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Chapter 1

Introduction

Diamonds have fascinated human-beings for over 5000 years [1]. In the 16th
century, black and indigenous slaves were forced to mine them in the Brazilian
colonies [2]. Four centuries later, the successes in quantum technologies and the
development of methods to produce high purity artificial diamonds created a boost
in the research of diamond. Nowadays, diamond research based applications can
revolutionize the world.

Suitable hosts for quantum information technologies can be realized using defect-
related optical centres in diamond. It is therefore, due to the large number of
optically active defects, a promising platform for exploring properties at the quan-
tum scale [3]. Nevertheless, creating a quantum computer based on NV centers as
suitable g-bits, technological difficulties must be still overcome. In fact, up to now
a deterministic generation of NV centers is still not possible [4].

In order to build a scaleable quantum technology, two conflicting demands need
to be addressed: A well isolated system -such as a single trapped atom that can be
controlled with high precision- as well as scale-able technology [5]. In other words,
it becomes necessary to control, at the highest level, the number and positioning of
dopant atoms which are introduced in the devices by ion implantation [6]. Recent
work has been focused on controlling the NV charge state, whose stability strongly
depends on its electrostatic environment[7]. In this thesis, such an environment
is modified by the addition of different dopants (acceptors and donors) into the
diamond lattice through ion beam implantation.

Chapter two of this study is devoted to the build up of the framework of the
physics of diamond, emphasizing its crystalline and electronic structure and prop-
erties. Additionally, the definition and description of the NV centres is discussed.
NV centres can have two stable charge states with photo-induced interconversion
between them [8]. Finally, the interaction of ion beams with matter is described
in terms of the energy losses and limiting factors of the spatial resolution. Chan-
neling leads to a loss of the resolution in the depth direction and ion struggling
associates to an uncertainty in the final position of each single implanted ion [6].
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CHAPTER 1. INTRODUCTION

Chapter three concerns the description of the methods used for preparing the
sample for measurement. A 100kV particle accelerator is used to implant the
selected dopants and damaging ions into the sample. A high temperature oven is
used for the annealing steps, and a plasma chamber is used to clean the undesired
graphitization on the surface of the diamond. The measurement itself is carried out
by means of a confocal microscope -that allows the measurement of the fluorescence
of the created color centers- and a grating spectrometer that gives the wavelength
resolved fluorescence.

The sequence of steps carried out in the experiment is presented in chapter
four. Its design as well as the actual mathematical simulations are presented here.
Special attention has been put on the description and conditions used for every
measurement and the methodological division of the sample in order to facilitate
its further analytical discussion.

In chapter five the results of the experiments are presented and a discussion
about the main findings is shown. Neutrally charged vacancies in boron and sul-
phur doped diamond are measured before an irreversible diffusion of the vacancies
through an annealing step. Next, NV and NV~ centres are discussed for both
S and B-doped diamond as well as the regions outside them. Additionally an
attempt is done to determine the yield of NV centres. Finally, the last chapter
presents the summary and conclusions of this study.



Chapter 2

Theory

2.1 Physics of diamond

Diamond is a natural allotrope of carbon in which the atoms are arranged in a
crystal diamond cubic structure. Diamond is transparent and insulating, a good
thermal conductor at room temperature and the hardest naturally occurring ma-
terial on earth [9].

2.1.1 Crystal Structure

The diamond structure belongs to the crystal class Ty. It allows three dimen-
sional covalent bonding in which every atom is surrounded by four nearest neigh-
bors in a tetrahedral configuration [10]. The diamond structure can be described
as two interpenetrating fcc structures, displaced relative to one another along the
main diagonal as seen in figure 2.1.

The diamond structure is relatively empty: the maximum proportion of the
available volume which may be filled by hard spheres is only 0.34, which is 46
percent of the filling factor for a closest-packed structure. Its lattice constant is
a =3.567 A [11].

Diamond is typical of the crystal structures formed by elements from column
IV of the period table: carbon, silicon, germanium and tin. These elements all
crystallize in the tetrahedrally coordinated diamond structure [12].

2.1.2 Electronic Structure

The band structure of a solid is the range of electron energies that the solid may
have within it (also called energy bands or allowed bands) or may not have (called
forbidden bands or band gaps). The electrons of a single atom occupy atomic
orbitals with a discrete energy level. When two or more atoms join together to
form into a molecule, their atomic orbitals overlap[12].
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Figure 2.1: Diamond crystal structure consisting of two interpenetrating fcc struc-
tures, taken from [10].

The band structure of a solid lets us understand its optical and electrical proper-
ties. To calculate it one can start with the time independent Schrodinger equation
for a single electron [10].

[_;:nw + U(r)] U(r, k) = B(k)HU(r, k) (2.1)

The potential U(r) is periodic so it fulfills U(r) = U(r + Ry,). r is a lattice vector
and R, is an arbitrary translation vector of the three dimensional periodic lattice.
According to the Block’s theorem, the eigenstates are:

U(r, k) = ™ Uy(r, k) (2.2)
b represents the band index and Uy(r, k) and ¥(r, k) are periodic in R.

U(r+ R, k) = R (¢ + R, k)
= e R (r, k) (2.3)
= Y (r k)
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Figure 2.2: (a) Band structure of diamond for the symmetry points L to I" [13].
The region in which no line crosses is called band gap or forbidden band(b) First
Brillouin zone of the fce cubic diamond with special points and lines. At the center
the T' point exhibits the highest symmetry [14].

A consequence of the Bloch theorem is that the energy E(k) = E(k+ G) is
periodic in the reciprocal lattice, G denotes a lattice vector in the reciprocal space.
Due to this periodicity, it is sufficient to determine the electronic structure of the
entire solid body by restricting the consideration of the lattice vectors to the
surroundings of a point in reciprocal space. For doing so one looks at the first
Brillouin zone (BZ1) of the solid, since each wave vector can be projected into a
point within the first Brillouin zone in reciprocal space. The BZ1 of the diamond
structure is shown in figure 2.2b. The lines A, A and ¥ join the center I" = (0, 0, 0)
with the center X = (27/a)(0,0,1) of a square face, the center L of a hexagonal
face, and an edge center K of a hexagonal face, respectively. The band structure
of diamond along these directions is shown in 2.2a.

There exist several methods for calculating the band structure of diamond like
tight binding, the empirical pseudo potential method (EPM) [15] or linear com-
bination of atomic orbitals (LCAO)[16]. This methods can contradict each other
[17]. The upper bands in 2.2b are called conduction bands and the lower bands are
called valence bands. The separation between the lowest energy in the conduction
band and the highest energy in the valence band is called the band or energy gap
E

g-

2.1.3 Optical properties

The large band gap of the diamond (E, = 5,45eV’) prevents the valence electrons
from absorbing in the visible range of the electromagnetic spectrum of F,;s ~
1.5 — 3eV. Note (E,;s < E;). Therefore the diamond is transparent under visible

light with a small absorption coefficient in the range of 5 x 10 3em 1.



2.1. PHYSICS OF DIAMOND CHAPTER 2. THEORY

The inelastic scattering of the light on phonons can be observed when exposed to
visible light. In Raman spectroscopy, this effect is used for structural analysis, since
the crystal structure is characterized by the interatomic bonds and the associated
lattice vibrations. The bonds in the solid state link the movements of the atoms
to one another. The mathematical view of the atoms as a system of coupled
oscillators results in characteristic vibrational frequencies w, which are dependent
on the wave vector k in the crystal structure (dispersion relation, fig. 2.2b).

Raman scattering and infrared absorption The absorption (emission) of
a single phonon (hw) with the creation (annihilation) of a quantum of a normal
mode of vibration (phonon) in crystals requires that an oscillating dipole moment
accompany the normal mode. Additionally the energy and momentum conserva-
tion of the vector k should be satisfied. Thus the resonance absorption occurs at
hw = hwy, where |q| ~ 0 in the infrared region [18]. Inelastic light scattering of
visible monochromatic radiation (wavelength A L angular frequency wy,, wave vec-
tor in the medium k:L) by a crystal fulfills again k conservation of momentum and
energy. The latter means frequency shifts with respect to wy, being twq, (—) for
phonon absorption (+) for emission. The wave vector of the phonon participating
in the scattering process satisfies

la| = 2k, [sin (0/2) (2.4)

where 6 is the scattering angle. For visible light, q is located near the centre of
the Brillouin zone (|q| ~ 0), see fig 2.2b. Therefore Raman scattering can occur
only if a single phonon is absorbed or emitted.

First order Raman line. Is is located at 1332.5cm™! in an undisturbed
diamond lattice. The line results from scattering on triply degenerate transverse
optical (T'O) phonons. The spectral position of the diamond Raman line in the
Stokes (absorption) and anti-Stokes (emission) regions are different, being about
1333 and 1325 respectively [19].

Radiation B-band A broad band of width 0.5 eV at 770 nm appearing in ion
irradiated low-N diamonds after subsequent annealing at temperatures above 600
°C'. The band may be strong in diamonds implanted with donor impurities. The
B-band is strongly quenched by N impurity ion form.

GR center. The nature of the GR center is unambiguously attributed to the
neutral single vacancy V% The GR1 electronic transition occurs between a 'E
doubly degenerate ground orbital state and the 'T5(C3,) triply degenerate orbital
excited state in the defect of Ty point symmetry [19].

2.1.4 Defects

Mechanical and electrical properties of solids are largely controlled by defects in
the periodic structure.[10]. The most important kinds of defects are:

6
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Vacancies These are point defects consisting of the absence of ions. They can
profoundly alter the optical properties of crystals, in particular their color. Their
presence is a normal thermal equilibrium phenomenon, so they can be an intrinsic
feature of real crystals[12].

Interstitials It is often not the case that when a vacancy is generated the atom
moves to the surface of the crystal. It may also occupy a position that is not
occupied in a perfect crystal. If considering atoms in a crystalline structure as
spheres there may be large enough regions among them for a new atom to fit
in (especially when neighboring atoms are slightly displaced). The narrow space
among the original atoms is an interstice, so an atom occupying it is called an
interstitial atom or simply an interstitial [14].

Dislocations These are line defects which are almost invariably present in any
real crystal. They are responsible in explaining the strength and observed rates of
crystal growth [12].

Defects in diamond. There are more than one hundred identified luminiscent
defects in diamond [20]. The N defects are relevant in this work. N is a defect
which either exists as a single substitutional impurity or in aggregated form. The
first one has an infrared local mode of vibration at 1344cm™! in the infrared
region. The second ones are, most commonly, pairs of neighbouring substitutional
atoms, the A aggregates, and groups of four around a vacancy, the B aggregate.
All three forms of nitrogen impurities have distinct infrared spectra. Due to their
importance, the NV centers are treated separately in this work.

2.1.5 Classification

The classification of diamonds is based on the content of N, the most common
impurity. Type I diamonds are defined as containing sufficient N to be measurable
by IR absorption spectroscopy (20-3000ppm), whereas type II diamonds do not
contain enough N to be detected using the same method (N < 5ppm). Type I
diamonds are divided into type Ia and type Ib. Both subgroups contain nitrogen,
but the N atoms in each are arranged differently (see fig. 2.3). In type Ib diamonds,
single N atoms that have replaced carbons in the lattice are isolated from one
another; i.e., they generally do not occur in adjacent lattice positions. On the other
side type Ia diamonds contain N atoms that are in close proximity to one another
in one of two spectroscopic detectable configurations. The other configuration
involves four N atoms that symmetrically surround a vacancy [21][22].

Type II diamonds are divided into types Ila and IIb (fig. 2.3). Type Ila dia-
monds contain no easily measurable N or B impurities. Type IIb diamonds contain
B impurities that are thought to be isolated single atoms that replace C in the
diamond lattice.
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Type laA Type laB
laA c ¢ ¢ ¢ ¢ ¢ ¢ ¢
Typela (A-aggregated N pairs)
(aggregated C—N—N—-C C—N—C—C
N impurities) laB
(B-aggregated4N+V) ¢ ¢ c Cc N Vv N C
Typ@l C—C—N—N C—N—C—C
(N impurities)
C - C C N
Type Ib [
(isolated single
N impurities) ¢ ¢ Cc c
¢ NC C = carbon atom
N = nitrogen atom
c c c c B = boron atom
V = lattice vacancy
Typella c c c c
(no N or boron
impurities) c—c—C—c¢C

Type ll

(no N impurities)

Type llb c B CocC

(boron impurities) c ¢ ¢ ¢

Figure 2.3: Diamond classification after [21]. The diagrams are 2D representations
of the tetrahedrally bonded C atoms that form the three-dimensional diamond
lattice.
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Figure 2.4: (a) Representation of a NV center in the unit cell of diamond after
[25] . Spin projections ms; = 0,+1 are defined with respect to the NV symmetry
axis. (b) Characteristic spectra of NV° B and NV~ B with their respective ZPL
peaks, after [7]

2.2 Nitrogen vacancy center

2.2.1 NVY center

A defect often found in nitrogen rich type Ib diamond samples after irradiation
damage or directly implantation N is the nitrogen vacancy defect centre or NV
centre. The NV center is an S = 3/2 spin system consisting of a single vacancy
site located adjacent to a nitrogen atom in the diamond lattice (see figure 2.4a).
The electronic structure of the NV center enables optical readout and initialization
of the spin system through optically detected magnetic resonance (ODMR) [20][23].
It presents a photon excitation energy of 2.56 €V (575 nm) as shown in figure 2.4b.

The optical transition has been found to be between a ?E ground state and %A,
excited state. Additionally, an electron spin resonance signal has been detected
and attributed to an intermediate *A, state. The vacancy centres in diamond can
be described by molecular orbitals formed from the dangling bonds of the C atoms
associated with the vacancy in addition to orbits of any adjacent impurities.[24].
For the N-vacancy there is a non-degenerate a; orbit in the valence band that is
generally ignored. In the gap between valence and conduction bands there is a non-
degenerate a; and a degenerate e state (of A; and E symmetry, respectively in Csy)
and it is the occupation of these one-electron states that give the electronic levels.
For NV?V there are three electrons (if the one in the valence band is neglected)
giving the 2F(a%e) ground state, the 2A,(a;e?) excited state and the intermediate
1 Ay(aye?) state. The 2E — 2 A, emission can be seen from 575 to 700 nm [24]. This
discussion is graphically shown in figure 2.5.



2.2. NITROGEN VACANCY CENTER CHAPTER 2. THEORY

2.2.2 NV~ center

The NV center can capture an extra electron to form an NV ~. The local spin
states of the NV~ center can be accessed and manipulated optically at a single-site
level, making it suitable for quantum information applications. The ground state
of the NV~ center in diamond is a spin triplet with an electronic configuration
(a2e?)[>A5][26]. The electron in the minority spin a; state can be optically excited
to the unoccupied e state, forming a spin triplet excited state 3E with a strong
zero phonon excitation energy of 1.945 eV (637nm) called the Zero phonon line
(ZPL) of the NV~ (see fig.2.5). The optical transitions involve transitions between
like-spins and the three spin projections. For my; = 0, my; = +1 and m, = —1
this transitions have equal strength.[26][20][24]. Figure 2.4b shows both the ZPL
of the NVY and NV~ with their respective excitation wave lengths [7].

vibration
sibrat
ZAl(an) A\ \,11 ration
Eae’) o =R
1
1
575nm I’ i
/.01
2.1eV 1A, (a%?) *“
I
! 637 nm
o 1.945eV
A, (ae?) I "
| i ¥
|}
1E(a2e? *V \
@) T I
’E(a’e) AL
’A,(a%?) 0 A
intersystem
0 crossing
NV NV-

Figure 2.5: Electronic structures of NV centres. Transitions between electronic
states are indicated by solid lines (they can be accompanied by vibrations). Non-
radiative decay or inter-system crossing is depicted with dashed lines. After [24]

The interconversion between NV° and NV~ can be influenced by the power
of the laser used and its wavelength. The saturation behaviour of the NV under
high power illumination is proportional to the probability to be in NV ~. The flu-
orescence at varying illumination power was collected by [8] in order to determine
saturation curves. The function to fit the measured data and obtain the saturation
fluorescence F'lg and the saturation power g is

I

1+ Ig

Fl = Fl, (2.5)

10
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Where Fl is the fluorescence and I the illumination power. For moderate powers
< 1mW, this function fits the data very well[8].

2.3 Implantation of ions

Ion implantation is a technique that allows the placement of foreign atoms, ions or
other particles in the crystalline structure of a target. By using a particle accelera-
tor, the implanted ions can change the physical, electrical or chemical properties of
the material to be doped. Controlling the parameters of the equipment to impinge
particles is of capital importance in the whole process.

2.3.1 Energy loss mechanisms

An energetic ion that penetrates into any target loses its energy through scat-
tering events that involve the Coulomb interaction of the ion within the atoms and
electrons in the solid. The energy loss determines the final penetration depth of
the projectile and the amount of disorder created in the lattice[27]. Each collision
is a complicated many body process that can be approximated by sub dividing
the Hamiltonian into the ion energy loss of two mechanisms: electronic energy loss
(it involves the interaction between the incident ion and electrons of the target)
and nuclear energy loss (involves the interaction between the incident ions and the
atoms of the host material considered as point charges)[27].

The slowing down of an ion in matter is, therefore, understand through the
stopping power 2 defined as the energy dE lost by an ion traversing a distance

a7
dx. Thus: iE
&N / Tdo 2.6
I (2.6)
do being the collision cross section, 1" the ion energy lost during a collision event,
N is the density of scattering centers of the host material. Hence, the stopping

cross section € is given by

1 dE
=——=[Td 2.
‘T Ndr / 7 (27)
The total stopping power due two both nuclear and electronic processes is:
dE _(dEY | (dE
de  \dz . dr | (2.8)
= N(e. + €,)

Here €, and ¢, are the electronic and nuclear stopping cross sections[27]. There
are more detailed approaches that are not considered here.

11
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Figure 2.6: Penetration depth and straggle of N and C ions in diamond. Taken
from [6] based of simulation on SRIM [30].

2.3.2 Spatial resolution and limiting factors

The spatial resolution is defined as the precision in the final position of an
implanted ion in the target material [6], i.e. the volume distribution in which the
implanted ions will end up. Of special importance is the lateral resolution, i.e. the
implantation depth (and its uncertainty) which is directly related to the kinetic
energy of the ion. The lateral resolution is intrinsically limited due to ion-matter
interactions. They are treated in the following.

Ion straggle

The ion straggle is defined as the square root of the variance of the ion distri-
bution. It can be regarded as the spread of the ions along the ion beam. It is
a complex process which depends on several parameters such as the ion kinetic
energy, the nature of the target material, the temperature, the crystal orienta-
tion, among others. Ion straggle represents a physical intrinsic limit of the spatial
resolution which can be achieved using a particle accelerator. For a kinetic ion
propagating into a target material, straggling occurs due to the multiple collisions
that the ion experiences at the atoms of the material, in this sense it can be un-
derstood as a scattering process of the ions. It results in a broadening of the
implantation volume and can be associated to an uncertainty in the final position
of each single implanted ion [6][28]]29]. Figure 2.6 shows the simulated depth and
straggle of ions in diamond as a function of the ion energy for H and N impinging
the lattice. For minimizing the struggle, a low energy in the range of 10 keV may
be ideally selected.

12
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Ion channelling

The arrangement of atoms in crystals determines the magnitude of incident ion-
target-atom interactions. The influence of the crystal lattice on the trajectories
of ions penetrating into the crystal is known as channeling. This term visualizes
the atomic rows and planes as guides that steer energetic ions along the channels
between rows and planes [31]. Ions propagating along low-index crystallographic
axes and planes penetrate deeper and produce less defects. Thus channeling leads
to a loss of the resolution in the depth direction.

For a given crystal axis of the target material, channeling occurs within an
acceptance angle around this axis depending on several parameters such as ion
nature, ion energy and sample temperature. The measured depth profiles [6] show
that a small part of the implanted ions can penetrate twice deeper as the main
implantation depth. Hence the right orientation of the sample, tilted away from
any channeling direction, should be chosen in order to minimize this effect.

2.4 Simulations

The program used for the numerical simulations is called SRIM (Stop and Range
of Tons in Matter) [30]. It is based on a Monte Carlo algorithm that calculates the
interaction of energetic ions with amorphous targets. The program uses several
physical approximations to obtain high computational efficiency. One of those
is the use of an analytic formula for determining atom-atom collisions and an-
other one is the use of the concept of free-flight-path between collisions (only the
significant collisions are evaluated) [28].

In the simulations, the ion energy determines the depth of the region with the
maximum vacancies density and the dose determines the vacancies concentration

in this region [32]. Tt is assumed in this work that the ion kinetic energy E is well
known and that AE/FE is negligible [6].

2.5 Annealing

Annealing is a heat treatment that alters the physical properties of the diamond
sample. The first goal of a thermal treatment after any ion implantation process
is to heal the radiation defects as much as possible [3], so it is a crucial step in the
production of NV centers as can be seen in figure 2.7a. This efficiency is often given
as the NV creation yield (the number of observed NV centres with respect to the
number of implanted N atoms). It depends mainly on the annealing temperature
[19] and on the implantation energy [33][3]. Figure 2.7b shows the typical yield
versus energy dependence for two different high purity samples. It shows that the
yield increases with the energy, but from 1 to 100 keV, it is only about 10%.

13
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Figure 2.7: (a) Temperature dependence of the luminescence for various color
centres. The NV centres correspond to implantations of N at 45keV and 1 X
10%em =2 (M) and 300 keV and 1 x 103cm ™2 (M) (b) Efficiency of creation of NV

centers as a function of the implanted kinetic ion energy. Taken from [3].

14



Chapter 3

Analytical Methods

The description of the experimental methods for the sample preparation (im-
plantation, annealing steps, cleaning with a plasma chamber and solvents) as well
as the equipment used for measurements (confocal microscope and spectrometer)
are described in the present chapter.

3.1 100kV accelerator.

The implantations required in this work were made using a linear accelerator, the
100 kV implanter, which is equipped with an ion-sputtersource. The accelerator
can supply a large variety of ions (except noble gases). The negative ions from the
ion source are accelerated to energies starting from a few keV up to 100 keV. The
beam is then analyzed by a 90° magnet.

Source of Negative Ions by Cesium Sputtering (SNICS)

It is a sputter ion source capable of delivering anions from a solid sample (cold
cathode covered by a Cs layer) by bombarding it with C's™ ions. Cesium atoms
are heated up in the oven until they form a gas. Inside the chamber there exists
a hot conical ionizer maintained at a positive potential. The Cs vapour can stick
to the surface of the cathode or to the surface of the ionizer. The Cs gas touching
the ionizer gets immediately ionized and so the new C's' ions travel towards the
cathode which is maintained at a lower potential. By doing so, the powder of
the cathode gets sputtered producing either ions or atoms which then pick up
an electron as they pass through the cold, condensed layer of Cs and so produce
negative ions. Since the entire ion source is operated below the ground potential
and the extractor is kept at high positive potential U,.,; with respect to the whole
ion source, the negative ions are accelerated back and extracted out of the source
as a negative ion beam|[34][35]. See figure 3.1.
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Cs® (neutral)

ION BEAM

+10-15KV

Figure 3.1: SNICS source of the 100 kV Accelerator. Modified from [35]. Cs vapor
emerging from the oven is ionized on the ionizer and accelerated towards the
cathode, where it removes the cathode powder. A thin layer of Cs on the cathode
surface serves as a stripping medium, so that the beam of negatively charged ions

thus generated can leave the source (by means of an extractor) with an energy of
a few keV.

High voltage and magnet

The ion beam leaving the extractor has a kinetic energy between 5 and 10 keV.
It is further accelerated by means of a set up of ring electrodes to its desired
energy (up to Ugy = 100kV), as shown schematically in figure 3.2. When leaving
this section, the particles have an energy of FF = qU,, the total voltage being
Uit = Ucato + Uext + Ugy [36]. The beam at this point contains ions of other
species besides the desired one, since the cathode material contains impurities.
Thus a magnet providing a magnetic field at 90° of the direction of the electric
field serves a mass separator by means of the Lorenz force [36]. (see fig. 3.2).

The magnetic flux density B,,q, in the 90° magnet is approximately proportional
to the flowing current /,,,44, as long as the iron core of the magnet is not saturated.
The proportionality factor results from the maximum current I,,,, = 153A and
the resulting magnetic flux density B, = 1.057". The filtered masses m(lqy)
now result from the condition of a stable trajectory of the ions (charge ) with a
radius of curvature of the magnet of R = 0.5m [37]:

m([mag> = % (31)

max
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Solid source
(cathode)

Aperture mask

Diamond sample
lon beam

Figure 3.2: Diagram of 100 kV accelerator. The ions from the extractor are ac-
celerated linearly by means of a high voltage Uy towards a magnet that bends
the direction of the ion beam and selects the specific required ion. The collimated
beam further hits the aperture mask and finally reaches the diamond. Taken from

[3]-

As described before, the SNICS source only produces negative ions. N cannot be
easily negatively charged because it is very unstable [38], therefore it can only be
implanted using compounds such as (CN)~ and (BN)~. Finally, the collimated
beam hits a mask (see fig. 3.3) that allows ions to pass only in the desired area of
implantation.

3.2 High temperature oven

For the annealing steps an oven that can reach a temperature of 2000°C was
used. The vacuum is realized by a pump that allows a pressure of 10~ 5mbar.
Therefore the oxygen that could be in the graphite heating chamber is pumped out,
which prevents any oxidation of the diamond when reaching high temperatures.
In the figure 3.4, the lid of the oven is lifted and the graphite chamber can be seen.
The sample is be placed inside this chamber.

3.3 Plasma Chamber

A low pressure plasma equipment of the brand Diener is used for removing or-
ganic impurities from the surface of the diamond (including C from graphitization
points). An energetic plasma is created in the chamber (see fig. 3.5) from oxygen
by using a high frequency voltage. The plasma chamber comprises the following
components[39] (see fig. 3.6):
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Figure 3.3: Masks used for the implantations, the arrow shows the 100 jpm x 100 pm
mask used to implant the carbon and nitrogen ions.

Figure 3.4: High temperature oven used to anneal the sample.
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Air vent

High freq uer{)
generator

Gas of process

Figure 3.5: Diagram of the plasma Chamber. The gas enters the chamber and
is ionized and further transformed into plasma by high frequency coupling. The
plasma particles hit the surface of the sample and remove the impurities of the
surface. Modified from [36], based on [39].

Recipient or chamber. The recipient is a vessel or chamber where a plasma
process takes place. It needs to be fabricated from stainless steel, a material which
resists the plasma processes executed inside.

Vacuum pump. It is an oil lubricated rotary vane pump that can achieve pres-
sures of about 10~ 3mbar.

Plasma generator. It is the unit providing the alternating voltage for the ex-
citation of the plasma. The generator provides a low frequency of 40 kHz and the
power can be chosen between 0 and 200 W.

Control panel. It controls the vacuum pump, the supply of the process gas,
time and power setting, generator and ventilation.

Electrodes. Two electrodes are arranged around the glass cylinder and are con-
nected to a high-frequency generator. An electric field is established when being
charged by an electric voltage. The desired gas is fed into the cylinder and the
generator generates a plasma by capacitive-electrical excitation. By this method
a homogeneous plasma in a large volume can be generated [39][37].
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Figure 3.6: Plasma chamber. Note the bottle of oxygen at the left of the picture.

Once the sample is prepared, or it is in an intermediate step of preparation, the
usage of the confocal microscope and the build in spectrometer is required.

3.4 Confocal microscope

A confocal laser scanning microscope (CLSM) allows to obtain an image from
a prescribed section of a thick translucent object, without the presence of out-
of-focus information from surrounding planes [40]. The confocal principle fulfils
this requirement and at the same time provides enhanced lateral resolution. Light
from the specimen is focused through a small aperture (pin hole), located in the
conjugated plane of the sample and the image. This ensures that only the light
contributing to the image formation can pass through the aperture and form an
image. Therefore information is obtained only from one particular level of the
specimen, as seen in figure 3.8. Furthermore, only light from a very small volume
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diamond sample

dichroic mirror

laser

illumination

pinhole
detection focal plane

pinhole

photodetector

Figure 3.8: In a confocal optical system, light originating from a luminescent object
placed in the focal plane is directed towards a dichroic mirror which focus the light
on a pinhole. Almost all of this light passes through the pinhole and reaches the
photodetector. Light from regions of the object lying in planes away from focus
arrives as a defocused spot at the pinhole.[41] The pinhole physically blocks this
light so it can not reach the photodetector, which therefore measures almost only

the signal focused indeed in the focal plane and avoids the defocused planes. After
[41].

around the focal point in the sample reaches the detector. As a result, images
with very high contrast can be created but they should be scanned point by point.
Therefore the sample is located on a movable holder and the intensity of the fluo-
rescence is measured point by point [36]. The resolution of a confocal microscope is
determined by the confocal illumination and detection volume. Both are described
by a point spread function (PSF) Ay, or hpe. The total PSE hp, behind the
pinhole is:

hrot = b X hpet (3.2)

Which leads to the equations for lateral and axial resolutions [42][36]:

. 0.44X
lat =
NA
. 1.5n\ (3.3)
azrial — NA2

Where NA is the numerical aperture of the lens used in the objective, n the
diffraction index of air or other media, A the excitation wavelength [43].
Experimental Setup

A Nd:YAG (neodymium-doped yttrium aluminum garnet) laser provides a wave-
length of A = 532nm which through a system of lenses and beam splitters (see
fig. 3.9) arrives to a partially transparent mirror. This mirror reflects the laser
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Glass fiber cable
A/2-Plate

Polarizing Laser

beam
Lens splitter (PBS)
f=5cm

! Observation screen
Lens
f=10cm
Notch Lens

PBS Pinhole

Sample holder filter f=5cm

Objective . =
\ iens Dllchrou:
mirror

Sample

Figure 3.9: Diagram of the set up of CLSM taken from [36]. Parts of the con-
figuration as well as the place of the filters can be changed depending on the
experiment.

through the objective (see fig. 3.8) into the sample. The sample gets excited and
emits fluorescent light. It passes through a notch filter (which filters out the re-
flexions of the 532 nm laser) towards a pinhole (confocal principle). From here,
the fluorescence is detected either by a CCD-based spectrometer (Horiba Jobin
Yvon GmbH) or arrives -through a band pass (BP) filter-, to a photodetector (Ex-
celitas SPCM-AQRH) which is an avalanche photo diode (APD) type used for
single-photon detection via a single photon counting module (SPCM).

Individual photons in the wavelength range from 400 nm to 1060 nm can be
detected. The detection efficiency specified by the manufacturer is dependent on
the wavelength, but is a maximum of 65% at a wavelength of 650 nm [44]. The
dead time of the device is 50 ns [36].

Altogether, two factors contribute to the spatial resolution: the volume area
excited by the laser and the depth plane let through the pinhole. A spatially
resolved distribution of the fluorescence intensity of the sample can also be created
by simultaneously controlling the piezo stage and recording the diode count rate
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using a program [43].

Grating spectrometer

Spectra of the sample’s fluorescence can be recorded at any point in the scan
field by means of a grating spectrometer, built in the confocal set up. The beam
of fluorescence arrives at a slit-shaped entry and is directed towards a grating by
means of a concave mirror. The light hits the grooves of the grating and gets
diffracted. This light reaches a CCD (charge coupled device) detector.
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Chapter 4

Steps of measurement

As the sample preparation and the experimental methods of measurement were
described in chapter 3, this chapter focuses on the design of the experiment as well
as explaining the actual sequence of steps.

4.1 Preliminary preparation

Design of the experiment

The creation yield of NV centers after implantation of various species of carbon
(C1~ to C§7) is to be determined in regions of the diamond where dopants S, B, O,
P were implanted. The differences in the creation yield depending on the carbon
molecule number are then to be analysed as well as the influence of the dopant
type (acceptor or donor) or the absence of it.

The premise of this thesis is that the spatial distribution of vacancies will be
denser when making impinge carbon molecules as when implanting single carbon
atoms (for a constant fluence) in the diamond lattice. Therefore the NV cre-
ation yield is potentially higher because of the higher number of vacancies in the
surrounding. Figure 4.1 shows schematically how the distance between vacancies
produced by single C] s is expected to be greater than the one when higher carbon
molecules (C5 to Cy ) are implanted.

As an intermediate step in this experiment, the creation of vacancies for Boron
and Sulfur doping in selected sites of implantation is also studied before the fi-
nal annealing step. The implantation energies for B and S were 10.1 and 30 keV
respectively (see table 4.1). Such energies were chosen to achieve an overlap be-
tween the created vacancies and dopant’s level as explained in section 4.1.3. The
implantation of C]~ at 48 and 80 keV in B and S doping areas will create the
maximum concentration of vacancies deeper than the levels at which the dopants
are expected to reach its maximum concentration and therefore this potential lack
of overlap will give hints of the mobility of the vacancies after annealing.
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Carbon ions
Mnd surface
a) b)

Diamond lateral view

Figure 4.1: a) General scheme for implanting carbon ions in a diamond. b) Ex-
pected behaviour of the Vacancy distances when implanting single carbon ions C}
as when implanting (C'— C')~ molecules using the same fluence in both cases. The
vacancies are represented here with white dots.

Sample selection

For the present work two samples grown by the manufacturer [45] with a Chem-
ical Vapour Deposition (CVD) synthesis process, faces in the plane {100}, laser
cut edges were used. The first one is an optical grade diamond polished by one
side with thickness of 0.3 + 0.05mm. Its width is 2.60 x 2.60mm. The nitrogen
concentration is < 1 ppm and the Boron Concentration is < 0.05ppm. This sample
was discarded after all of the implantations, because of its high-density of intrinsic
N does not allow to control over single NV centers as already noted in [46].

The second one is a high purity Single Crystal Electronic (ELSC) grade diamond
material with respect to point defects, with a low N and NV centre density less
than 5 ppb Nitrogen and -according to the manufacturer [45]- typically has less
than 0.03 ppb NV concentration. The concentration of Boron is less than 1 ppb,
its width is 2.00 x 2.00mm and polished on both sides.

Simulations using SRIM

To determine optimal energies for the ion implantation, numerical simulations
were carried out using the software SRIM [30].

There exists a compromise between 1) the energy of the ion implantation 2) the
desired dose, 3) the optimal penetration depth of the ions and, 4) the depth at
which a greater number of vacancies will be created. Additionally these factors are
constrained to the maximum energy the available particle accelerator can achieve
which is 100 kV. All of the above conditions were found to be fulfilled at around a
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Penetration ]r)nf;til.l
Simulated depth of mum Density
Ion Selected Dose max.
Energy number at 20 nm
number
. of
of ions .
vacancies
ions/cm? keV nm nm ions/cm?
Dopants
N~ 5.00 x 10! 14.2 20.0 2.5 x 1017
S~ 1.00 x 10'2 30 20.4 4.9 x 1017
O~ 1.00 x 10'2 15.6 20.0 5.00 x 107
B~ 1.00 x 102 10.1 20.0 5.00 x 10%7
P~ 1.00 x 102 26.8 20.0 5.00 x 10'7
Ions to produce vacancies
Cc- 3.00 x 101 16 18.0
Cy 1.50 x 10 32 18.0
Cy 1.00 x 10 48 18.0
Cy 7.50 x 101 64 18.0
Csy 6.00 x 10%° 80 18.0
Cys 5.00 x 1010 96 18.0

Table 4.1: Results of simulations using software SRIM. The maximum number of
vacancies should be created at a penetration depth in which the higher concentra-
tion of dopants is expected.

depth of 20 nm. The table 4.1 summarises the parameters obtained after various
attempts to conceal this variables. An example of the multiple simulations carried
out can be seen in figure 4.2.

The simulated overlap between expected vacancies and position of the implanted
ions in the diamond lattice is shown in figures 4.3a and 4.3b. At around 18 nm from
the surface the majority of vacancies will be created. At this level the mean number
of vancacies created is simulated to be 80vac/ion. Thus despite its migration
through the diamond lattice after annealing, there will exist enough number of
vacancies for NV centers to be created. This fact is also true when a higher energy
(80 KeV) is used for the carbon implantation. Here a big number of vacancies will
be created at the level in which the substitutional atoms of B and S are located
as seen in figure 4.4.

4.2 Sequence of measurements

The figure 4.5 shows the operational procedure for this work.
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Figure 4.2: Example of simulations using SRIM [30] for C7 ! at 80 keV. (a) Lateral
view of the ions impinging the crystal Lattice. (b) Transverse view. (c) The
maximum number of ions penetrate about 1100 angstroms. (d) The damage of
the ions in the diamond lattice is expected to be at a depth of 1000 Angstroms.
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Figure 4.3: Simulation of the overlap between vacancies created by implantation of
C7 and the penetration depth distribution of dopants. In 4.3a Sulfur is presented
in M and in 4.3b Boron is presented in .
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Figure 4.4: Overlap of vacancies created by implantation of C| at 80keV and B
and S. Note despite of the bigger energy, there exist a good overlapping.
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Figure 4.5: Sequence of the steps done in this work.

Implantation of markers and dopants

Nine graphitization points of 50 um of diameter were implanted in the diamond
sample so the identification of the regions of interest is easily performed when
using the confocal microscope. The dopants (S, B, O, P) were implanted using an
aperture of 240 x 240um? with each marker located at the center, as seen in figure
4.6. The doses of implantation can be seen in table 4.1.

200pm

4

200um ._ S500um
325 1e12 ions/cm?
30keV

260pm

)
30keV

240x240um?

@ T 50um

325, 1e12

Figure 4.6: Diagram showing the distribution of dopants along the diamond. Sulfur
, Boron M, Oxigen M, Phosphor M. The graphitization point at the upper left
avoids to flip involuntary the sample.
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The sample was first annealed at a temperature of 1200 °C for four hours in a
vacuum pressure of 6.8 x 10~8mBar.

Implantation of N~ and C,,.

A region of 100 x 100 um? of N~ with a fluence of 5 x 10! was implanted
in every corner of the dopant as seen in figure 4.7. Regions of 100 x 100um? of
different single ions and molecular ions of C were implanted (totally overlapping
the nitrogen areas) as shown in figure 4.7 The used fluences can be seen in the
same figure and in the table 4.1.

e,
80keV,
3ell

Cig + N 100x100pm?

12¢,
16keV,
Jell

ions/cm?

12C3,
A8keV,
1lell

l.?.csr
g0keV,
6e10

g,
48keV,
3ell

Figure 4.7: Location of C| to Cy . Note the N and C molecules overlap completely
each other. The labels of the C and N atoms, as well as the energies and fluences
are shown only for dopant S (first column), nevertheless the same values are valid
for the other dopants.

As it can be seen in the previous figure, the above implantation design allows
to have an overlap of the N with C ions which at the same time is located inside
and outside the doping areas. Therefore, a further background correction can be
performed.

To ensure the sample is clean enough, it was put in a ultrasonic bath of acetone
for 10 minutes, followed by a 10 minutes ultrasonic bath of ethanol.
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Vacancy measurements

The creation of vacancy centers VV? was measured before the final annealing step.
The vacancies are identified by the presence of the General Radiation (GR1) peak
at 741 nm. They are produced by the collisions of the N and C; ions along its
path through the diamond [3]. In order to identify the different regions of interest
the nomenclature shown in figure 4.8 is adopted.

Intrinsic diamond

surface
G, N
| intrinsic diamond
| 1 1 n Cand M only (outside dopant)
Dopant (5,B,0,P) m . C, N overlap dopant (inside dopant)

v only dopant

» pgraphitization mark

Figure 4.8: Schematic location of the implanted and not implanted areas in the
diamond. The dot symbol e in the center of the doping area represents the graphi-
tization mark used only for purposes of orientation while using the confocal mi-
croscope.

Confocal and Spectral measurements

The measurements were conducted in a home made laser scanning confocal mi-
croscope, with an air objective (x100, NA=0.95) and a laser excitation of 532nm.
The diamond was placed in the sample holder of the confocal microscope set up
and approached to the objective lens, at first manually and second by means of a
piezo motor until its surface is in the focal plane of the confocal microscope as de-
scribed in the previous chapter. The laser reflection was suppressed by a suitable
notch filter and different optical filters were used to select the wished fluorescence
band of neutral vacancies V° (GR1 centre, ZPL at 741nm) [47]. The sample was
scanned using the CSLM set up in the area of B with implantation of Cg and
C1@80keV . Each area of implantation was divided in four regions (I, II, IIT and
IV as seen in figure 4.8) in order to perform later background correction. Accu-
mulated spectra were also taken using the built in spectrometer. The parameters
used are shown in table 4.2.
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Parameter value  unit
Notch filter 532 nm

Filter in front of the APD No.1 650LP nm

Laser power 4.9 mW
Type of polarization - circular
Accumulation time 45 min
Resolution 1000 pixels
Size of the image 20 x 20 pm X um

Table 4.2: Parameters for measuring vacancies in B doped diamond and outside

doping at C7@Q80keV and Cjg

For the measurements of Sulphur in the region of Cjj implantation, the same
parameters as shown in table 4.2 were used, with the exception of the filter in front
of the APDs that here was chosen to be 775/50BP.

Background correction of the spectra

The measurements in the regions I, II, ITI, IV as described in figure 4.8 were
used for a background correction which is used along all of this thesis: The region
outside doping is obtained by the subtraction of the sub-regions II-I and corre-
sponds to the actual fluorescence due to the implantations of N and C ions that do
not overlap the doping area. Similarly the region inside doping is realized as the
subtraction of the sub-regions III-IV and corresponds to the actual fluorescence
due to N and C ions implantations that do overlap the doping area.

Measurement of NV centers.

The influence of the dopants S, O, P (donors) and B (acceptor) over the creation
yield of NV centres was analysed by implanting an equal dose (4.1) of ions C to
Cg in regions inside and outside the diamond doped areas according to figures 4.7
and 4.8.

Second Annealing step

The creation of NV centres by N ion implantation requires an annealing step to
ensure the positioning of the N atom in a substitutional place and the diffusion of
vacancies until one of them is captured to form the NV centre [3]. The annealing
was done at 800 °C and vacuum pressure of 4.7 x 10"*mbar during four hours. Ad-
ditionally, the sample was cleaned with an ultrasonic bath of acetone and ethanol
to get rid of environmental impurities that could be present in the surface and are
not strongly adsorbed to the surface.
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Plasma chamber

The diamond was further placed for 30 minutes in the plasma chamber with
oxygen as process gas in order to remove the adsorbed organic impurities possibly
present in the surface of the sample [39]. This process additionally can activate
the shallow NV centers that could exist in the dark state as noted in [48].

Confocal and Spectral measurements

In this step the NV centres (ZPL of NV at 575 nm and ZPL of NV~ at 638
nm) [47] were studied. The sample was approached to the objective lens by means
of a piezo motor mounted in the sample holder. This was done in order to make
the laser exciting the NV centers at the surface of the diamond and to further
record its fluorescence. The parameters used in the confocal and spectrometer set
ups are shown in table 4.3. The definitions of the different areas to be scanned are
the same as for the case of vacancies (see fig. 4.8), and they were used -as already
noted- to perform the background correction of the spectra.

Parameter value  unit
Notch filter 532 nm

Filter in front of APD NO. 1 594LP nm

Laser power 1.1 mW
Type of polarization - circular
Accumulation time 2 min
Resolution 200 pixels
Size of the image 20 x 20 pm X pm

Table 4.3: Parameters for the scanning of NV centers
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Chapter 5

Results and discussion

The results of the measurements described in the previous chapter are presented
here and the main findings regarding the creation of neutrally vacancys V°, NV°
and NV~ centres are discussed for two types of dopants: an acceptor (B) and a
donor (S). The yield of NV centers is attempted to be calculated with the method-
ology presented in [47].

5.1 Neutrally charged vacancy

5.1.1 VY in Boron doping

The background corrected spectrum corresponding to the implantation of Cy is
shown in figure 5.1 for B. It is known in a diamond with low N concentration,
almost all of the vacancies are in the neutrally charged V? state [49], nevertheless
the peak corresponding to the ZPL of the GR1 center is higher in intensity for the
diamond doped area (thus there exists here more vacancies) as compared to the
area outside the doping. This is explained because by doping the diamond with
an acceptor (B), the charge state of the vacancies is stabilized[3] in a neutral state.
The same tendency can be seen for the implantation of C] at 80 keV (figure 5.2).
The y — axis scale presented in this work is always linear unless the contrary is
specified. It should also be noted that the negatively vacancy V'~ (ND1 at 393.7
nm or 3.149 ¢V [50]) was not posible to measure due to the range of the available
spectrometer.
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Figure 5.1: a. Cj implantation inside B and outside B M doping region after
background correction. The ZPL of the GR1 center is shown at 741 nm. b.
(insert) Confocal image showing the higher fluorescence inside the doping area as
compared with the external region. Guiding lines were added. The tilted structure
crossing the sample is an artifact of measurement.

The result described above is additionally confirmed by the analysis of the back-
ground corrected confocal images with the software ImageJ [51]. It was found that
the fluorescence in the Boron doped diamond is 1,37 times higher for C; implan-
tation and 1,79 times higher for C| at 80 keV implantation as compared with the
areas of the sample without any extrinsic doping. A similar result was found by
[47]. Tt is to be noted here the units of the intensity are arbitrary so only ratio
analysis can be done.
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Figure 5.2: C] at 80 keV in the boron region. The peaks corresponding to the
ZPL of the GR1 center (741 nm) are clearly shown. The intensity is lower outside
the B doped diamond M. as expected. Inset Confocal image showing four regions
already defined in figure 4.8. A higher fluorescence (higher number of V?) is easily
shown in the region III if compared with the region II.

5.1.2 VY in Sulphur doping

The results of the previous section regarding the abundance of vacancies are
inverted when using sulphur instead of boron as dopant. The region with higher
number of vacancies is now located outside the sulfur doped diamond (this corre-
sponds to the intrinsic diamond with a low concentration of N and high concen-
tration of V% as described by ref. [50]). In addition a less number of vacancies is
found inside sulphur doped diamond, because the negative charges of the donor
contribute to change the V° to a negatively charged state V'~ that does not sum
up to the recorded fluorescence. The creation of vacancies was studied for the
sulphur doping around the implantation of Cj as seen in figure 5.3.
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Figure 5.4: Confocal image correspond-
ing to the spectra in fig. 5.3. Guiding
lines were drawn to show the separation
of the different regions.

Figure 5.3: a. Cy implantation inside
and outside S doping region. The GR1
peak (see color W) is higher outside the
S doping. As always the y-axis scale is
linear.

A qualitative analysis of the confocal image 5.4 leads to determine the fluo-
rescence regarding the V0 is, as expected, about 2,71 times higher outside the
S-doped diamond. This result means that in the S-doped region there exists va-
cancies which have the same charge state and therefore a Coulomb repulsion [3] is
realized between them. Such repulsion will prevent the formation of di-vacancies
after annealing, which in turn helps to increase the yield of NV centers by hinging
the creation of other undesired centres as will be shown in the next section. A
more quantitative analysis was not possible, since at this point there exist already
NV centers (probably activated due to the use of the plasma chamber [48], or due
to the low N concentration present in the intrinsic bare diamond at the moment
of the first annealing step) that are summing up to the measured intensity even
though the sample was not yet annealed for the second time.

5.2 Creation of NV? and NV~ centers.

Unfortunately the quality of the diamond in the region of interest corresponding
to dopants O and P does not allow to perform further measurements. In the
following, only the S (first column) and B (second column) doping (see figure 5.5)
will be discussed.
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Figure 5.5: 1200 x 1200 pixels resolution confocal image taken after all of the
programmed implantation and annealing steps as described in chapter four. The
columns of dopants from left to right are sulfur, boron, oxygen and phosphorous.
Note the clear overlaps in the sulphur region (first column). The quality of the
diamond from the middle to the right did not allow proper measurements. The
numerical and the color scales are placed in the middle of the picture for the sake
of visualisation.

5.2.1 NVY and NV centers in Sulphur doping

The influence of the S doping on the creation yield of NV centers is discussed in
this section. The spectra taken after background correction are shown in the figure
5.6 (for the case of Cy and Cy a background correction was not done because of
the presence of artifacts of measurement in the diamond which impeded the correct
subtraction of the background). It can be clearly seen in figures 5.6a to 5.6d that
a higher intensity of the NV~ centers, expressed through the ZPL peak of NV~
at 638 nm, is given for the regions in which the carbon ion implantation overlaps
the S doped diamond (marked with the color B). This is explained because the
negative charge state requires an electron from a donor in the diamond lattice, as
pointed out by [24], therefore the unpaired electron in the donor S may charge the
vacancy site. In addition, the NV centre’s yield is also favoured by the Coulomb
repulsion of the V'~ vacancies. Neither the ZPL nor the phonon side bands of the
NV?Y appeared in the measurements. It is also to be noted that an inter-conversion
between NV? and NV~ can be optically induced by selecting an appropriate laser
power [8]. Nevertheless the important finding here is the high yield of NV~ centres
driven by the presence of sulfur as dopant [3].

39



52. NV AND NV~ CHAPTER 5. RESULTS AND DISCUSSION

Outside S doping

Cy —— Outside S doping C, ; !
2
Inside S doping 4 Inside S doping
"% 638 'lé
E & S
£ g
< <
= 2
(7] (%}
c [=4
2 ]
£ £
600 700 800 600 700
Wavelength (nm) Wavelength (nm)
(a) Cy (b) C5
c. Outside S doping —— Outside S doping
3 Inside S dopin i i
ping c- Inside S doping
4
0 638 i
£ =
s E 638
£ g
< <
2 2
@ ‘@
= c
2 ]
£ £
600 650 700 750 800 600 700 800
Wavelength (nm) Wavelength (nm)
(c) Cs (d) C;
cy Ce —— Outside S doping
—Inside S 1 —— Inside S doping
575
638 575
638

0 g l
£ c
=1 >
£ £
< <
2 2
(%} [%2]
=4 c
2 ]
= J =

T T T T T T T T T
600 700 800 600 650 700 750 800 850

Wavelength (nm) Wavelength (nm)
(e) C5 (f) Cs

Figure 5.6: Spectra of the C'[ to C; ion implantation regarding the dopant S after
background correction. Cy and Cy could not be background corrected. The ZPL
of the NV~ is present at 638 nm with a higher intensity for the S-doped diamond
in all of the samples. The phonon side bands after 638 nm of NV~ centre in the
doped diamond are also clear. At 575 nm the first Raman peak of the diamond
shows up.
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Figure 5.7: Spectra of Carbon implantations (C; to Cg ) in S-doped diamond.
The normalized integrated intensity from the ZPL of NV~ to 800 nm follows a
pattern depending on which carbon ionic molecule is considered. From the inset
one can see that the fluorescence for C; > C5 > Cy and C7 > C5 > Cy .

When considering together all of the carbon implantations C| to Cy in the S
doped diamond, as shown in figure 5.7, a trend in the intensities can be identified:
Cy > Cy > Cy and C7 > C5 > Cy. The lower the number of the carbon
molecule/ single ion, the higher the intensity of the NV~ ZPL. Nevertheless C] >
C5 is not fulfilled maybe because possible problems in the measurements like
aleatory errors or miscalibration of the equipment. A similar trend is found when
analyzing the ratios inside/outside implantations (see figure 5.9).

5.2.2 NVY and NV~ centers in Boron doping

From the analysis of the spectra in the regions of interest, lower fluorescence
intensities regarding to NV~ centers are found in the B-doped diamond (M) if
compared with the outside undoped areas (see figure 5.8 (a),(d),(e) and (f); figures
5.8b and 5.8c¢ do not follow this trend probably because inadequate background
measurements). This is explained because no Coulomb repulsion between V° dur-
ing annealing occurred in the B doped diamond that prevents vacancies forming
aggregates or divacancies therefore other colour centres can be created such as
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interstitial nitrogen (V) divacancies (V5), NoV, Ny and NV H [52] rather than
NV centers.

Conversely in the regions where B is absent (M), the vacancies are not kept
neutral [3] thus a certain Coulomb repulsion can be expected that allows a higher
yield of NV~ centers: higher intensity of the ZPL of the NV~ at 638 nm for the
implantation of C], Cy, C5 and Cy in the figure 5.8.

When comparing the results for S and B doped diamond the previous findings
are found to be opposite, which is expected due to the different behaviour of the
acceptors and donors as discussed above.

5.2.3 Creation yield of NV centers

The number of NV~ centers in confocal spots of the pictures could not be de-
termined just by counting them because of possible overlapping of fluorescence of
NV’s located at different but close depths, something also noted in [32]. Addi-
tionally, the high density of NV centres found along the surface of the relevant
areas of the diamond prevented the possibility to find an isolated NV center whose
fluorescence can be used to determine the yield.

Sulfur

In table 5.1 a ratio of the fluorescence of S-doped diamond is shown with respect
to undoped regions when analysing the confocal images. The same information
is calculated when comparing the area under the curve of the spectra. The mean
calculated ratio when both methods are used is 2.31 4+ 0.38. No mayor differences
are found when the carbon molecules increase their number. Nevertheless in ac-
cordance with fig. 5.7 and fig. 5.9, a lower carbon species leads to a higher yield
and it decreases with the increase of molecule number. However this contribution
is small if compared with the increment of the NV centres yield due to the presence
of sulfur as dopant. The literature value was found in [3] to be of 75% of yield for
sulfur.

Boron

The rations between B-doped diamond and outside are presented in table 5.2,
table 5.3 for six species of C. The mean value is 1.01 4+ 0.22. From fig. 5.9, a
lower carbon species leads to a higher yield and it decreases with the increase of
molecule number.
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Figure 5.8: Spectra of the C] to Cy ion implantation regarding the dopant B. A
background correction was made using measurements from the near regions. Due
to imperfections on the diamond surface for regions C5 and C; , the spectra look
different as the other ones. Note the intensity of ZPL of NV~ outside the B-doped
diamond is higher as inside in most of the cases.
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C species Picture Mean fluorescence (kcounts/s)
in Sulfur (without background correction) Ratio
dopant S doping  Outside Sulfur doping Outside
Cr
178.95 68.72 2.6
Cx 164.68 55.54 2.9
Cs 174.11 71.23 2.4
s 120.12 56.40 2.1
Ce 100.04 46.71 2.1
Cr@ 80keV 101.96 39.62 2.6

Table 5.1: Comparison of the fluorescence of NV centers formed in the implantation
regions from C] toC5 and C5, Cy and C at80keV when sulfur is used as dopant.
The NV centers are so close-packed together than it is not possible to distinguish
a single one with the confocal microscope.
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Mean fluorescence
C (kcounts/s)
molecule (background corrected)
B doping Outside

Ratio

Co 1. 4751 2. 6450 0.73

IV ) I11 11 1

Table 5.2: Comparison of the fluorescence of NV centers formed in the implantation
region Cy when boron is used as dopant. In the last cell of the table a confocal
image showing the four implantation regions is shown.

Carbon species Ratio Ins/Outs

B S
Cy 1.0 2.1
Cy 1.4 2.0
Cs 1.2 2.5
oh 1.0 2.9
Cs 0.9 1.7
Cy 0.9 1.8

Table 5.3: Ratio of the integrated luminescence spectrum from ZPL at 638(5) nm
to 800(5) nm for regions inside and outside the implantation of B and S.
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Figure 5.9: Ratios from table 5.3 as a function of ;. Both linear fits have a
negative slope, which means the ratio decreases with the increase in molecule
number.
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Chapter 6

Summary and Outlook

The neutrally charged vacancies were studied for S and B. It was found that the
ZPL of GR1 is higher in intensity (1.37 times higher for C6 implantation) for the
B-doped diamond as compared with the regions outside. In fact, the acceptor B
takes the possible charges of the vacancies and stabilizes them into neutral state.
These findings were inverted when S is used as dopant. In this case, the region with
a higher number of neutrally charged vacancies was found outside the S-doped di-
amond. In fact, the fluorescence regarding V° was about 2,71 times higher outside
the S-doped diamond for the implantation of Cy . Consequently in the S-doped
region there exists negatively charged vacancies which repel each other according
to Coulomb’s law. Such repulsion prevents the formation of di-vacancies and va-
cancies conglomerates after annealing. Therefore, this mechanism contributes to
increase the yield of NV centers by hinging the creation of undesired centres like
Vo [52]. A more quantitative analysis was not possible, since at this point NV
centers were already profusely found (probably activated due to the use of the
plasma chamber [48], or due to the intrinsic N concentration present in the bare
diamond even though the sample was not annealed for the second time.
Regarding the NV° and NV~ centers creation, a higher intensity of the ZPL of
NV~ centers is found in the S doped diamond as outside it. This is explained
because the negative charge state requires an electron from a donor in the dia-
mond lattice, as pointed out by [24], therefore the unpaired electron in the donor
S may charge the vacancy site. In addition, the NV centre’s yield is favoured by
the Coulomb repulsion of the V= vacancies. Neither the ZPL nor the phonon side
bands of the NV appeared in the measurements. Nevertheless the important
finding here is the high yield of NV~ centres driven by the presence of sulfur as
dopant [3].

For B doping the situation is opposite as for S: lower fluorescence intensities re-
garding NV~ centers are found in the B-doped diamond as compared with the
outside undoped areas. This is explained because no Coulomb repulsion between
V0 during annealing occurred in the B doped diamond that prevents vacancies
forming aggregates or divacancies therefore other colour centres can be created
such as interstitial nitrogen (Ny) divacancies (V3), NoV, Ny and NV H [52] rather
than NV centers. Conversely in the regions where B is absent the vacancies are
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not kept neutral [3] thus a certain Coulomb repulsion can be expected that allows
a higher intensity of the ZPL of the NV~ for the implantation of C|, C; , C5 and
Cy .

The creation yield of NV~ centers could not be determined because the high
density of NV’s along the sample prevented to identify single NV centers for com-
parison with the total fluorescence of a given area. Nevertheless, the mean ratio
of the fluorescence of S-doped diamond with respect to the undoped regions is
2.31 £ 0.38. No mayor differences are found when C increase their number.
However a lower carbon species leads to a higher yield and it decreases with the
increase of molecule number. This contribution is small if compared with the high
increment of the NV centres yield due to the presence of sulfur (75% in [3]). The
regions concerning B-doped diamond for the implantation of C; present a ratio
B-doping/outside of 0.73 which means the intensity is higher in the region where
B is not present. In general it is found that a higher yield of NV centers occurs
when the boron is not present in the implantation.

The mean value of the ratios between B-doped diamond and outside is 1.01 £ 0.22.
In general it is found that a higher yield of NV centers occurs when the boron is
not present in the implantation, but since the big standard deviation this state-
ment is not conclusive. A trend can also be identified: lower carbon species lead
to a higher yield and it decreases with the increase of molecule number.
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