cathodoluminescence spectroscopy are

presented.

1V.2.3 Cathodoluminescence measurements

Cathodoluminescence (CL) is a non-destructive technique that allows getting a quantitative
estimation of the boron concentration in single crystal diamond films [226, 270, 272]. Besides, CL is
useful to get qualitative information about the crystalline quality of the films by detecting the presence
of extended defects (dislocations, stacking faults...) or other frequently found impurities such as

nitrogen or silicon leading to luminescence at different wavelengths.

Barjon et al. studied excitonic emission for a set of CVD monocrystalline boron doped diamond layers
with different doping levels (10'¢ — 10'® cm™) by Secondary Ion Mass Spectroscopy (SIMS) and CL,
in order to correlate exciton recombination emission with boron concentration in the films [272].
SIMS is a destructive technique that gives a fairly accurate value of the total amount of boron by
sputtering a small hole inside the crystal and analysing the resulting ionized atoms with a mass
spectrometer. On the other hand CL is only sensitive to substitutional acceptor boron atoms onto
which excitons generated through interaction with incident electron beam are bound before
recombining. In diamond films with sufficiently good crystalline quality and low doping, almost all

boron atoms are actually in substitution to a carbon atom with very low compensation [94].
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Figure IV.3. SIMS profiles registered on a set of monocrystalline boron doped samples with different doping levels (a);
CL spectra for the corresponding samples after normalization to the FEto peak (b), [272].

In Figure IV.3 (a), SIMS analyses give access to boron concentration for each sample as a function
of etching depth [272]. On the corresponding CL curves (b) different emissions from boron bound

exciton and free exciton recombinations assisted by transverse optical (TO) or acoustic (TA) phonons,
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in addition to the bound boron exciton without phonon participation (NP) are detected. It is possible
to appreciate a clear correlation between the evolution of the luminescence intensity ratio of BEto

and FEro peaks with the corresponding SIMS boron concentrations Figure IV 4.
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Figure IV.4. Plot of the intensity ratio BEto / FEro against the boron concentrations. The data were interpolated by a
linear fit, which proved to be in good agreement until the boron concentration [B] = 6 x 10'7 cm, and then by an
exponential fit above this value [272].
Fitting the data, this ratio proved to be almost linear up to a B concentration of about 6 x 10'7 cm™.

Above this value, it substantially deviates from a simple linear relation but can be estimated using an

exponential fit up to almost 10" cm™.

BE Equation IV.1
TO _ 4. [B] quation IV
FEro
BEr¢ = A-[B] - e(-132107[5)) Equation IV.2
FEro

where the BETo / FEto ratio was measured on the CL spectra, [B] was the boron concentration

measured by SIMS, and A an empirical coefficient equal to 7.9 x 1078,

For heavy doping, free exciton emission becomes quenched and the previous relations can no longer
be used. However, since bound exciton recombination emission becomes enlarged and shifted to
lower energies it is possible to exploit this relative change to get an estimation of the doping level.
This is particularly obvious in the Figure IV.5 below from Baron et al. that presents BEto linewidth
and position as a function of doping measured by SIMS. This observation is consistent with the fact
that at sufficiently high doping, B atoms no longer behave as isolated acceptors but form an impurity

band with reduced ionization activation energy (illustrated by the dashed line B1 below), or even lead
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to a metallic transition typically above 3 x 10?° cm™ (visualized by the dashed line B2 below). The

equation describing this was given by:

E(eV) =5.211 — 0.112log([B]/1.5 - 10'?) Equation IV.3
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Figure IV.5. (a) Evolution of the BE™ peak energy (left axes) and FWHM (right axes) against the boron concentration
for diamond samples with different boron doping level. Full, empty and mixed symbols indicate monocrystalline,
polycrystalline or other samples, respectively [226]. (b) Cathodoluminescence spectra registered on CVD monocrystalline
boron doped diamonds with different doping levels [226].

In this study, these different empirical formulae were used to evaluate boron doping in lightly (B, D
and F) and heavily (H, J) doped diamond films. It should however be emphasized that a more accurate
assessment would require that a range of calibration samples having different doping levels measured
by SIMS and CL under the conditions of this measurement system is used. Indeed the obtained results
strongly depend on the measurement set-up (acceleration voltage, beam current, sample temperature

etc.) and cannot be considered as universal.

The Figure IV.6 (a) below presents the CL spectrum of lightly doped diamond film (B) over the full
spectral range and acquired at 110 K. One can note that emission from NV centres expected at 575 nm
and SiV at 737 nm is absent from the spectra which further underlines the high purity of the layers.
On the other hand a large band is detected in the UV range (around 350-400 nm) which is likely
related to the presence of extended defects such as dislocations and is known as Band A luminescence

[273]. Therefore the films produced by CVD are not free of this kind of defects [274].

A zoom into the excitonic region is also provided from which bound and free exciton recombination
emissions assisted by TO and TA phonons can be clearly assigned (Figure IV.6 (b)). This further
supports the high crystalline quality and efficient doping of the film. Using Equation IV.1 boron
doping level can be estimated to around 1 x 10'” ¢cm™ from a BE1o/FE 10 ratio close to unity. Sample
B was grown in a reactor dedicated to high p-type doping without any intentional addition of diborane

in the gas phase. Therefore boron dopants detected here all come from memory effects inside the
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CVD chamber which are known to be very high for this element. In addition, also the samples D and

F were investigated showing a BEto/FETo ratio of about 4 and 20, respectively, and therefore the

obtained boron concentration values are around 4 x 10'7 cm™ and 3 x 10'® cm™, respectively.
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Figure IV.6. Full cathodoluminescence spectrum (a) and zoom into the excitonic region (b) registered for the NID sample
at 110 K. The boron concentration is estimated to be about 1 x 10!” ¢cm™ from the BETO to FETO ratio.

CL measurements were also performed for highly doped samples H and J. The spectrum

corresponding to sample H is presented in Figure IV.7. One can notice that they are dominated by

BET0 recombination that gives a broad and shifted emission line centred around 5.05 eV while FEto

contribution is absent. This indicates a heavy doping level and an efficient incorporation of acceptor

atoms inside the film consistent with a (B/C)gas ratio of 12000 ppm in the gas phase. Based on

Equation IV.3 doping level is estimated having reached about 3.5 x 10%° cm™ and it is therefore close

to the metallic transition.
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Figure IV.7. Cathodoluminescence spectrum registered on the H heavily boron doped sample at 110 K. The boron
concentration is estimated about equal to 3.5 x 10% cm.
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Similarly, the sample J was investigated too proving to have a BEto peak at around 5.04 eV and
therefore a boron concentration of 4 x 10%° cm™.

To summarize this part, an estimation of the boron doping level for the samples measured by CL is

presented in Table IV.2.

Table IV.I1. Boron concentration levels estimated for the CVD monocrystalline boron doped diamonds.

(B/C)gas
Sample phase [B] ecm?
B NID 1 x 107
D 3000 4 x 107
F 6000 3 x 108
H 12000 3.5 x10%
J 15000 4 x 10%

1V.2.4 Electrical characterizations

The presence of boron impurities improves the electrical conduction thanks to the introduction of an
acceptor levels in the band gap [89]. In order to assess this in our films, electrical characterization

was carried out with a four-point probe instrumentation (as explained in the Chapter II).

Before doing these measurements, all the samples were exposed to a vacuum ultraviolet (VUV)-light
irradiation with a monochromatic xenon excimer lamp (wavelength of 172 nm) in oxygen
atmosphere, in order to change the hydrogen terminations into oxygen terminations. Indeed, in
literature it is known that this kind of treatment can change the electric conduction properties thank
to photochemical reactions and excited radicals which act simultaneously on diamond surfaces
creating a layer of electrical passive oxygen terminations [133]. The sample exposure to UV lamp

was performed for 45 min in oxygen atmosphere with a pressure of about 2 mbar.

During the electrical measurements, different current ranges where applied depending on the sample
response. In particular, the applied current modulation was done trying to limit the polarization
effects. All the registered current-voltage curves are shown in Figure [V.8.

From Figure IV.8 it is possible to show that all samples have an ohmic behaviour. Moreover, the

evolution of the slope indicates that the resistivity decreases when the boron doping level increases.
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Figure I'V.8. Current-voltage measurements on the diamond samples (B, D, F, H and J) with different boron doping levels
(NID, 3000, 6000, 12000 and 15000 ppm). For clarity, different Y-axis scales were used.

In order to quantitatively compare the electrical conductivity of the samples, the volume and sheet

resistivity values were estimated using the following equations:

s |4 Equation IV.4
= . F.—-t
Pom2 " T
T |4 Equation IV.5
- .F._
Pe =2 7T

where F is the correction factor which takes into account the sample limited geometry and proved to

be about 0.6, and t is the thickness of the CVD boron doped diamond layer [233, 234].

These results are summarized in Table IV.3.
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Table IV.3. Volume and sheet resistivity values computed for the set of samples with different boron doping levels.

, CVD Volume Sheet

Sample [B] (em™)  Resistance Thickness Resistivity  Resistivity
) (um) (L2.cm) (/o)

B 1 x 10" 3.1 x 103 4.7 4.00 8.49 x 10°

D 4 x 107 3.2 x10° 4.2 3.60 8.63 x 10°

F 3x10" 2.0x10° 4.3 2.32 5.39 x 10°

H 3.5x10% 8.2 3.5 7.8x10°  2.20 x 10!

J 4 x 10% 7.6 2 413 x 103 2.00 x 10!

These findings confirm that the electrical conduction increases with the boron doping level (samples
D, F, H, and J), and they suggest that above a certain threshold, further increasing the doping level
(from 12000 to 15000 ppm) has little effect on the resistance value. In addition, for low doping levels,
(B/C)gas phase of 3000 ppm and NID (samples D and B respectively), the resistivity values prove to be
almost the same, which means that it was not possible to reduce the boron concentration in the CVD
diamond layer or more properly to decrease the resistance value below a certain value due to the

boron memory effect. This behaviour has been confirmed by CL analyses.

Figure IV.9 shows the evolution of the sheet resistivity values as a function of the boron doping levels.
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Figure 1V.9. Boron doped diamond sheet resistivity as a function of the boron concentration in the CVD layers estimated
by CL measurements.

Based on these first electrical measurements, samples D and J with very different electrical behaviour
(low and high conductivity respectively) were considered as the most interesting for manufacturing

metallic contacts with and without an intermediate graphitic layer.
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1V.3 Ion implantation on CVD monocrystalline intrinsic diamond

For heavily boron doped diamond devices, it is possible to manufacture ohmic contact by directly
depositing metallic layers [117] on the contrary, for lightly boron doped diamonds it is more difficult

to get an ohmic behaviour [131].

To improve the contact electron conduction several tries have been done in literature. For example,
in the case of heavily doped samples, Pinero et al. [199] increased the electrical conduction of the
contacts by direct boron implantation so as to generate defects in a very thin superficial layer in the
same time as the diamond doping process. On the contrary, for lightly doped samples, Chen et al.
[198] produced a graphite / metal contact interface which made ohmic the contacts even if the specific
contact resistance value remains quite high (= a few Qcm™). In this case, the graphitization was
performed by argon ion implantation at 40 keV. In this thesis work, the idea has been to manufacture
graphite / metal contacts by adding the graphitic layer just underneath the diamond surface (and
before the metallization) using a modified implantation system allowing the implantation of light ions
(helium) at very low energies (only 10 keV). The graphitic layer production for diamond contacting

applications was developed for the first time in LSPM during this thesis work.

The key experimental parameters for the ion implantation process are the ionic species, the

implantation energy and the implantation dose (as explained in the Chapter I and II).

In order to produce a graphitised layer just underneath the diamond surface, helium was chosen as a
suitable ion source. A low energy value of 10 keV was considered adapted to limit the penetration
depth to a few tens of nm only. The current value was set to 300 pA and implantation time to 30 s.

The implantation dose (®) can be computed by the equation:

[-t Equation IV.6

¢=Q—_A

where 1 is the current value, t the implantation time, Q the elementary charge equal to 1.6 x 10"° C
and A the cross section of the beam, this latter being estimated from the circular footprint of 5 mm.
However, the diamond sample (0.1 cm?) proved to be smaller than the footprint area (0.2 cm?),
therefore the implantation dose had to be normalized to the sample area. The final implantation dose
was estimated to 1.4 x 10'7 jons.cm™. The ion implantation treatment was performed at room

temperature and in secondary vacuum condition (pressure of 10~ mbar).

During the process development it was necessary to be sure to create a density of vacancies high
enough to overcome the diamond graphitization threshold (this point has already been discussed in

the Paragraph 1.9.5 of the Chapter I). Thanks to the Monte Carlo simulation performed using SRIM
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software it was possible to get an estimation of the vacancy number created by every single helium
ion before completely losing its energy through the diamond, and consequently an estimation of the
vacancy density created by the whole ion bombardment [196, 275]. In particular, considering the
diamond displacement energy of 52 eV [190] and its density equal to 3.52 g.cm™ [5], the carbon
atoms number removed from their lattice sites by one ion (hion) proved to be about 13.8 and the
vacancy density (hdensity) generated by the whole ion bombardment computed by the Equation IV.7

was about 3.7 x 10% vac.cm™.

_ D hipn Equation IV.7
hdensity - T

where (®) is the implantation dose and d the penetration depth estimated by the software in terms of
projected range. Indeed, by SRIM simulations, it was possible to investigate the penetration depth of
the ion beam into the diamond (projected range Rp), its lateral and longitudinal dispersion (ARp) and

the distribution of vacancies in the considered material.

For a model of 10* helium ions with 10 keV energy reaching a diamond target, the estimated

parameters were:

- Rp=52nm;
- ARP-Longitudinal =18 nm;

- ARp-Laterat = 16 nm,

The Figures IV.10 shows the SRIM plot of the helium ion beam path into diamond material got for

this model.

Depth vs. Y-Axis

— Target Depth —

Figure IV.10. SRIM simulations for a model of 10* helium ions fired up into a diamond target with energy of 10 keV
showing the ion path
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This plot shows a white area on a black background which represents the incident ions and the
consequent collisions. This zone has a 52 nm deep plume shape, which propagates into the crystal
(from the left to the right side), with a longitudinal and lateral dispersion of 18 and 16 nm,
respectively. The red and blue points in the plume represent the ion and electron collisions,

respectively.

The calculations and the simulations performed for developing the ion implantation recipe predicted
successfully the generation of a graphitic layer underneath the CVD diamond surface. Indeed, the
obtained vacancies density proves to overcome the different critic graphitization thresholds defined
in literature (which are at the order of = 10?2 - 10?* cm™) as reported in the Paragraph 1.9.5 of the
Chapter 1.

Following experimental characterizations of the ion implanted-induced graphitic layer into the CVD

intrinsic diamond are reported.

I1V.3.1 Optical characterization

The ion implantation recipe was developed on an intrinsic CVD monocrystalline diamond grown on
a type-Ib HPHT substrate (sample A). Pictures of the sample before and after the implantation
treatment are presented on Figure IV.11. Even if the graphitic layer is estimated to be just underneath
the CVD diamond surface (Rp = 52 nm), the impact in terms of colour is very important since the

sample appears black.

Figure IV.11. CVD monocrystalline intrinsic diamond before (on the left) and after (on the right) the graphitization
process on the whole area. The diamond surface turns black.

Using a ring-like shadow mask during the implantation treatment, the contrast yellow / black colour
on the same diamond surface can be clearly evidenced as illustrated in the Figure IV.12. This
emphasizes that using a simple mask, graphitized layers can be spatially localized, forming a pattern

on the crystal surface.
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1 mm

Figure IV.12. CVD monocrystalline intrinsic diamond after the graphitization process using a ring-like shadow mask.
The dark circular shape is clearly the graphitic material while the yellow edge around is the CVD monocrystalline
diamond on HPHT substrate.

Subsequently, structural and electrical investigations were performed on the ion implanted diamond

and are presented below.

1V.3.2 Micro-Raman analyses

In order to study the structural evolution of the diamond sample exposed to the ion bombardment,
micro-Raman analyses were carried out before and after the treatment in particular to estimate, step

by step, the diamond-graphite phase change into the material.

Micro-Raman spectra registered on the initial intrinsic diamond sample A (on the bottom), after the

ion implantation (in the middle) and after a thermal annealing (on the top) are shown in Figure I'V.13.

The Figure IV.13 on the bottom shows a typical Raman spectrum of an intrinsic CVD diamond, with
the only and well defined diamond peak localized at 1332 cm™. On the contrary, the spectrum of the
picture in the middle presents a broad band in the range 1300 — 1600 cm™, which is a consequence of
the implantation treatment. This result corresponds to the formation of amorphous sp?-bonded carbon
in addition to different types of radiation-induced defects, as expected [190]. Then, the picture on the
top shows the structural change of the implanted diamond surface after an annealing treatment at
1000 °C for 60 minutes in secondary vacuum (10 mbar). The annealing experimental conditions
were chosen starting from several studies described in the literature [214, 276]. The annealing role is
to transform the amorphous material into graphite for the sufficiently damaged zone, while the
surrounding areas are restored into diamond phase (see Chapter I Paragraph 9.5) [64]. As expected,

the Raman spectrum of the annealed sample shows a significant decreasing of the previous broad
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amorphization band whilst a sharp diamond peak can again be observed. In addition, a broad peak at
1580 cm™! corresponding to the amorphous graphite contribution (G) associated to another broad peak
at 1350 cm™! corresponding to the disordered graphite contribution (D) are observed. These peaks

confirm the formation of a graphite-like layer.
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Figure IV.13. Spectroscopic evolution of the diamond and graphite peaks registered on the CVD intrinsic diamond A
along three steps: as-grown (on the bottom), after ion implantation (in the middle) and after annealing (on the top).

1V.3.3 Current-voltage measurements

In order to study the electrical conduction changes induced on intrinsic CVD monocrystalline
diamond by helium implantation, four-point probe current-voltage measurements were carried out.
Before doing these measurements, the sample A was exposed to the VUV-light irradiation treatment

for 45 min in oxygen atmosphere with a pressure of about 2 mbar.

The first electrical investigation of the intrinsic sample A was done before the ion implantation
treatment in order to define the initial electrical conduction. As expected, the insulator nature of

diamond did not allow measuring [-V curves for this sample. Afterwards, the sample was exposed to
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the ion implantation and annealing processes while further electrical investigations were performed
systematically after every specific treatment. No relevant electrical change was found between the
analyses carried out on the ion implanted sample without and with the annealing treatment. This
finding can be ascribed to no specific electrical improvement of the sp>-bonded graphite rather than
amorphous sp>-bonded carbon on the electrical conduction. Therefore, the final current-voltage
measurements registered on the sample after both ion implantation and the annealing treatments is
directly reported in Figure IV.14. The plot shows an electrical conduction with an ohmic behaviour,
which is proper of graphitic materials [14, 178]. A resistance value of 1 x 10? Q was extrapolated
and consequently, the sheet resistivity value was estimated by the Equation IV.5 equal to 282 Q/no.
This shows that we successfully improved contacts on intrinsic diamond through ion bombardment-

induced graphitization of the surface.
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Figure IV.14. Current-voltage measurements on the intrinsic CVD diamond sample A after the ion implantation and
annealing treatments.

IV.4 Manufacturing and characterization of TLM metallic contacts on

bored doped diamonds with and without graphitic under-layer

In order to study the benefit of a graphitic layer manufactured underneath the CVD boron doped
diamond surface, two sets of two samples (samples C and D with a boron doping level of 4 x 10'7 cm™?
and sample I and J with a boron doping level of 4 x 10*° cm™) were contacted by metallic patterns
with or without an ion implantation treatment. The diamond metallization was performed by the
deposition of a typical metallic stacking composed of titanium and gold layers [5, 121, 132] in the

common geometric configuration of TLM (Transmission Line Model [232]) pads. To improve the

accuracy of the electrical measurements, the metallic pads were manufactured on a mesa structure
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with the aim of confining the current lines in the active layer and avoiding electrical conduction on

the CVD diamond lateral edges.

During the work carried out at LSPM, a protocol of the technological processing to manufacture the

TLM pattern on diamond was developed.

The design and the micro-technological steps to perform TLM patterns on CVD diamond are
described in the next paragraph. This work was performed mainly in the clean room of University of
Paris 13 “Centrale de Proximité en Nanotechnologies de Paris Nord - C(PN)*” except for the SiO»,

Ti and Au depositions which were carried out in the clean room of the University of Paris Diderot.

1V.4.1 Microfabrication of the TLM metallic contacts

The processing of mesa structure and metallic contacts started from samples composed of CVD boron
doped monocrystalline diamond layers grown on HPHT diamond (3 x 3 x 1.5 mm?®). As previously
explained, only two of the four samples fully processed were exposed to helium ion implantation and
annealing treatments before performing the contact micro-fabrication steps (Figure IV.15, point #1).
All the samples were preliminary cleaned by chemical washing in an ultrasonic bath with acetone and

isopropanol solutions.

The mesa structures on boron doped diamond were performed by ICP deep etching of the CVD layers
(Figure IV.15, point #5). The diamond etching plasma was obtained at low pressure and was
composed of a mixture of oxygen gas with a small amount of CHF3 gas to avoid micro-masking
phenomena. For this step, a silica (S102) mask was deposited in order to structure the diamond etching
(Figure IV.15, point #2). The silica, together with a photoresist mask, was exposed to a mixture of
CHF; and oxygen plasma to be structured (Figure IV.15, point #3 and #4). The benefits of using ICP
technique are to obtain an anisotropy of the deep etching and therefore a relatively good verticality
of the etching flank. This will be presented in the result section (Figure IV.18 and IV.19, Paragraph
Iv.4.3).

For the TLM electrodes fabrication, a titanium/gold bilayer was chosen as metallic materials in line
with the typical contact composition used by the diamond community [5, 121, 132, 277]. As explained
in Chapter 1, the titanium layer was useful to reach a carbide formation with the diamond surface
taking advantage of titanium reactivity [121]. Indeed adhesion of the metal on the diamond surface
is an important aspect for the mechanical strength both when the electrical measurements and wire

bonding are performed.
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Mesa structure processing steps Legend
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1) CVD boron doped diamond on 2) Deposition of a SiO, layer 2 T

HPHT substrate. A graphitic layer is um thick by PECVD; Au

induced underneath the CVD surface. 3) Photoresist coating AZ5214.

4) Optical lithography by mesa mask. 5) Etching of SiO,/Diamond/SiO,
by ICP. The CVD mesa structure is
obtained.

TLM contact processing steps

—E—

6) Ar ion etching;

7) Deposition of Ti/Au layers 50 9) Optical lithography by TLM
and 200 nm thick by Evaporator; mask.

8) Photoresist coating AZ1518.

10) Au chemical etching by an annealed solution;

11) Ti plasma etching by ICP;

12) Critic Removing of the residue photoresist by ICP;
13) Annealing treatment for the TiC formation.

The TLM contacts on mesa structure are obtained.

Figure IV.15. Technological steps of processing for the mesa structure and TLM pattern micro-fabrication.

In addition, during the development of the diamond metallization protocol, it has been understood
that an etching pre-treatment of the surface was necessary to improve adhesion at the Ti / diamond
interface by diamond surface activation (Figure IV.15, point #6). This pre-treatment on diamond
samples was performed with an evaporator equipped with an argon plasma etching set-up (at
University Paris Diderot). This aspect will constitute one of the critical points of the contact micro-
fabrication reported in the next Paragraph IV.4.4. These pre-treatments have already been studied in
literature [5] and explained in the state of the art chapter. After this argon etching, Ti/Au stack was
deposited with the same evaporator (Figure IV.15, point #7). The gold layer avoids the titanium

oxidation and improves the bonding to external circuit. By a subsequent optical lithography process
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the TLM pad shape is transferred to the metal layers, while a chemical gold etching and a plasma
titanium etching allowed to get the final contacts on CVD mesa diamond (Figure IV.15, point #8, #9,
#10 and #11).

After the full development of the first samples it was observed the presence of a residual photoresist
layer on the metallic contacts. This aspect constitutes one of the crucial points and it has been widely
explained in the next Paragraph IV.4.4. To solve this problem it was necessary to add an oxygen ICP
plasma etching step to remove the residual photoresist (Figure IV.15, point #12).

Finally, the last step concluding the contact micro-fabrication protocol was the titanium carbide
formation (Figure IV.15, point #13). In particular, the Ti/C bond was promoted by an annealing

treatment at 500 °C for 60 minutes in secondary vacuum conditions [132, 277].

The main technological steps are summarized in the previous Figure I'V.15.

1V.4.2 TLM pattern design

According to the contact micro-fabrication protocol, to produce the metallic contacts on a CVD

diamond mesa structure, two lithography processes were required, with different masks (one layer
for each goal). In particular, the most important thing was to align the two complementary
lithographic masks for the mesa zone and the metallic pads. In the following picture, both mask are

presented.

a) b)

Figure IV.16. Top view of the lithographic mask projects to manufacture the mesa (a) and TLM pattern (b). The pink and
blue colours of two pictures represent the sample regions not exposed to the lithographic UV lamp.

The Figure IV.16 (a) shows a central rectangular area representing the mesa zone. Above and below
it, two large squares containing four empty squares are present and allow the alignment between the
two masks. In addition, several pink spots are distributed on both mask sides and can constitute diode

patterns which have not been used in this work. The Figure IV.16 (b) shows the TLM complementary
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pattern of the mask (a). Therefore, five blue small rectangle shapes representing the ohmic pads are
reported in the central zone. Above and below them are located four small full squares for the
alignment, and finally six larger blue areas are also present, which represent ohmic contacts around

diodes (empty circles).

The result of the overlapping of the two mask projects is shown in the Figure IV.17.

ALIGNMENT
PATTERN

DIODE PATTERN

TLM PATTERN

Figure IV.17. Overlapping of the mesa and TLM mask projects.
The ohmic pads are coloured in blue with dimensions of 100 x 150 pm?, and increasing inter-spaces
of 20, 30, 40 and 50 um. The mesa structure is indicated by the green line around the pads, with a
constant distance of 10 pm from them. For completeness, outside the mesa/TLM pattern, are
distributed some red areas indicating the diode contacts (diameter of 100 um), with their
corresponding green circular mesa structure (diameter of 120 pum) and blue ohmic zones around them.
The large green squares above and below the TLM pattern represent the overlapping of the alignment

patterns.

1V.4.3 Characterizations of the micro-fabricated structures

A typical mesa structure obtained on the CVD boron doped diamond layers is presented in the Figure

IV.18 with the aim of investigating the diamond plasma etching.

In picture (a) the complete top view of all the structures obtained by the first lithographic process is
illustrated and the sample roughness due to the high boron doping is clearly visible (= 10?° cm™). In
picture (b) is presented the mesa structure zone by optical microscope. Then, in pictures (¢) and (d) a

corner of the mesa structure is shown at different magnifications. On these 2 pictures, it is evident
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that diamond etched surface presents some circular features probably due to a mixture of micro
masking phenomena or/and to surface defects. Indeed, it is well known that when an ICP etching
treatment is performed, residue clusters of the etched material remains around the sample, and which
become “punctual mask™ during the subsequent etching step for a different material [49]. In this
specific case, the SiO; clusters allowed the diamond column formation in spite of the presence of
CHF; gas in the etching plasma which should limit this phenomenon. In addition, some holes on the
diamond surface are visible, probably related to extended defects emerging at the surface of sample
[206]. Finally, in the last picture (d) it is possible to see the micro-trenching around and on the bottom
of the mesa walls. According to the literature [278], this phenomenon is related to the ion reflection

during the etching process from the mesa walls to the surrounding surface.

I

g— '.:l [!;—.... R, -...-]

Figure IV.18. Mesa structures produced on the CVD diamond surfaces of two samples. (a) Top view of the whole mesa
mask pattern registered on sample G by SEM and (b) top view of the mesa zone taken on sample I by optical microscopy.
The different SEM enlargements ((c) lower and (d) higher) of the same mesa structure corner showing the good sharp
etching of the mesa wall, with some etch pits distributed around the mesa structure taken on the sample G.

The mesa profile was measured by profilometer and reported in Figure IV.19. The measured mesa

height was almost 13 pm.
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Figure IV.19. CVD diamond mesa structure profile registered by profilometer on the G sample.

Afterwards, additional SEM analyses were carried out on the full processed samples and reported in

Figure IV.20. The pictures set have been taken on the metallized E and I samples.
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Figure IV.20. Images of two full processed sample surfaces are reported. (a) Top view of the whole mesa/TLM patterns
taken on sample E; (b) optical picture of the mesa/TLM zone registered for sample I. (c) Tilted enlargement of the
mesa/TLM zone of sample E showing the height of the area with respect to the surrounding surface. (d) enlargement of
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the mesa/TLM and alignment pattern zone: the straight mesa wall, the different wet and ICP Au etching effects can be
appreciated together with well defined TLM metallic pattern.

Relatively good and well defined patterning of metallic pads onto the doped diamond mesa structure
can be seen. The wet etching using to assign the pad shape to the gold layer produced a typical under
etching of the metal which reduced the lateral dimensions of the pads which can be seen more easily
in Figure IV.20 (d). On the contrary, the under etching of the titanium layer is expected less important
because of the anisotropic ICP etching, which proves to be in agreement with the SEM picture (d).

Finally, wire bonding was performed on the metallic pads to test adhesion and quality of the deposited
layer for future experiments. In Figure IV.21 the wire bonding performed on the lightly boron doped
sample C are shown. The wires were made of gold with a diameter of 30 pm. No problems of peeling
off were evidenced during these tests, even when the wires were removed. The stability of the

electrical contact proved to be good.

Figure IV.21. Optical picture of the lightly boron doped C sample after a wire bonding test.

1V.4.4 Critical points of the micro-fabrication

During the development of this micro-fabrication protocol several critical points were identified. In

the following, the three main problematic steps are described and explained:

1) First of all, the order of the processing steps needed to be chosen. Indeed, the first idea was to
process the metallic contacts before and then to fabricate the mesa structures. The choice was
based on the consideration that a photoresist coating on a structured and not a flat surface
would have implied an inhomogeneous distribution of the polymeric coating so as to make

difficult the next lithography step. Following this idea, the mesa structure and TLM contact
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processing steps described in the previous Paragraph IV.4.1 were inverted (excepted for the
ion implantation step which was in every case performed first). Therefore, after the Ti/Au
patterning, the silica deposition was performed directly on the contacts, assuming of not
having reaction between Au and SiO». Nevertheless, after the mesa structure fabrication, it
was more difficult to check the silica etching and remove it uniformly and totally from the
metallic pattern. This difficulty was due to the inhomogeneity (i) of the silica layer deposition
and/or (i1) of the plasma attack which made the SiO> removing without the contact damaging
impossible. In addition, it is important to note that the SiO; is an insulator material, therefore
it was problematic for reading the electrical current. Several try were carried out, but without
success. In particular, the etching proved to be always either too strong leading to damaged
contacts or too weak leaving insulator material residue on the pads. In the worst case, both
possibilities occurred on the same sample as shown in Figure IV.22 where #1, #2 and #3
indicates a silica layer residue covering fully three pads, a portion of pad removed and the

peeling off effect of the silica and metallic layers, respectively.

Figure IV.22. Optical picture of the G sample after the silica etching by ICP. (1) Residues of silica covering fully
three pads, (2) partial damaged pads and (3) peeling off effects of both Ti/Au and silica are indicated.

Looking at the TLM pattern, it is possible to see the silicon-oxidized diffraction effects
(rainbow colour) on the whole three pads on the left side, while on the last two pads on the
right side a completely damaged area is visible in addition to a partial exfoliation of the SiO>
layer.

EDX investigations were also performed in order to verify the chemical elements present on
the full processed G sample. In Figure IV.23 the maps corresponding to the Si and O chemical

elements in addition to the SEM pictures are reported.
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Figure IV.23. Images registered on the G sample after the SiO, etching. (a) SEM picture of the sample; (b) and
(c) EDX maps based on the silicon and oxygen detection, respectively

From this EDX analyses, the asymmetry of the residue SiO; layer presents along TLM zone
(silicon and oxygen in (b) and (c) images, respectively) is clearly visible. In particular, in the
(a) image only the last two pad shapes (on the bottom) can be seen, while the three others on
the top are fully covered by silica as confirmed by pictures (b) and (c).

As a consequence, it was decided to process the mesa structure first and then the TLM contact
micro-fabrication. The first tests with this second approach gave good results, therefore it was
chosen as the definitive one. Indeed, even if the photoresist coating on the mesa structure was
supposed to be critical due to the surface structuring, during the experiment it proved to be
manageable and without particular problematic impacts on the subsequent technological
steps.

Another important difficulty met during this work was related to the mechanical adhesion of
the metallic layers on the diamond surface. In particular, the first Ti/Au metallic deposition
on CVD diamonds was performed by sputtering in the clean room of University of Paris 13,
without Ar" etching pre-treatment. In these conditions, the direct Ti/Au deposition on the
diamond surface led to metallic layer detachment when exposed to several technological steps.
For example, acetone solution washing assisted by ultrasonic waves to remove the polymeric
material residue leaded also to the Ti/Au detachment, or peeling off phenomena were
registered during mechanical tip tests. In Figure IV.24 an example of Ti/Au peeling off

phenomenon is shown.

Considering that one of the required properties for electrical contacts on diamonds is the good
mechanical adhesion, this problem had absolutely to be overcome. After several tests, the final
solution was to perform a short argon ion etching before the metallic deposition to improve
the adhesion at the Ti / diamond interface. Indeed, as already shown in literature, the argon
ion bombardment pre-treatment induces local defects and favours the bonding between carbon

and titanium atoms [5].
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Figure IV.24. Detachment of the titanium / gold layers deposited on silicon wafer by sputtering.

In order to develop such a process, both metallic depositions were performed by an evaporator
equipped with an argon plasma etching set-up. After the first tries, large improvements were
obtained in terms of adhesion, even under mechanical stress, such as during washing treatment
or mechanical proofs of the electrical measuring by tungsten tips. No peeling off was
registered and the metallic contacts on diamond samples did not suffer additional mechanical
stress due to wire bonding tests (Figure IV.21).

Therefore, the argon ion etching pre-treatment was added to the contact micro-fabrication
protocol (Figure IV.15, point #6) and all metallic depositions were performed using the
evaporator machine.

A perspective of this work will be to study and improve the adhesion of the metallic layers on
diamond surfaces by sputtering depositions.

The third critical point was identified at the end of all the technological steps and was related
to the photoresist removal after the second lithographic step (Figure IV.15, point #12). In
particular, once arrived to this step, a residual layer of photoresist was discovered on all the
samples by preliminary accurate optical investigations and then by SEM analyses. Several
standard tests were done to try to remove it, for example washings with different chemical
solution, assisted by ultrasonic bath at room or hot temperature, but without success. Indeed,
the SEM analyses confirmed the polymer surviving, as illustrated for the I sample in Figure
IV.25 (a). The definitive solution found for this problem was to perform plasma etching
treatments in oxygen atmosphere by ICP. Thanks to this additional step, the polymeric
residues were successfully removed from the samples. In Figure IV.25 (b) a picture of sample

I surface taken after the oxygen plasma etching treatment is reported.
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Figure IV.25 SEM pictures taken on sample I before (a) and after (b) an oxygen plasma etching treatment used
to remove photoresist residue.

1V.5 Electrical characterization of the TLM structures

For diamond power electronic devices, as largely described before, one of the crucial points is to
manufacture good ohmic contacts. In particular, the classical contacting technique is the device

metallization, where the metallic contacts have to satisfy several requirements:

- Symmetric and linear current-voltage curves;
- Good mechanical adhesion;
- Stability, reproducibility and reliable properties;

- Low specific contact resistance.

The latter point refers to one of the key parameters characterizing the quality of the metallic contacts,
namely the specific contact resistance, which can be evaluated by the Transmission Line Model
(TLM) [232]. The following part introduces the contact electrical characteristics, the TLM method
for the specific contact resistance evaluation and a section reporting the obtained results on the

samples prepared during this thesis.

IV.5.1 Estimation of the specific contact resistance

Basically, there are two geometries to manufacture contacts on electronic devices: vertical and
coplanar. In the first case, the electrodes are located on the top and bottom sides of the device, while
in the second one the contacts are distributed along the top surface. Depending on the configuration,
the current lines crossing the semiconductor from one electrode to another are distributed

orthogonally or parallel to the contact interface. Therefore, the specific contact resistance
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determination must be calculated differently. In Figure IV.26 two sketches of the current line paths

in both configurations are reported.

IL 411

Semi-conducteur

Semi-conducteur

Figure IV.26. Current line paths inside a semiconductor device for the vertical (a) and coplanar (b) electrode
configurations.

The Figure IV.26 (a) shows the vertical configuration of the electrodes. In this case, the current lines
are orthogonally oriented to the metal / semiconductor interface and they are uniformly distributed
along the whole contact area. The Figure IV.26 (b) shows the coplanar configuration of the electrodes
and, contrary to the previous case, the current lines move in a parallel direction regarding the
metal / semiconductor interface. In particular, they are not homogeneously distributed along the

contact area but they cross just a part of it.

Therefore, the specific contact resistances (pc) have to be calculated following two different dedicated

equations. For the vertical electrode configuration the equation is:

pc =Rc-Ac Equation IV.8

where Rc is the contact resistance and Ac the contact area. For the coplanar contact configuration it
1s necessary to estimate the real contact length crossed by the current lines, which is called “transfer

length” Lt and it is related to the specific contact resistance by the equation:

_Ip Equation IV.9
Lr = \ o/ Rsy

where Rsp is the sheet resistance of the semiconductor layer. Both parameters Lt and Rsy can be
extracted by transmission line model (TLM) method which will be described in the following part.
In particular, the specific contact resistance calculation for the coplanar electrode configuration is
more difficult to evaluate than for the vertical electrode configuration. Indeed, it is necessary to take
into account the potential distribution along the contacts, and the non-uniform distribution of the
current lines below the contact areas, which can be thought as a resistance of contact end.
Nevertheless, for the specific case in which the contact length L > 1.5 L1, which is the case of these

experiments, the final equation is rather simple [233]:
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pc=Rc-Ly-W Equation IV.10

where W is the contact width, while the contact resistance Rc and the length transfer Lt can be

extrapolated by TLM analyses.

1V.5.2 TLM method

The TLM method is the most used technique to characterize electrically the device contacts, both to

compute the resistivity of the electrode material (for example in the case of laser-induced graphitic
electrodes, as shown in the Chapter III) and to estimate the specific contact resistance in the case of

electronic devices.

The TLM structure developed for this work presents five metallic pads fabricated on a mesa CVD
boron doped diamond. The mesa structure, as previously discussed, is essential to get an electrical
insulation around the contacts avoiding current dispersion outside the investigated region. The TLM

pattern sketch with the geometric parameter indications are presented in Figure IV.27.
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Figure IV.27. TLM method draft. At the top of the picture there is a sketch of the five pads with the geometric parameters:
L and W are the length and the width of the contacts, Z is the width of contact added to the mesa edge (3), and d;, da, d3
and ds4 are the increasing distances among the pads). On the bottom of the picture the linear fit of the computed IV data is
reported [233].

Thanks to the current-voltage measurements by two probes method, it is possible to extract the total
resistances (Rt) from each I-V curves and to compute them as a function of the pad distance (d) in
analogy to the explanations given in the Paragraph 4.5 of the Chapter III. The linear fit reported on
the bottom of the Figure IV.27 follows the Equation:

R .
RT:2Rc+%'d Equation IV.11
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where the slope is given by the sheet resistivity divided by the contact width, the intercept of Y -axis
corresponds to two times the contact resistance Rc and the transfer length Lt can be extrapolated by

the intercept to the X-axis (Rt=0 gives -d =2 Lr).

Last point, the graph slope (Rsu/W) corresponds to the slope (p/(wt)) of the TLM analyses discussed

in the third chapter but simply written in a more convenient way for current analyses.

IV.5.3 Sample results

In the chapter I and in the section 2.4 of this chapter, it has been already explained and investigated,
respectively, that to reduce the contact specific resistance between a diamond semiconductor and its
metallic contacts it is useful to dope diamond. In particular, for heavily boron doped diamond, it is
possible to easily fabricate ohmic contacts. On the contrary for lightly boron doped diamond, it is
more challenging and in this thesis work it has been proposed to improve this by adding a graphitic

layer underneath the diamond surface.

Therefore, four complete diamond devices were manufactured in this work: two devices on heavily
boron doped diamond ([B] = 4 x 10%° cm™, samples I and J) and two on lower doping level ([B] =
4 x 10" em™, samples C and D). In each set of samples, one was graphitized just underneath the CVD

diamond surface (J and C) and the other was not (I and D).

It is worth noting that all the samples were affected by a technological problem on the fifth pad (the
furthest, 50 um distant from the previous one) which proved to be systematically in short circuit with
the fourth pad probably due to a physical damage of the TLM mask. Therefore, the analysed data

involve just four measurement points corresponding to the first four pads.

I-V measurements on heavily boron doped diamonds

In Figure IV.28 (a), the set of [-V curves registered on the heavily boron doped diamond contacted
by metallic pad is shown. For sample I, without the graphitic layer underneath the CVD surface, the
electrical contacts prove to be almost ohmic since the I-V curves are almost linear whatever the
distance between the pads. Then, the electrical resistances increase as a function of the pad distances

with values of about 370, 780 and 1200 Q for distances d equal to 20, 30 and 40 pm, respectively.
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Figure IV.28. (a) Current-voltage curves for the heavily boron doped sample without the graphitic layer at different pad
distances. (b) Comparison between two I-V curves registered on the two heavily boron doped samples, without and with
graphite, for a distance between pads of 20 pm.

For sample J with the additional graphitic layer an improvement of the electrical conduction is
obtained, indeed the I-V curve recorded between the nearest pads (d =20 um) proves to be linear and
the electrical resistance value has been reduced by a factor of 2 (180 Q vs 370 Q0), as shown in Figure
IV.28 (b). Moreover the ohmic behaviour is demonstrated in a larger voltage range regarding the

sample with graphite, namely for (-2,+2) V.

I-V measurements on lightly boron doped diamonds

The lightly boron doped diamond sample D having a boron concentration of 4 x 10'” cm™ was also

fully processed and electrically characterized.

The I-V characteristics of this non-graphitized sample are shown in the Figure IV.29. As expected

for low-doping level of diamond material, a non-linear behaviour is clearly evidenced.

Quantitatively, the non-linear electrical conduction decreases with an increase of the pad distance, as

shown for d = 20 and 30 pm, and then saturates for d = 40 pm.

Taking into account this non-linear behaviour, the specific contact resistance was not extracted from

TLM structures.
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Figure IV.29. Current-voltage curves for the lightly boron doped sample D without the graphitic layer at different pad
distance (20, 30 and 40 um).

On the contrary, after graphitization, the electrical behaviour has been strongly improved as it can be

shown in Figure IV.30.
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Figure 1V.30. Current-voltage curves for the lightly boron doped sample C with the graphitic layer at different pad
distances (20, 30 and 40 pm).
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All the I-V curves show an ohmic behaviour with a resistance value increasing with the pad distance.
In particular, for pad distances d equal to 20, 30 and 40 um, the electrical resistances were about 540,

700 and 920 Q, respectively.

Finally, in order to determine the specific contact resistance, the total resistance values were extracted
from each I-V curve in the Figure IV.30 and then they were plotted as function of the pad distance d.
The corresponding graph is reported in Figure IV.31.
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Figure IV.31. Total resistance against the pad distance for the C lightly boron doped sample with the graphitic layer.

As highlighted by the fit shown in the picture, the evolution of the resistance as a function of the pad
distance is not fully linear. Nevertheless, it was possible to extrapolate the contact resistance Rc by
the intercept of Y-axis, the transfer length Lt by the intercept of the X-axis, and to calculate the
specific contact resistance starting from Equation V.10 but keeping in mind that the specific contact

resistance computed here has to be taken as a rough estimation.
The obtained values are:

- Rc=66Q;
- Lr=33 um;
- pe=33x10*Q.cm?.

The measurements were repeated after two months demonstrating the contact stability.

The specific contact resistance is relatively high regarding the values usually obtained for electronic
devices but it corresponds to few 10 Q.cm? only obtained at such a low doping level for ohmic
contact deposited on hydrogenated surface [131] and constitutes a good result demonstrating the

interest of adding a graphitic layer just below the metallic contacts.
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In addition, in comparison with the Chen’s previous experiment [ 198], who fabricated graphite / metal
ohmic contacts on a lightly boron doped sample with oxygen terminations, the specific contact

resistance proves to be lower of more than three orders of magnitude.

IV.6 Conclusion

A set of CVD monocrystalline boron doped diamonds was grown by MPACVD technique. The

doping range was modulated at different concentrations of boron atoms in the gas phase by changing
the (B/C)gas ratio from 3000 up to 15000 ppm. A double sample copy for each doping level was
produced in order to manage the micro-fabrication steps by some samples and to preserve others of
them for the characterization analyses. Two additional samples, an intrinsic and a Not Intentionally
Doped (NID), were also produced. The NID was grown taking advantage of the memory effects of
the diamond deposition bell jar used for previous doping. Cathodoluminescence investigations
allowed estimating the boron concentration into the CVD layers, which proved to be variable from

1 x 10" cm™ up to 4 x 10%° cm™.

Electrical characterizations performed on doped diamond samples with different boron doping levels
showed a decrease of the sheet resistance with the increasing of the boron concentration, as expected.

The registered sheet resistivity range was 8.49 x 10°—2.00 x 10' Q/n.

Considering the difficulty to manufacture ohmic contacts on lightly doped diamonds, the ion
implantation process was first investigated onto the intrinsic diamond sample. A graphitic layer
underneath the CVD diamond surface was produced, and afterwards metallic contacts were
evaporated. An ion implantation recipe graphitizing successfully the intrinsic diamond was
developed. The recipe consists to accelerate helium ions with 10 keV voltage with a dose of

1.4 x 10" ions.cm™

. The vacancies density generated by the ion bombardment was about
3.7 x 10% c¢m?, which overcomes the graphitization threshold. The graphitic layer depth was
estimated to 52 nm by SRIM simulations. Optical, micro-Raman and electrical analyses confirmed
the ion implanted-induced diamond amorphization and, after an annealing treatment, the transition

into graphite. The sheet resistivity of the graphitized intrinsic diamond was equal to 282 Q/o.

A technological step protocol for the metallic contact micro-fabrication on diamond surfaces was
developed and carried out during this work. Ti/Au electrodes were produced in the geometric
configuration of TLM pads above a mesa structure made of the CVD boron doped layers having the
aim of confining the current lines in the active layer. Optical, morphological and compositional
characterizations performed step by step allowed overcoming several critical problems met during
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the technological process. In particular, the surface pre-treatment by argon ion etching which was

introduced to improve the adhesion at the Ti/C interface.

Finally, four full devices were manufactured: two devices on heavily boron doped diamond
([B] =4 x 10?° cm™) and two on lightly doping level ([B] =4 x 10'” cm™), where for each couple one
was graphitized underneath the CVD diamond surface and the other not. Current-voltage
characterizations were carried out on all the samples. For the heavily boron doped diamonds, almost
linear I-V curves were registered for the sample without the graphitic layer, while the graphitized
diamond showed ohmic contacts, in addition to a reduction of the resistance values by a factor of 2.
For the lightly boron doped samples, the I-V measurements exhibited a non-linear electrical
conduction, which decreased with the increase of the pad distances. On the contrary, for the lightly
doped diamond graphitized underneath the surface, ohmic behaviour was observed. The specific
contact resistance was estimated to pc = 3.3 x 10 Q.cm? which is rather high. However given the
low doping level and the oxygen termination of the diamond surface this is a promising result

highlighting the usefulness of this graphitization approach.
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General conclusion and outlook

In this PhD thesis two experimental studies about diamond electrical contacting have been carried
out under an international cotutelle agreement between the University of Salento and the University
of Paris 13. The common aim has been to study and optimize the manufacturing of ohmic contacts
on diamond surface for detection and electronic applications by using different techniques: the laser-
induced diamond graphitization at L3 in Italy, and the ion implanted-induce diamond graphitization
followed by metallization at LSPM in France. In both experiments, a protocol of diamond contacting

has been defined and full devices have been successfully produced and characterized.

The Chapter I of this thesis consists of a state of the art to provide the knowledge, tools and scientific
references related to my work. First, the growth mechanisms of CVD homoepitaxial diamond films
on (100) oriented substrates have been discussed as a function of the experimental deposition
conditions. Among the different diamond synthesis techniques, the MPACVD process proves to be
the most adapted to synthetize and grow high quality monocrystalline and polycrystalline diamond
films, with high purity and crystallinity levels useful for the production of electronic devices and
detectors. Different doping techniques are also presented with a specific focus for the in situ boron
doping, which allows incorporating impurities in a well controlled way, in particular for the (100)
orientation. Boron dopant can be incorporated in a wide range of levels from 10'° up to 10?! cm>.
The obtained doped layers have a very good crystalline quality with an extremely low compensation
rate which makes them particularly useful as the first technological brick for manufacturing electronic
devices. Second, a wide space has been dedicated to diamond contacting which represents a
fundamental step for obtaining performant electrodes and, therefore, efficient electronic devices or
detectors. In particular, the manufacturing of good ohmic contacts on diamond surface proves to be
still a difficult work. Indeed, although for heavy boron doping (> 10?° cm’?) the ohmic behavior is
relatively easily reached, it is much more challenging for lightly boron doped (< 10'® cm™) or intrinsic
diamond films. Several aspects have been discussed allowing determining for the fabrication of ohmic
contacts, the choice of the metallic layers, the termination of the diamond surface and eventual surface
treatments. It has been shown that the use of a metal compatible with the formation of a carbide (for
instance titanium to get TiC), hydrogen terminations and Ar sputtering before metal deposition can
favor the formation of ohmic contacts. Nevertheless, sometimes these precautions can prove not to
be enough and other solutions have to be found. For example, diamond graphitization by laser-writing
has been successfully performed and allowed fabricating ohmic, stable and reliable graphitic
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electrodes on the diamond surface without involving too many sophisticated technological steps. This
technique has been gaining momentum in particular for diamond detection applications as a surface
or 3D electrodes. By this approach, the so called all-carbon devices have been obtained. However,
another technique can also be used to graphitize diamond, namely the ion implantation. Nowadays,
this technique has been successfully applied to heavily dope and at the same time to graphitize
diamonds in order to induce conductive layers in the diamond bulk (with ion energy of hundreds keV
or few MeV). It could constitute a good approach to improve ohmic contacts on lightly doped or even

intrinsic diamond material.

In the Chapter II the experimental set-up and all the instrumentations used in this work have been
presented. At first, the laser-writing set up used to graphitize diamond surface for the segmented
diamond contacting has been reported. In particular, in this experiment I defined a protocol of bi-
dimensional diamond graphitization in addition to developing a LabVIEW software able to
synchronize and control the involved instrumentations. Then, CVD deposition reactor assisted by
microwave plasma has been described together with the procedure of substrate preparation. A
description of all the machines used to deposit metallic contacts and fabricate the mesa structure on
CVD boron doped samples (e-beam evaporator, PECVD, ICP), in addition to the home-made ion
implantation system, completes this section. Subsequently, the principles of the characterization
techniques used in this thesis work (Raman, SEM, EDS, CL and electrical measurements) have been
explained. These characterizations were possible thanks to collaborations with several national and

international institutes of research mentioned in this chapter.

In the chapter III, diamond contacting by graphitic electrodes has been presented together with the
final all-carbon detector performances. The aim has been to produce the first diamond detector
prototype for the PADME experiment in collaboration with the INFN institute. In particular, the laser-
induced graphitization of several detector grade CVD polycrystalline intrinsic diamond samples (with
dimensions of 5 x 5 x 0.05 mm? and 20 x 20 x 0.05 mm?, respectively) has been presented. The
development of a LabVIEW software allowed fabricating bi-dimensional graphitic pattern satisfying
the electrode geometric requests for the segmented all-carbon PADME detector. A wide
characterization of the graphitic pattern was carried out on the small diamonds by complementary
experiments. SEM and micro-Raman investigations allowed understanding the physical evolution of
the graphitization process, and how the morphological and structural changes depend on the laser
processing. These two techniques indicate a strong periodicity of the surface modifications correlated
to the fabrication process. In addition, hardness and elastic modulus mappings have been discussed

showing that hard-soft transformation occurred depending on the locally deposited energy. The
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finding proves to be in line with the change of hybridization (sp> — sp?) of carbon atoms observed
by SEM and micro-Raman. Finally, current-voltage analyses verifying the nature of the diamond-
graphite contact and evaluating the resistivity of the strips have been reported. Good conductive
properties and ohmic behavior were observed for all the graphitic strips, with a resistivity average
around 2.5 — 3 x 10” Q.m along the strips. In addition, exiguous currents of about some hundreds of
fA were measured between coplanar strips over the voltage range from —10 V to +10 V suggesting
an ohmic nature for the graphite/diamond contact and making the strips suitable as electrodes in all-
carbon sensors.

Subsequently, the nuclear investigation performed on the large graphitized CVD polycrystalline
intrinsic diamond by 450 MeV electron and positron beams at the BTF of Frascati (Italy) have been
presented and discussed. Although great reliability and stability were recorded for the graphitic
contacts, some problems of PC-board planarity together with some jumped off wire bonding reduced
the effective signal read out from the detector. As a result of these investigations, a CCD of the order
of 10 pm for an electric field of 3 V.um"! was estimated (as expected for such as-grown CVD
polycrystalline diamond sensor without pumping pre-treatment). In addition, good time and space
resolutions, namely 2 ns and about 200 pum respectively, were obtained. Therefore, the all-carbon
detector performances proved to satisfy the requirements for the detector candidate at the PADME
experiment. Last but not the least, these findings show also that this kind of detector can be used to

monitor online a particle beam with high intensity.

Finally, in the chapter IV both diamond sample growth and contacting have been presented. Initially,
the description of a set of CVD monocrystalline boron doped diamonds grown by MPACVD
technique, with different (B/C)g,s ratio (3000 — 15000 ppm), and their spectroscopic and electrical
characterizations have been reported. The boron concentration in the CVD layers was estimated
between 1 x 10'7 cm™ and 4 x 10%° cm™, and the related sheet resistivity decreased with an increase
of boron concentration. Then, the manufacturing of graphitic layer by ion implantation treatment has
been discussed. The developed ion implantation recipe (accelerated helium ions with 10 keV voltage
and a dose of 1.4 x 10'7 ions.cm™) allowed obtaining a graphitic layer underneath the CVD diamond
surface (around 50 nm deep determined by SRIM simulations). Afterward, a protocol for the Ti/Au
metallic contact micro-fabricated above a mesa structure made on CVD boron diamond film to
confine the current lines in the active layer has been defined. Optical, morphological and
compositional characterizations performed step by step allowed overcoming several critical problems
met during the technological process. In particular, a surface pre-treatment by argon ion etching was
introduced to improve the adhesion at the Ti/C interface. Finally, four full devices were

manufactured: two devices on heavily boron doped diamond ([B] = 4 x 10*° cm™) and two on lightly
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doped diamond ([B] = 4 x 10'7 cm™). For each couple of samples, one was graphitized underneath
the CVD diamond surface and the other not. Current-voltage characterizations have been discussed
showing that for the heavily boron doped diamond samples without and with the graphitic layer an
almost ohmic and ohmic behavior were obtained, respectively. In addition, a halving of the resistance
values was recorded for the graphitized diamond. For the lightly boron doped samples, the I-V
measurements exhibited a non-linear electrical conduction. On the contrary, after a graphitization
step, ohmic behavior was observed and a specific contact resistance estimated to p. = 3.3 x 10
Q.cm?. Although this value seems to be rather high, taken into account the low doping level of the
corresponding sample, this is a promising result highlighting the usefulness of this graphitization

approach.

Therefore, in this PhD thesis, an efficient role of the diamond graphitization processes has been
demonstrated in the manufacturing of ohmic contacts. In particular, for the all-carbon detector a great
reliability of the graphitic electrodes have been recorded in terms of mechanical adhesion, stability
and efficiency in the charge ejection on a large scale (cm?). These results from one side strengthen
the promising performances already registered for the first all-carbon sensors on micro- and
millimetric scales, and on the other side open the way to the use of such detectors as active targets in
high-energy physics experiments. However several aspects would need to be improved through
further studies, such as a more homogenous laser-induced graphitization along the whole contact area,
a more efficient contacting step between the diamond electrode and the electronic PC-board, in
addition to a protocol to manipulate and assemble such a thin sensor without damaging it. Then,
additional nuclear investigations performed on a detector fully contacted on its PC-board and under
irradiation by a narrow and more stable particle beam can improve the accuracy of the CCD, time
and space resolution measurements, in addition to allow verifying the full device performance as

online monitor of particle beams with high intensity.

For the graphite / metal contact experiment, interesting margins for further investigations are
available. For example, the promising specific contact resistance value obtained for the lightly boron
doped diamond with oxygen terminations can be strengthened by further electrical investigations of
additional samples to study statistically the reliability and the reproducibility of such technique.
Moreover, it could be interesting to characterize the graphite / metal interface to better understand
how it morphologically evolves moving from the graphitic layer underneath the diamond surface up
to the titanium carbide zone, and to measure the depth of the graphitic layer. In addition, further
characterizations on new heavily doped samples, could allow better quantifying the contribution of

the graphitic layer to the conduction.
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Then, once confirmed the efficiency of this technique, as a perspective, it will be possible to imagine
the development of electronic devices that make use of this graphitization step or even apply it to

n- doped diamond films on which it is currently particularly difficult to prepare good contacts.
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