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Abstract

Nanodiamonds are a promising platform for quantum technologies due to
the combinations of their inherent properties and the properties of the flu-
orescent color centers hosted in diamond. They can be employed as quan-
tum sensing devices with spatial resolution in the range of the nanometer
and capable of withstanding harsh conditions while also being biocompat-
ible, allowing applications with sensitive biological systems; but they also
find application in quantum computing and photonics fields. For all these
applications the central features are the properties of the photoluminescent
color centers employed, the color centers on which this thesis is focused are
the Nitrogen-Vacancy (NV) and Silicon-Vacancy (SiV) centers of diamond.
Both centers are of high interest due to spin dependent properties of their
fluorescent emission which can be accessed at room temperature. The de-
velopment of quantum technologies based on such fluorescent nanodiamonds
is stifled by the the lack of production techniques that can be easily scaled
to industrial levels. In fact most of the more prominent techniques found in
literature exhibit drawbacks both in terms of control of particle properties
and of scalability. This thesis focuses on the synthesis of nanodiamonds by
Pulsed Laser Ablation in Liquid, with particular interest in the possibility of
producing continuously nanodiamonds containing NV and SiV centers. For
the NV center the technique of choice have been Pulsed Laser Ablation in lig-
uid nitrogen focusing on the yield of the process as the technique has already
been experimentally validated. For the SiV centers the ablation process was
performed in water and the graphite precursor have been substituted for a
composite graphite and silicon carbide precursor.

111



v



Contents

Introductionl

1

(1 Nanodiamond properties and synthesis techniques| 9
(1.1 Properties of bulk diamond . . . . .. ... ... ... .... 9
(1.2 Properties of nanodiamonds| . . . . . . . . .. ... ... ... 10
(1.3 Nanodiamond applications| . . . . . . . .. ... ... ... .. 13
(1.3.1 Nanodiamond composites| . . . . ... ... ... ... 13

(1.3.2  Photonics . . . . ... ... ... 14

(1.3.3 Quantum sensing| . . . . . . . . . . .. ... ... ... 14

[1.3.4  Energy storage applications| . . . . .. ... ... ... 14

[1.3.5 Tribology and lubrication| . . . . . .. ... ... ... 15

(1.4  Nanodiamond Synthesis| . . . . ... ... ... ... ..... 15
(1.4.1 Pulsed Laser Ablation in Liquid| . . . . ... ... ... 15

(1.4.2 Detonation Synthesis| . . . . . . ... ... ... ..., 16

(1.4.3  Chemical Vapor Deposition| . . . ... ... ... ... 18

(1.4.4  High-Pressure High-Temperature synthesis| . . . . . . . 19

2T M . on i Palsed T Ablation 31
[2.1  Laser-matter interaction: energy deposition|. . . . . . . . . .. 32
2.1.1 Two Temperature Model . . . . . . .. ... ... ... 34

[2.1.2 Expanded Two Temperature Model for |

[ Semiconductors . . ... ... 35
[2.2 Phase Explosion|. . . . . . ... ... 00000 36
[2.3  Phase Explosion under confinement| . . . . . . . ... ... .. 41
[2.4  Thermodynamics of the formation of nanodiamonds| . . . . . . 43




CONTENTS

vi
(3  Electronic and Optical Properties of the Nitrogen Vacancy |
[  and Silicon Vacancy Centers in Diamond| 51
[3.1 Physical structure and symmetry |
[ configuration| . . . . . .. ... L 52
[3.1.1 Nitrogen-Vacancy center structure|. . . . . . . . .. .. 52
[3.1.2  Silicon-Vacancy center structure| . . . . . . . .. .. .. 54
[3.2  Optical properties|. . . . . . .. ... ... ... ... 55
[3.2.1 NV Center photoluminescence| . . . . . . . ... .. .. 55
[3.2.2  SiV Center photoluminescence| . . . . . . . . . . . . .. 57
[3.3  Electronic properties| . . . . . . ... ... L. 59
[3.3.1 NV center electronic properties| . . . . ... ... ... 59
[3.3.2  SiV center electronic properties| . . . . .. ... .. .. 61
[3.4  Spin Hamiltonian| . . . . . .. ... ... .. ... ... ..., 63
.41 NV Center Hamiltonianl . . . . . . .. ... ... ... 64
(.42 SiV Center Hamiltonianl . . . . . . .. ... ... ... 68
[4  Synthesis of Fluorescent Nanodiamonds: One-Step Process |
[ by Pulsed Laser Ablation of Graphite in Liquid Nitrogen| 81
[4.1  Apparatus| . . . . . ... 82
4.2 Purification Procedurel . . . . . . ..o o000 85
4.2.1 Oxidative Procedurel . . . . . .. ... ... ... ... 85
4.2.2 Chemical Purification Procedurel. . . . . . . ... . .. 89
[4.3  Optical Characterisation| . . . . . . .. .. ... ... .. ... 92
[5 Synthesis of Fluorescent Nanodiamonds Mixed with Silicon |
[  Carbide Nanoparticles from Composite Precursors| 97
[b.1 Composite Precursors|. . . . . . .. .. ... ... ... .... 98
[0.2 Processing| . . . . . . . ... 100
0.3  Characterizations . . . . . ... . ... ... ... ... ... . 102
B.3.1  SEM and EDXS characterisationl . . . . . . .. . ... 102
H.3.2 TEM and SAED characterisationl . . . . . ... .. .. 111
[>.3.3  Photoluminescence Spectroscopy Results| . . . . . . .. 112
[>.3.4  Raman Spectroscopy Results|. . . . . .. ... ... .. 117
H.3.50  Fimalremarks . . .. .. ..o 00000 120
(6 Potential Refinement of the PLAL Technique and Future |

Perspectives| 127

[6.1 Nanodiamond-NanoSiC Phase Separation|. . . . . . . . . . .. 127




CONTENTS vii

[6.2  Precursors from Sub-Micrometer Carbon Spheres| . . . . . .. 129
(6.3 NDs from UV-C photoelectric absorption| . . . . . . . . . . .. 131
6.4 Final Remarks. . . . . ... ... .. ... 133

Conclusions| 135



viii CONTENTS



Introduction

The objective of this thesis is to advance the Pulsed Laser Ablation in Lig-
uid (PLAL) technique for the production of fluorescent nanodiamonds (NDs)
featuring distinct photoluminescent color centers, in particular focusing on
Nitrogen-Vacancy (NV) and Silicon-Vacancy (SiV) centers. Additionally,
post-processing procedures for purifying the ablated material will be devel-
oped.

These color centers have promising properties for applications in quan-
tum technology, mainly for quantum sensing and quantum computing appli-
cations. The study of efficient synthesis techniques for both color centers is
an important part in making them a relevant technological platform.

Various established techniques exist for ND production, including deto-
nation synthesis [1], High-Pressure High-Temperature (HPHT') processes [2],
and Chemical Vapor Deposition (CVD) based techniques[3]. All these tech-
niques exhibit problematics ranging from the necessity of post-processing
milling steps, to high impurity content and even low industrial scalability.

PLAL emerges as a promising alternative, already employed in the pro-
duction of various nanoparticles[4].

The technique’s main advantages lie in cost-effectiveness, ease of use com-
pared to the more established techniques, and the tunability of the process,
as well as easier scalability for industrial scale production.

Nanodiamonds have been a subject of extensive research in various fields
due to their exceptional properties. The nanoparticles preserve all the char-
acteristics of the bulk material, displaying extreme hardness, high chemical
stability, high thermal and low electrical conductivity, biocompatibility, and
resilience in harsh environments|1].

The color centers examined in this study are the NV center and the SiV
center. The NV center comprises a substitutional nitrogen atom in a diamond
lattice site with a neighboring vacancy, while the SiV center consists of an



2 INTRODUCTION

interstitial silicon atom surrounded by a divacancy, i.e. a vacancy in both
adjacent diamond lattice sites.

In recent years, both centers have garnered significant attention for their
optical properties, rendering them suitable for quantum applications such as
quantum sensing, quantum information processing, and quantum computing.

The NV center exhibits two configurations: a neutral state (NV?) [5] and
a negatively charged state (NV ) [6]. The NV~ configuration is the focus of
this work. References to NV centers in this context will exclusively pertain
to the NV~ configuration unless explicitly stated otherwise.

Key features of the NV center include its bright and stable photolumines-
cence, a zero phonon line (ZPL) at 637 nm, a phonon sideband extending to
approximately 800 nm, high photostability with no bleaching at room tem-
perature, and a low relaxation time of around 10 ns [7, 8]. The NV center’s
central property lies in the strong dependence of its photoluminescence on
the spin state [9]: the ground state of the color center is split by spin-spin in-
teractions into mg = 0 an mg = +1 sublevels and the spin state is conserved
after optical excitation, the mg = 0 states decay rapidly by emission of a pho-
toluminescence photon, while the states with mg = +1 have a probability of
undergoing non-radiative decay by accessing a shelving state. Moreover the
initial spin state can be easily manipulated using microwave excitation.

The NV center is influenced by surrounding magnetic moments, the use
of extremely pure diamond matrix (with extremely low concentration of ¥C
or substitutional N atoms) allows to reach coherence times of up to 2 ms [10].
On the other end this can be employed to couple the spin of the electron to
nuclear spins of *C' atoms in the lattice to construct quantum registers[11].

The strong coupling of the NV center emission with phonons of the dia-
mond lattice is the main disadvantage for their use in quantum applications.
For example, entanglement experiments are performed only taking into con-
sideration ZPL photons, that is only 3 — 5% of the emitted light can be
employed leading to extremely low probability for the generation of entan-
gled photons[12].

In the quantum optics field there is very active research in both ways to
enhance the ZPL emission of NV centers [13], 14] as well as on different color
centers. One of the most promising is the SiV center.

The SiV center is noteworthy for its sharply defined emission spectrum, a
characteristic trait of group IV color centers[I5]. In a similar manner to the
NV center, the SiV center exhibits both a neutral[16] and negatively charged
[17] configuration. In this work the focus is on the SiV~ configuration which



displays a ZPL at 738 nm, and, as already stated for the NV center, in this
thesis the reference to SiV centers only refers to the negative configuration.
The 738 nm ZPL of the SiV center contains approximately 80% of the emitted
radiation [I8], with minimal phonon coupling. The ZPL can have linewidth
lower than 1 nm even at room temperature, while exhibiting single photon
emission with rates of > 10% counts per second, making SiV centers the
brightest single-photon source in diamond at room temperature[18§].

The optical properties of the SiV center make it an attractive resource
for photonics applications requiring single photon emission as well as for
quantum computing applications as qubits with the possibility of generating
entanglement between distant color centers[19)].

Thesis Outline

Chapter 1 will be devoted to an introductory discussion of nanodiamond
properties, applications and synthesis technique, based on a selection from
the state of the art in literature.

In chapter 2 I will cover the phenomena underlying Pulsed Laser Abla-
tion in Liquid from a theoretical point of view. This will entail a discussion
of the interaction between laser and matter, focused on energy deposition
mechanisms, followed by a description of Phase Explosion, the underlying
phenomenon causing ablation in the experimental conditions of this work.
Lastly this will be integrated with a description of the effect of liquid confine-
ment on the process and a discussion of the diamond formation mechanism
during ablation.

The following chapter 3 will focus on a description of color centers of
diamond, focused on the Nitrogen-Vacancy (NV) and Silicon-Vacancy (SiV)
centers. This will consist in a description of the properties of the single color
centers from a configurational, optical and electronical point of view, giving
special attention to the Hamiltonian terms that describe inherent physical
properties of the nanodiamonds and interactions with external fields, which
are the basis for their quantum sensing applications.

Chapter 4 and 5 will instead focus on the experimental work performed
for the synthesis and characterisation of nanodiamonds containing NV and
SiV centers respectively. In both chapters I will cover in detail the synthesis
and purification procedure followed by an assessment of the quality of the
nanomaterials produced.

Chapter 6 will briefly describe some of the ongoing work for the refinement
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of the PLAL technique employed in the previous two experimental chapters,
together with a novel approach derived from recent research. The results of
this work will then be summarised in the conclusion of this thesis.



BIBLIOGRAPHY 5

Bibliography

1]

Vadym Mochalin, Olga Shenderova, Dean Ho, and Yury Gogotsi. The
properties and applications of nanodiamonds. Nano-enabled medical ap-
plications, pages 313-350, 2020.

Jean-Paul Boudou, Patrick A Curmi, Fedor Jelezko, Joerg Wrachtrup,
Pascal Aubert, Mohamed Sennour, Gopalakrischnan Balasubramanian,
Rolf Reuter, Alain Thorel, and Eric Gaffet. High yield fabrication of
fluorescent nanodiamonds. Nanotechnology, 20(23):235602, 2009.

Elke Neu, Carsten Arend, E Gross, F Guldner, Christian Hepp, David
Steinmetz, Elisabeth Zscherpel, Slimane Ghodbane, Hadwig Stern-
schulte, Doris Steinmiiller-Nethl, et al. Narrowband fluorescent nanodi-

amonds produced from chemical vapor deposition films. Applied Physics
Letters, 98(24), 2011.

Haibo Zeng, Xi-Wen Du, Subhash C Singh, Sergei A Kulinich, Shikuan
Yang, Jianping He, and Weiping Cai. Nanomaterials via laser abla-
tion/irradiation in liquid: a review. Advanced Functional Materials,
22(7):1333-1353, 2012.

Adam Gali. Theory of the neutral nitrogen-vacancy center in diamond
and its application to the realization of a qubit. Physical Review B,
79(23):235210, 20009.

Marcus W Doherty, Neil B Manson, Paul Delaney, and Lloyd CL Hol-
lenberg. The negatively charged nitrogen-vacancy centre in diamond:
the electronic solution. New Journal of Physics, 13(2):025019, 2011.

Lilian Childress and Ronald Hanson. Diamond nv centers for quantum
computing and quantum networks. MRS bulletin, 38(2):134-138, 2013.

AT Collins, MF Thomaz, and Maria Isabel B Jorge. Luminescence decay
time of the 1.945 ev centre in type ib diamond. Journal of Physics C:
Solid State Physics, 16(11):2177, 1983.

Marcus W Doherty, Neil B Manson, Paul Delaney, Fedor Jelezko, Jorg
Wrachtrup, and Lloyd CL Hollenberg. The nitrogen-vacancy colour cen-
tre in diamond. Physics Reports, 528(1):1-45, 2013.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

INTRODUCTION

Gopalakrishnan Balasubramanian, Philipp Neumann, Daniel Twitchen,
Matthew Markham, Roman Kolesov, Norikazu Mizuochi, Junichi Isoya,
Jocelyn Achard, Johannes Beck, Julia Tissler, et al. Ultralong spin
coherence time in isotopically engineered diamond. Nature materials,

8(5):383-387, 2009.

Conor E Bradley, Joe Randall, Mohamed H Abobeih, RC Berrevoets,
MJ Degen, Michiel A Bakker, Matthew Markham, DJ Twitchen, and
Tim H Taminiau. A ten-qubit solid-state spin register with quantum
memory up to one minute. Physical Review X, 9(3):031045, 2019.

Emre Togan, Yiwen Chu, Alexei S Trifonov, Liang Jiang, Jeronimo
Magze, Lilian Childress, MV Gurudev Dutt, Anders Sgndberg Sgrensen,
Phillip R Hemmer, Alexander S Zibrov, et al. Quantum entangle-
ment between an optical photon and a solid-state spin qubit. Nature,
466(7307):730-734, 2010.

Igor Aharonovich, Andrew D Greentree, and Steven Prawer. Diamond
photonics. Nature Photonics, 5(7):397-405, 2011.

AW Schell, J Wolters, T Schroder, and O Benson. Using defect centres
in diamonds to build photonic and quantum optical devices. In Quantum
Information Processing with Diamond, pages 160-194. Elsevier, 2014.

Gerg6 Thiering and Adam Gali. Ab initio magneto-optical spectrum
of group-iv vacancy color centers in diamond. Physical Review X,
8(2):021063, 2018.

BL Green, S Mottishaw, BG Breeze, AM Edmonds, UFS D’Haenens-
Johansson, MW Doherty, SD Williams, DJ Twitchen, and ME Newton.
Neutral silicon-vacancy center in diamond: Spin polarization and life-
times. Physical review letters, 119(9):096402, 2017.

Lachlan J Rogers, Kay D Jahnke, Marcus W Doherty, Andreas Diet-
rich, Liam P McGuinness, Christoph Miiller, Tokuyuki Teraji, Hitoshi
Sumiya, Junichi Isoya, Neil B Manson, et al. Electronic structure of the

negatively charged silicon-vacancy center in diamond. Physical Review
B, 89(23):235101, 2014.

Elke Neu, David Steinmetz, Janine Riedrich-Moller, Stefan Gsell, Mar-
tin Fischer, Matthias Schreck, and Christoph Becher. Single photon



BIBLIOGRAPHY 7

emission from silicon-vacancy colour centres in chemical vapour deposi-
tion nano-diamonds on iridium. New Journal of Physics, 13(2):025012,
2011.

[19] Alp Sipahigil, Kay D Jahnke, Lachlan J Rogers, Tokuyuki Teraji, Ju-
nichi Isoya, Alexander S Zibrov, Fedor Jelezko, and Mikhail D Lukin.
Indistinguishable photons from separated silicon-vacancy centers in di-
amond. Physical review letters, 113(11):113602, 2014.



INTRODUCTION



Chapter 1

Nanodiamond properties and
synthesis techniques

Nanodiamonds can be found in nature in conditions of extreme physical
processes such as meteoric impacts [1l 2] and as leftovers of stellar forma-
tion in asteroids themselves [3] [4]. Synthetic nanodiamonds were first pro-
duced during the 20" century by means of detonation of explosives with
high carbon concentration [5H7] a technique still in use today and very ef-
ficient in terms of amount of powder produced[8-HI0]. Later, as technol-
ogy progressed, new avenues of production were identified, mainly static
High-Pressure High-Temperature (HPHT) processes[11}, [12], Chemical Vapor
Deposition techniques[I3], 14] and Laser assisted techniques[I5HI8]. In this
chapter I will cover the properties of nanodiamonds and their applications in
different field of research and industry.

1.1 Properties of bulk diamond

Diamond is widely known for being the hardest material, it is a crystalline
form of Carbon in which C atoms are sps hybridized forming a tetrahedral
structure of strong covalent bonds (711kJ/mol) with four nearest neighbor
atoms at a distance of (1.53 A). This structure gives rise to the impressive
properties of bulk diamond such as the very high density of the material
(3,145g/cm?) and its mechanical properties (hardest material on both Vick-
ers and Mohs scales, high resistance to compression) [19-21].

The very strong covalent C-C bond gives diamond high chemical stability,

9



10  NANODIAMOND PROPERTIES AND SYNTHESIS TECHNIQUES

the lattice starts to decompose by oxidation only at temperatures higher
than 430°C' due to metal impurities[22], pure nanodiamonds resist oxidation
at temperatures of 575°C' [23].

Chemical stability is also attested by resistance to acid treatments usu-
ally employed to remove impurities from nanodiamonds powders which em-
ploy concentrated strong acids (H2SO4, HNO3) at temperatures higher than
150°C [24].

Undoped diamonds have extremely high resistivity (10 —10'8Q/m), but
have the highest known heat conductivity at room temperature (3300 W/(m
K)) thanks to their high phonon mobility[20]. Diamond is a wide bandgap
material (5,5 eV)[25] and has also high refractive index in the visible range:
from n=2,409 in the red region of the spectrum to n=2.465 for violet|26, 27].

Figure 1.1: Schematic representation of the crystalline structure of diamond

1.2 Properties of nanodiamonds

Nanodiamonds inherit all the properties of bulk diamond, but also show some
novel properties intrinsically related to their size. Nanodiamonds are one of
the most stable carbon forms in ambient conditions[28].
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Surface atoms, which in nanoparticles comprise a non-negligible fraction
of the total number of atoms, are characterized by the lack of one of the
covalent bonds that form the tetrahedral structure. When compared with
other nanocarbons (fullerenes, carbon nanotubes, graphene) nanodiamonds
possess a variety of functional groups (ﬁg which can be found on their
surface, giving them a wide application range[29] 30].
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Figure 1.2: A representation of possible surface functionalization of nanodi-
amonds, reproduced from [30]

NDs are also characterized by good biocompatibility: it has been shown
in literature [31, B2] that the presence of nanodiamonds does not influence
cell metabolism, growth, differentiation and proliferation.

Another important characteristic of diamond is that it can host various
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color centers in the form of impurities of different elements|33-36]:

Cobalt

e Nitrogen

e Boron -
Silicon

e Phosphorous
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e Hydrogen
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NE8+= 782-802 nm
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Figure 1.3: Some color centers observed in nanodiamonds, the length of the
lines approximately represents the spectral width of the emission spectrum
given by phonon sidebands, the value in nm corresponds instead to the zero-
phonon line (ZPL) of each center. For the centers emitting in the near
infrared region the values in nm show the width of the ZPL of the center.
The black arrows indicate centers for which it is possible to manipulate spin
values of single color centers. Reproduced from [37].

Nitrogen and Boron color centers are the two most common naturally
occurring impurities in bulk- and nano-diamond[33].

Color centers from a single impurity come in different varieties, for ex-
ample Nitrogen defects can form at least 5 color centers categories (A-,B-
,C-,N2,N3) depending on the way the nitrogen atom interacts with the dia-
mond lattice, which all present photoluminescence in different regions of the
spectrum[3§].
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In chapter 3 I will focus more on the description of the color centers
studied during my PhD work, the Nitrogen-Vacancy center (NV) and the
Silicon-Vacancy (SiV) center.

1.3 Nanodiamond applications

Synthetic diamonds find wide application, from diamond coatings employed
for processing of hard materials, to components in high power electrical de-
vices and lens material for high-power high-energy radiation or optics in
harsh environment[§].

Nanodiamonds and diamond nanostructures are employed in various fields:

e Energy storage e Chromatography
e (Catalysis e Mass spectroscopy
e Electroanalysis e Quantum optics

e Tribology and lubrication e Quantum sensing

In particular the biocompatibility of nanodiamonds makes them especially
well suited for biological and medical applications[39-4T].

1.3.1 Nanodiamond composites

Nanodiamonds are used to improve mechanical properties of other materials,
mainly polymers [42].

In order to obtain strengthening of the material the components, poly-
mer and reinforcing particles, need to have strong interfacial interaction in
order to have optimal load transfer between the components[43, 44], which
is achieved either by Van der Waals interaction between the macromolecules
and nanoparticles or directly by chemical bonding depending on the appli-
cation.

The surface of nanodiamonds (accordingly functionalized) enable them to
achieve uniform distribution in different matrices and to chemically conjugate
with a variety of materials (polymers, biological macromolecules)[45]. Tt
is reported in literature that even a low concentration of NDs leads to a
substantial improvement in elastic and strength characteristics of different
materials [46], 47].



14  NANODIAMOND PROPERTIES AND SYNTHESIS TECHNIQUES

Moreover NDs can be employed as functional additives that allow for
immobilization of particular molecules and as catalysts for processes such as
curing and vulcanization of rubbers [32], 48].

1.3.2 Photonics

Nanodiamonds containing different color centers can be employed in pho-
tonics applications, in particular Silicon, Chromium, Nickel and Europium
centers are promising single photon emitters, capable to be coupled with both
waveguides and nanowires [37].

1.3.3 Quantum sensing

Sensing applications rely in particular on their optical and electrochemical
properties [37, [40], mainly on the fluorescence of NV and SiV centers.

NDs:NV can be used as probes for magnetic fields, electric field or temper-
ature by exploiting its spin dependent photoluminescence for ODMR mea-
surements [49] 50]. Spin state control via microwaves allows for super reso-
lution microscopy and atomic-scale spin imaging [51} [52]

NDs:SiV can be used as fluorescent tags for biological processes, with res-
olution comparable to traditional dyes (the size of the smaller nanodiamonds
containing SiV center is around 2-5 nm in diameter which is comparable to
the size of some dye molecules)[53] and as temperature nanoprobes, with an
all optical setup which minimises sample heating by operating at low power
and without the need to employ microwaves [54], which, paired to their IR
emission, makes them even more interesting for applications in biological
systems than NDs:NV.

More details on the properties of Silicon-Vacancy and Nitrogen-Vacancy
color center will be covered in the next chapter.

1.3.4 Energy storage applications

Nanodiamonds have been studied as electrodes for poly-electrolyte cells thanks
to their scaling electrical resistivity, high chemical stability and resistance to
corrosion [55, [56]. Diamond coated silicon nanowires have also been studied
for supercapacitor applications[57].
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1.3.5 Tribology and lubrication

Nanodiamonds are known to have excellent self-lubricating properties, for
this they find applications as additives in lubricating oils and in anti-wear
coatings, or in polymers to improve tribological properties. In addition the
high thermal conductivity of NDs makes them useful for the dissipation of
heat generated in wear conditions [42, [5§]

1.4 Nanodiamond Synthesis

1.4.1 Pulsed Laser Ablation in Liquid

Pulsed Laser Ablation in Liquid (PLAL) has been employed for the pro-
duction of nanoparticles of different materials, particularly metals, but it
has also been widely applied to the production of Carbon Nano-Materials
(CNMs) [59].

The technique has various merits when compared to other CNM synthesis
procedures: it is a facile and effective technique that is relatively simple from
a preparation and chemistry standpoint, it entails little to no byproduct
formation and generally requires no catalysts. This simplicity makes PLAL
operatively safe (with the correct use of the laser) while being a very versatile
technique in which slight changes to laser parameters (wavelength, repetition
rate, fluence) leads to the formation of a wide range of CNMs[59, [60].

4
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X 000 0
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Light Matter Plasma Plasma Cavitation Plasma
Interaction Creation expansion Creation Collapse
1012-1010 1010107 g 106-104 s >10s

Figure 1.4: Schematics of the ablation caused by nanosecond laser pulses,
reproduced from [59], the nanodroplets expelled by phase explosion interact
with the plasma plume and the confining medium.



16 NANODIAMOND PROPERTIES AND SYNTHESIS TECHNIQUES

PLAL allows to obtain very pure nanomaterials with very active surfaces
without requiring extreme conditions, in fact it can be employed in ambient
conditions, while the laser deposits its energy on a very small portion of the
target. This, combined by the confining effect of the surrounding liquid,
leads to the formation of a region with diameter of the order of the mm
[61] where the high energy processes necessary to produce NDs can take
place[16, 17, 60].

The usual requirements are just a laser, a carbon source (which in the
course of this thesis will be referred to as either precursor or target) and a
suitable solvent. In our specific case we used a KrF excimer laser with pulse
duration of 20 ns and fluences of the order of tens of J/cm?.

Some drawbacks of the technique are the low yield (~ 5%) [62, 63] and
the low colloidal stability of the particles, which tend to form conglomerates
able to withstand ultrasonic deagglomeration [59].

More detail on PLAL and the underlying processes are discussed in chap-
ter 2.

1.4.2 Detonation Synthesis

Detonation nanodiamonds were first synthesized in 1963 during disintegra-
tion of explosives with negative oxygen balance inside sealed vessels. The
usual mixture is composed of 60% TNT (CsHy(NO2)C'H;) and 40% hexo-
gen (C3HgNgOg). The carbon which will form the nanodiamonds can come
either from the explosives themselves or from graphitic precursors put inside
the detonation chamber|8, [34].

The detonation chamber requires to be cooled, the usual mediums em-
ployed can be inert gasses (nitrogen, argon, CO2) or water (in the form of ice),
therefore the two techniques are called dry synthesis and wet synthesis respec-
tively. The cooling medium strongly influences the yield of nanoparticles[64].

In fig{I.5]the process leading to ND formation is schematized: The carbon
in the explosive and graphitic precursors dissociates then the temperature
and pressure inside the vessel increase to around 3500 — 4000K and 20 —
30G Pa, ideal for nanodiamond formation, and lastly the particles settle as
temperature and pressure return to ambient values [65, 66]. The resulting
nanodiamonds are very fine, with an average size around 5 nm[67], clustered
in larger particles as can be seen on the right panel of fig{I.5]

Two main drawbacks of the technique are (i) the low purity of the powder
and (ii) the aggregation of the particles.
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Figure 1.5: Schematization of the process which leads to the formation of
NDs: The detonation (I) brings to chemical dissociation of the carbon pre-
cursor (II). The dashed line (III) represents the region where pressure re-
quired to form diamond phase is reached. The detonation products expand
(IV) and the carbon atoms condense and crystallize (V) to form nanoclus-
ters (VI). Finally NDs crystallize starting from carbon nanoclusters, grow
and agglomerate (VII). Reproduced from [§]

The process yields powders containing diamond, non-diamond carbon
phases and metal impurities from the chamber walls and the ignition devices
for the explosives. All the impurities must be removed and the usual pro-
cedure requires the use of harsh chemicals like concentrated acids (HNO3,

H2S04)[24, [34].

The agglomeration of the nanodiamonds in large conglomerates requires
a subsequent milling step which can introduce impurities from the milling
media.

Detonation nanodiamonds are also considered less suitable for quantum
sensing applications because they are usually polycrystalline and ultra-nano-
crystalline with crystalline domains only a few nanometers wide, which, due
to high internal stresses, are regarded as less suitable to host stable color
centers such as NV centers than other kinds of NDs [34] [42].
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1.4.3 Chemical Vapor Deposition

Chemical vapor deposition is a technique well suited to the production of
thin films and it has been employed to produce diamond films. The pro-
cess consists in the decomposition of very diluted (2% concentration) carbon
containing gasses, usually methane, in an hydrogen-rich atmosphere[68], [69].

Gas-phase reactions allow to extract one hydrogen atom from the hydro-
carbon precursor, leading to the formation of methyl radicals. The adsorbed
methyl radicals can undergo subsequent hydrogen-abstractions reactions, al-
lowing the carbon in the methyl radical to form the C-C bonds necessary for
the formation of the diamond lattice. The materials are deposited on surfaces
(usually silicon substrates) which are treated by seeding with micro-diamond
crystals in order to obtain higher nucleation for the growth of the film[6§].

Controlling the properties of the CVD process (temperature, pressure,
concentration of precursor) allows to control the grain size of the film which
varies from few nanometers to several microns [69).

In fig{l.6] one can see the scheme for a typical CVD apparatus and a
schematization of the film formation process.

AC c—C c—C
O/ L /
Gas inlet *H CT c
CH
C C/ 3 '-\ —C
" \ /
Hot filament C—C =y
(~2000°C) | P
CHa CHy
Diamond coating C—C\ /c ¢
(~1000°C) *H c—cC
 Substrate | "o
H—C—C—H
| | /
c—C c—C
| \ 7
c—C

Vacuum pump

(a) (b)

Figure 1.6: A schematic of a hot-filament CVD apparatus (left). On the
right a schematic of the process which leads to the growth of the film layer
by layer. Reproduced from [70]

Typical drawbacks of the technique are the necessity to perform several
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milling steps on the macroscopic film in order to reach dimensions in the
order of the tens of nanometers, and the necessity to perform enrichment

steps (generally by ion implantation) in order to have efficient formation of
fluorescent color centers[8, [71].

1.4.4 High-Pressure High-Temperature synthesis

20
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Figure 1.7: Top panel: phase diagram of carbon in the HPHT range, repro-
duced from [72]. Bottom panel: Standard cubic press pressure transmitting
anvil arrangement (a) and detail of the high pressure cell at the center of the
apparatus(b), the carbon precursor, kept at a higher temperature than the
diamond seeds, dissolves in the molten metal to saturation, recrystallizing in
diamond phase upon contact with the seeds. Reproduced from [72]
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This technique consists in bringing carbon precursors (usually graphite)



20 NANODIAMOND PROPERTIES AND SYNTHESIS TECHNIQUES

to temperature and pressure conditions similar to those that lead to the
formation of diamonds in nature.

In the laboratory, the precursor is brought to temperatures around 2000
°C and pressures of several GPa[ll]. In fig{l.7 one can see a schematic of
an HPHT apparatus. The procedure allows for the production of micro dia-
monds, which require additional milling steps in order to obtain nanometric
sizes[11].
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Chapter 2

Laser-Matter interaction in
Pulsed Laser Ablation

Lasers can be employed to modify and machine materials in a variety of
different techniques, from ablation for the production of nanoparticles [1H3],
to characterisation and restoration of surfaces of often delicate cultural her-
itage artifacts [4] to the production of surface features such as Laser Induced
Periodic Structures (LISPs)[5l [6] or other nanostructures [7, [§].

In order to understand the processes leading to PLAL one must start
by understanding how laser light interacts with a material, in particular
the energy deposition mechanism. This interaction strongly depends on the
properties of the laser (energy, fluence, pulse duration, wavelength) and the
properties of the material, in particular when considering materials of differ-
ent nature (metals, dielectrics, semiconductors)[9-11].

The relevant materials for this work are graphite and silicon carbide,
which are a conductor and semiconductor respectively. I will therefore cover
some mechanisms of energy absorption focusing on those categories, avoiding
the treatment for large band gap dielectrics.

It is known from literature [8, I1HI3] that in the fluence-pulse duration
window relative to the experimental conditions of this work the ablation of
the material is obtained via Phase Explosion. This is also discussed for the
case of confined laser ablation, that is for the case of liquid confinement.

These discussions lead to the description of the conditions realised exper-
imentally which allow for the production of nanodiamonds in our apparatus
I3, 141, [15].

31
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2.1 Laser-matter interaction: energy deposi-
tion

The interaction between laser and materials depends on both the parame-
ters of the laser itself (wavelength, pulse duration, fluence) and the optical,
thermal and mechanical properties of the material[10].

The energy of the laser is deposited by coupling of the laser photons with
the electrons in the material, therefore one of the most important material
characteristics is the presence of a band gap.
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Figure 2.1: Representation of different absorption processes in band gap
materials and conductors, reproduced from [9]

Conductive materials are characterised by a Fermi level that lies inside
the conduction band, allowing the excitation of electrons to higher energy
unoccupied states. This can be described by a two temperature model in
which the electron are excited to a new configuration, according to the density
of states of the material, and rapidly thermalise to a new equilibrium state
(on timescales on the order of tens to hundreds of fs) at a much higher
temperature than the lattice[I0), 16]. The ions in the lattice, due to the large
difference in mass between the them and the electrons, require a longer time
to reach thermal equilibrium by electron-phonon collisions, see fig{2.2] The
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dependence on the DOS of each material can give rise to different transient
effects in the electron phonon non-equilibrium regime[16], [17].

On the other end, electrons in semiconductors can be excited by differ-
ent phenomena (see ﬁg:. If the laser has photon energy which is higher
than the semiconductor band gap the dominant mechanism is single photon
absorption[10, I7]. This can be both in terms of excitation of valence band
electrons to the conduction band as well as free carrier absorption in the
conduction band. The second process increases the absorbance of the mate-
rial, but does not directly increase the free carrier concentration, although
it can promote electron excitation via impact ionisation (electron-electron
scattering)[17]. Two-photon excitation remains a relevant process even when
the energy of the photon is enough to overcome the band gap in particular
for indirect band gap materials.
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Figure 2.2: Representation of the timescales of different processes related to
the absorption of laser light from a material, reproduced from [17]

In this work I focus on graphite and composite graphite-silicon carbide
materials.

Graphite is conductive due to the delocalization of the electrons in the
crystalline planes of the material, therefore the absorption happens due to
intraband transitions in the conduction band.

The other material I work with is a composite of graphite grains inter-
spersed with micro-particles of SiC. SiC is a wide band gap indirect semicon-
ductor (Epg = 3.26eV). The laser employed in this work is a KrF excimer
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laser with emission at 248 nm, which allows to work with photon energy
above the band gap energy, meaning the leading mechanism of absorption
is single-photon absorption, with contributions from two-photon absorption
and free-carrier excitation, as stated above.

The laser pulse employed in this work has a duration of 20 ns, which is
much longer than the timescale of the thermalisation of the lattice due to
carrier-phonon scattering. This means that the phenomena observed during
the irradiation are of thermal origin [11], [17].

In particular, taking into account the high fluence at the laser spot, the
leading ablation mechanism is Phase Explosion, which will be described in

the section 2.2]

2.1.1 Two Temperature Model

In the previous section I mentioned the different timescales of the pro-
cesses happening inside the material when excited by laser pulses. The
Two-Temperature Model (TTM) assumes that the absorption-thermalisation
timescale is shorter than any other process (heat propagation, material re-
sponse, pressure change, shockwave formation) happening during excitation
and the system can be described by considering the electrons excited by
the laser to high temperature and the lattice only indirectly heated by the
electrons[I§].

In TTM the temperature evolution of the system is described as the
evolution of the electron temperature 7T, and of the lattice temperature 7;

T,
Ce% =V (kVT,) —T(T. —T)) + Q(r,1) (2.1)
o7,
Cigy =V (V) + (T, = T)) (2:2)

Here C, and Cj are the heat capacities of electrons and lattice respectively,
k. and k; the respective heat conductivities, I' is the coupling coefficient
between the two subsystems, and @ is the laser source contribution.

The divergence term in both equations describes the heat diffusion in
the electron and lattice subsystems according to Fourier’s law[19], while the
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coupling term describes the intensity of the heat flow between electrons and
lattice.

For ultra-short laser pulses the equations can be used to estimate the
maximum temperature of the electron after the laser pulse by neglecting
both the coupling and diffusion terms and by taking into account the lin-
ear dependence of the electron heat capacity from temperature C, = C/T,,
equation [2.1 becomes

1 _,0T?
_Cl e
2 ° 0t

= Q(r,1) (2.3)

This would then allow to describe the evolution of the system ignoring
the laser contribution[20, 21].

For longer pulses, e.g. the 20 ns ones employed in this work, this approx-
imation does not hold true because both diffusion and heat transfer happen
during the pulse itself[11].

For example the competing effect of energy deposition and heat diffusion
in a nanosecond laser pulse can lead to a cascade of thermal effects: first
the front of the laser pulse can heat the material to its melting point, here
the energy of the pulse is converted to latent heat of fusion by the formation
of a melting front which penetrates inside the surface; vaporisation on the
surface of the material may follow the melting and if the fluence of the laser
is enough it can even give rise to phase explosion when the deposited energy
is enough to drive the system to the limit of thermodynamic stability[11].

2.1.2 Expanded Two Temperature Model for
Semiconductors

As written above the excitation of semiconductors depends strongly if the
photon energy is above or below the band gap of the material.

The relevant case here is the first, therefore the treatment of the excitation
requires to take into account single-photon intraband excitation, two-photon
absorption (with potential higher order contributions) and single-photon in-
traband excitations (free-carrier excitations)[10].

This is modeled by an extension of the TTM which considers the free
carrier population ng[22]. In essence the two equations and of the
normal TTM are integrated with the evolution of the free-carrier evolution:
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The first term describes single-photon absorption, the second, fittingly,
describes two-photon absorption, and the third term describes impact ioni-
sation. The two remaining terms represent the loss of free carriers by auger
decay and from diffusion with particle current j[23].

The inclusion of carrier density is important because properties like the
reflectivity and the free-carrier absorption coefficient are strongly influenced
by the it[23] 24].

+ onng — ’Y”?ﬁ“ -V-j (2.4)

In the opposite case, a more correct representation of the excitation would
be Keldysh Model [25] which requires a regime of strong field excitation, dom-
inated by multi-photon absorption and tunneling excitation. This discussion
is not necessary for the conditions relevant to this work.

2.2 Phase Explosion

As previously mentioned and as one can see in fig2.3] ablation of material
from a target can be obtained via different processes.

In the pulse duration - laser fluence region relevant to the experimen-
tal work performed in the scope of my thesis (20 ns pulse duration, ~
40 — 50J/cm?) the relevant phenomenon is Phase Explosion, also called ho-
mogeneous boiling [3], 26].

As introduced at the end of section [2.1.1] the material irradiated with a
pulse in the ns range undergoes a cascade of thermal processes:

1. heating of the surface up to the melting point
2. formation of a superficial molten layer

3. heating to the boiling point of the material (with possible evaporation
from the surface)

4. overheating of the molten layer to a superheated liquid and to the limits
of thermodynamical equilibrium.
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Figure 2.3: Diagram showing typical mechanisms of mass ejection as a func-
tion of laser pulse duration. The boundaries for melting, spallation and phase
explosion correspond to the onset of the specific mechanisms, while the va-
porization and plasma lines are defined qualitatively. Under laser excitation
of a given duration the irradiated material is subjected to a cascade of phe-
nomena. Reproduced from [11]

In these conditions processes like normal boiling are thermodynamically
suppressed[26] and phase explosion results the most efficient mechanism for
the ablation of nanodroplets.

When the heating of a material happens at time scales lower than the
typical vapor bubble nucleation time (~ 100ns), the material becomes a
superheated liquid [26]. When the laser energy is enough to bring the tem-
perature of the superheated liquid up to ~ 90% of the critical temperature
Tc, thermodynamical fluctuations inside the molten layer can trigger homo-
geneous nucleation of vapor bubbles [27].

This process is schematised in the phase diagram shown in fig2.4] the
green curve represents the binodal line which is the collection of all P-T
values where the liquid phase and vapor phase coexist in thermodynamical
equilibrium (normal boiling conditions).

Laser irradiation causes fast heating conditions (red curve), which cause
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Figure 2.4: Representative phase diagram near the critical temperature.

the liquid to reach the boiling temperature without the formation of vapor
bubbles, entering in a metastable superheated liquid state, as stated above.
Thermodynamical stability of this state is in principle possible up to the
spinodal line (black dashed line), the locus of points on the P-T plane which
represent the thermodynamic limit for stability under infinitesimal fluctua-
tions.

In the region ranging from ~ 0.87'/T. (“anomaly onset”) up to the spin-
odal line the properties of the metastable superheated liquid (enthalpy, den-
sity) undergo strong fluctuation, in particular density fluctuation can push
the superheated liquid out of equilibrium by causing homogeneous nucleation
of vapor bubbles.

I will cover some aspects of nucleation theory to better elucidate the
phenomenon of phase explosion.

As shown in fig{2.5] when the system approaches the critical point the
density of the liquid p; and the density of the vapor p, approach the same
value p¢ at the critical temperature. This behaviour is due to the exponential
dependence of the rate of homogeneous nucleation of critical vapor bubbles
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Figure 2.5: reduced liquid density p;/pc (green line), reduced vapor density
pv/pc (blue line) and average density (red line). Reproduced from [28§].

per unit volume from the temperature as shown in [28]:

60 Ahy Wc
_ _ _ 2.
T = Gy P ( RT) P < k;BT) (2:5)

In equation [2.5| n; is the number density of the liquid, ¢ is the surface
tension of the material, the coefficient b = 1—p;/p, contains the contributions
from the pressure of the liquid p; and the pressure of the vapor inside the
bubbles calculated in equation 2.6]29]; m is the mass of one atom/molecule,
Ah, is the enthalpy of vaporisation and W, is the energy barrier to reach the
critical radius, shown in equation [2.7]

v,
Pu = Ps €Xp ((pz — ps) kBlT) (2.6)

Here p, is the saturated vapour pressure obtained from the Clausius-
Clapeyron equation and v; is the molar volume of the liquid phase.

In order to become stable a vapor bubble has to reach a critical radius
re = 20/ (py — p1) , vapor bubbles with r > r. start growing spontaneously,
but as written above there is an energy barrier to reach the critical radius:
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Figure [2.6] shows the behaviour of both critical radius 7. and the critical

vapor bubble nucleation rate J;. The sharp decrease in the critical radius

coincides with an increased nucleation rate. In particular at ~ 0.97 the

nucleation rate increases by several orders of magnitude, which leads to a
very sharp increase in vapor density.

(2.7)
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Figure 2.6: (a) critical radius of vapor bubbles as function of the temperature

in the metastable fluid and (b) nucleation rate of vapor bubbles calculated

for iron. Reproduced from [28].

When the vapor bubbles formed by homogeneous nucleation merge, form-
ing a sort of percolation network, the pressure in the material causes the
expulsion of the vapor and the liquid droplets trapped inside the network, as
shown in figf2.7 [28].

Phase explosion, as suggested by figf2.3] is a threshold process. From
literature, many works [30H33] show that the ablation threshold of graphite
and silicon-carbide lie around ~ 1 — 5.J/cm?. The experiments performed in
this work are conducted with laser fluence in the 40 — 50.J/cm? range.
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Figure 2.7: 2D simulation of supercritical vapor bubbles (white) with liquid
intervolumes (different colors). Reproduced from [28].

2.3 Phase Explosion under confinement

The previous description of phase explosion can be considered complete for
ablation performed in low pressure environments (vacuum or gaseous atmo-
sphere).

The presence of a confining layer in front of the target induces two main
effects:

e High pressure inside the ablation plume
e High cooling rate of the plume and emitted droplets/particles.

Both phenomena are direct consequence of the strong confinement given
by the liquid layer, as can be seen in fig{2.8

First, the size of the plumes in water is an order of magnitude lower than
the size of the plume in air. This reduced size corresponds to increased pres-
sure inside. The pressure is further increased by the emission of a shockwave
inside the material [35, [36].

The lower lifetime of the plume in water is related to increased cooling
rate when compared with ablation in air. The plume expands in a dense
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Figure 2.8: Comparison of ablation plumes from laser ablation of graphite in
air (left) and water (right), reproduced from [34]

environment allowing for efficient dissipation of thermal energy by collisional
cooling, leading to cooling rates of the order of 10'° — 10 K'/s[36].

The dense environment allows also for the interaction of the ablation
plume with the confining medium, leading to chemical reaction between the
species contained in the two subsystems at the boundary between them (this
also applies for ablation in controlled atmosphere, although with less effi-
ciency [3], 14}, 36]).

If one considers for example the ablation of graphite in water, Gorrini
et al. [37] estimate the conditions obtained by PLAL to reach maximum
temperature between 4500 — 6000K and maximum pressure of 3.17GPa.
Similar pressure values are estimated by Basso et al. [I4] at 3.5GPa for
ablation of graphite in liquid nitrogen.

The estimation of the pressure inside the plume is obtained by employing

Fabbro’s Model:
[ «
= Z 1 2.8
p 20 + 3 0 (2.8)

Where « is the fraction of the internal energy of the plasma generated
by thermal energy, which is usually set as o = 0.25 as per [38], Iy is an
approximation of the intensity of the laser, set to a constant over the duration
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of the laser pulse, and 7 is the reduced shock impedance of the system:

27y 7o,

_ 2.
Zy+ Zm (2.9)

With Z, the shock impedance of graphite and Z,, the shock impedance
of the medium.

Summarising the main features of PLAL is the formation of extreme con-
ditions (pressure of the order of 10°Pa and temperature ranging between
5000 — 6000K) associated with cooling rates in the order of more than
10K /s, all confined regions with a maximum extension of few hundreds
of um.

2.4 Thermodynamics of the formation of nan-
odiamonds

103
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Figure 2.9: Phase diagram of carbon near the melting temperature of
graphite. The different quadrants represent different carbon phases: G
graphite, L liquid carbon, V vapor, D diamond. The superimposed red lines
represent the region where metastable diamond like states can form inside
the supercooled nanodroplets. Reproduced from [14]
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The results shown at the end of the previous section are summarised by
fig{2.9] the purple arrow represents the evolution of the conditions inside the
ablation plume.

As can be seen, the process does not reach pressures high enough to
produce diamond via HPHT processes[3, B9], which is also supported by
an observed shift to higher pressures of the carbon triple point for carbon
nanoparticles [40]. Instead the proposed mechanism of formation is based on
the quenching of metastable liquid states.

During ablation there is the formation of a molten layer of carbon on the
source of the material which undergoes phase explosion, with the emission of
nanodroplets of liquid carbon [27, 2§]. The presence of liquid carbon inside
the ablation plume is necessary because the nucleation of NDs happens in
strong undercooling conditions [3], 14) [37].

The diagonal red lines in figf2.9)indicate a region for metastable diamond
nucleation according to Gorrini et al. [37], and defined as the region enclosed
by the analytical continuation of diamond-liquid-carbon coexisting lines ac-
cording to different works [41-43].

This region represents a metastable state which is also called ”diamond-
like-liquid” carbon [41]. Here the energy barrier for diamond nucleation is
lower than that of graphite formation [42], the internal configuration of the
liquid carbon is then frozen by the rapid cooling of the system, which prevents
further transitions to the stable phase (graphite) [39).

The nucleation of nanodiamonds does require both the high cooling rate
and the high-pressure induced by the shockwave. In fact as pressure decreases
the nucleation of NDs stops and the remaining liquid carbon forms spy carbon
structures around the NDs [39]. The time interval in which these conditions
are realised in the system is estimated to be two times the duration of the
laser pulse [35, [44].
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Chapter 3

Electronic and Optical
Properties of the Nitrogen
Vacancy and Silicon Vacancy
Centers in Diamond

As shown in Chapter 1, diamond can host a variety of color centers, defects
or impurities that can be excited by light to which the host material is trans-
parent and emit light at certain wavelengths which give the host crystal a
specific color.

These color centers can be composed of defects like vacancies or disclina-
tions, by atomic impurities in interstitial or substitutional crystallographic
sites, or a combination of the two.

Both the color centers I will discuss in my thesis are of the latter config-
uration, indeed the Nitrogen-Vacancy center is composed of a substitutional
nitrogen adjacent to a crystal vacancy, while the Silicon-Vacancy center is
composed of an interstitial Silicon atom surrounded by two vacancies in the
nearest crystal sites.

The Nitrogen Vacancy (NV) center has been first observed in 1965 [I] and
has been studied in the following years associating it to the emission around
640 nm and revealing some of its electronic properties [2]. The interest in NV
centers was renewed in 1997 when spin manipulation at room temperature
was achieved [3] and owing to the importance of this discovery the number
of publications concerning NV centers exponentially increased since.

In the last years NV centers have become prominent as a quantum system

o1
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for quantum computing and quantum sensing due to the spin dependent
optical properties and luminescence stability. The main disadvantage of NV
centers is their emission spectrum which, due to strong coupling between
the electronic wave function and the phonons of the crystalline lattice, has
a width of about 100 nm with only 3-5% of the emission being in the zero-
phonon line (ZPL).

While there is active research in the field of quantum optics to find ways to
enhance ZPL emission from NV centers, there are also a variety of alternative
color centers that can be studied, particularly from group IV elements.

One of such alternatives is the Silicon-Vacancy (SiV) center, which is
composed of an interstitial SiV center surrounded by two vacancies[4]. In
contrast to the NV center most of the emission (about 70%) is inside the
ZPL at 738 nm, with much lower phonon side band contribution.

While the NV center has been extensively studied in the past three
decades, a complete description of the SiV center electronic properties was
formulated only in recent years.

In this chapter I will provide an introductory theoretical description of
the two fluorescent color centers mentioned above in a way that is conductive
to describe the aim of the work and the experiments performed, therefore a
complete and exhaustive treatment of the theory behind the physics of the
color centers is far beyond the scope of this work.

In section 3.1 I will describe the physical structure of the NV and SiV cen-
ters with some brief discussion about the symmetry of the defects. Sections
2.2 and 2.3 will go over the optical and electronic properties of the color cen-
ters respectively. Lastly in section 2.4 I will give a brief overview of the spin
state Hamiltonian focusing on the terms relevant for sensing measurements.

3.1 Physical structure and symmetry
configuration

3.1.1 Nitrogen-Vacancy center structure

As stated above the NV center is a point defect in the diamond structure
characterized by a substitutional nitrogen atom located at a diamond lattice
site with a carbon-vacancy as its nearest neighbor, see fig{3.1l The NV axis
aligns with the [111] crystallographic direction of the diamond lattice.
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The center shows C3v symmetry, with six group elements: two C3 rota-
tions (£27/3) around the NV axis, three o, reflections with respect to the
plane containing the NV axis and one carbon atom, and the identity element

Figure 3.1: Structure of the NV center, the constituent of the NV center
are shown in red (Nitrogen), blue (Vacancy) and black. (b) the symmetry
operations of the NV center.

The three carbon atoms surrounding the vacancy have dangling bonds
which provide three unpaired electrons to the system. Combined with the
two outer-shell electrons of nitrogen, these electrons form the five-electron
configuration of the neutral nitrogen-vacancy center (NVY). Although spin
manipulation of NV is theoretically possible [Bl [6], experimental detection
of the ground state ODMR (Optically Detected Magnetic Resonance) signal
has not been observed yet.

The negatively charged NV~ center, which forms when the vacancy cap-
tures a sixth electron from the surrounding environment is much more in-
teresting for quantum optics applications. Throughout this thesis, when
referring to NV, it implicitly pertains to the NV~ center.

In this configuration, the center possesses two unpaired electrons and a
ground state with a spin S = 1. As a result, the NV~ center allows for easy
manipulation of the sublevels in the ground state and control of each level
population is highly sensitive to external fields.
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3.1.2 Silicon-Vacancy center structure

The SiV center is a point defect in the diamond structure characterized by
a substitutional silicon atom surrounded by a divacancy. In [7], the authors
simulated the SiV center using a substitutional Si impurity and an adjacent
vacancy, oriented along the (111) crystal axes. They obtained from their
calculations that the Si atom is not stable on its position but rather moves
along the [111] axis to an interstitial position, surrounded by two vacancies
in the crystal lattice (also referred to as split vacancy configuration) giving
the defect a D3y symmetry.

Figure 3.2: Representation of the structure of the SiV center. Reproduced
from [4].

The D34 group contains 12 symmetry operations: two rotations around
the primary axis, which is the vacancy-silicon-vacancy axis, three rotations,
one for each of three secondary axes of rotation perpendicular to the main
symmetry axis (as shown in ﬁg, one inversion for which the silicon po-
sition is the center, three reflections with respect to the plains containing
the main axis and two carbon atoms, two improper rotations around an axis
corresponding to the main symmetry axis, and lastly the identity.

Again the carbons surrounding the vacancy provide electrons to the sys-
tem, with the difference that now there are six dangling bonds therefore six
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(b)

Figure 3.3: Rotation axes and symmetry planes of the SiV center. The
silicon atom is represented in yellow at the center, the two transparent spheres
represent the vacancies, while the blue and cyan spheres represent the carbon
atoms on each side of the defect.

electrons, another four electrons come from the outer shell of the Si impurity.
This ten atom configuration represents the neutral SiV® configuration which
has a very weak emission at around 946 nm. The main focus of this thesis is
the SiV™ negative defect which is an eleven-electron configuration, the ten al-
ready seen for the neutral state plus one electron from the crystalline lattice.
Therefore through this work each use of the terms SiV or silicon-vacancy will
refer to the negatively charged defect.

3.2 Optical properties

3.2.1 NV Center photoluminescence

In figure one can see the emission spectrum of the NV center. As already
specified before, the emission shows a very prominent phonon sideband which
extends to photon wavelengths higher than 800 nm due to the strong coupling
of the defect with the vibrations of the lattice. The NV center also exhibits
two ZPL, one for each charge state of the defect, in particular at 575 nm
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for the NV? neutral state and at 637 nm for the NV~ negatively charged
one. The sharp ZPL indicates that the optical transition is deep within the
diamond band gap, far from both the valence and the conduction band[g].

630-800
638 nm oo

K

575 nm

1 I | |
500 600 700 800 900

Wavelength (nm)

Figure 3.4: Emission of the NV center under 532 nm excitation, the ZPL
of the two charge configurations are indicated at 575 nm for the neutral
NV defect and at 637 nm for the negatively charged NV ~. The 532 nm
arrow indicates the typical nonresonant pump frequency. The 630-800 nm
band corresponds to the phonon sideband of the negatively charged center.
Reproduced from [9]

A very simple model of this behavior is obtained by treating the ground
and excited state as harmonic oscillators with discrete vibrational states (see
ﬁg:. At room temperature the electrons of most NV centers can be as-
sumed to occupy the lowest vibrational level of the ground state. Laser
excitation causes the electrons to transition from the ground state to the
electronic excited state and, according to the Franck-Condon principle [10],
the most probable transition occurs between the ground state and the vi-
bronic state of the electronic excited state with wave function that overlap
the most. For the NV~ these states correspond to four vibrational levels and
the shift is attributed to the significant difference in the spatial distribution
of the electronic states.

This behavior is also the reason why spin manipulation experiments are
performed with 532 nm lasers and not with resonant 637 nm sources. Under
532 nm excitation the excited electrons rapidly decay non-radiatively to the
lowest vibrational state of the excited electronic state irrespective of the
specific vibrational state which allow for efficient spin manipulation.
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Figure 3.5: Simple representation of the vibrational levels of NV center, the
green arrow represents a typical nonresonant optical excitation of the center,
the yellow dashed line represents non radiative transitions in the excited
state. The two parabolas represent the ground and excited electronic states,
which present different equilibrium positions in the system

The phonon sideband (PSB) is instead attributed to the cumulative effect
of all the possible decay transitions between different vibrational states in the
two electronic levels.

3.2.2 SiV Center photoluminescence

The room temperature emission spectrum of the SiV center is reported in fig.
3.6, The dominant feature of the spectrum is the ZPL centered at 738 nm
[11] with a small PSB extending in the near infrared region. The emission
of single SiV centers results particularly sharp with line width lower than 1
nm [I12HI4] so the same conclusion as with the NV center can be reached,
the defect optical transition occupies energy levels deep within the diamond
band gap. For single SiV center it is also observed that the peak position can
deviate from the 738 nm position [12H14] and the superposition of different
narrow lines gives the typical behavior of the ensemble emission. The narrow
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emission and weak PSB make the SiV center and interesting candidate for
room temperature single-photon emission.
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Figure 3.6: Room temperature photoluminescence emission of SiV centers
under 542 nm excitation. Reproduced from [15]

Again one can model the ground and excited states as harmonic oscil-
lators on which one can find the discrete energy levels of the vibrational
states, analogously to the NV center case described by fig{3.5] As above
the Franck-Condon principles guides the behavior of the system, the phonon
sideband strength depends on the spatial displacement (the atomic coordi-
nate of figure between the charge distribution in the ground and excited
state [16]. From [I2], 17, [I8] the linear component of the electron-phonon
coupling potential represents this displacement, the small magnitude of the
displacement means that one can assume that the electron density spatial
distribution in the ground and excited states does not change much. The
small electron-phonon coupling thus means that the ZPL the most probable
transition.

In this work we focus on the detection of photoluminescence of SiV ensem-
bles, the ideal configuration is for this purpose to use non-resonant excitation.
It has been shown in literature [19] that SiV centers can be excited in a wide
optical range, and so to avoid excitation of different defects it is best to excite
with low energy photons. In this work we excite off resonance with both 633
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nm and 532 nm lasers.

3.3 Electronic properties

To better understand the observed properties of NV centers and SiV centers,
this paragraph provides a brief review of the electronic properties of the two
color centers |20, 21].

3.3.1 NV center electronic properties

The NV- center has four atomic orbitals: one sp3 hybridized nitrogen orbital
(on) and the other three come from the three carbon atoms surrounding the
vacancy, all sp3 hybridized (o;, 1 = 1, 2, 3).

o R EE Y Y S
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ay ay

’ +H —+
- - -«

e? ae

Figure 3.7: (a) representation of the atomic orbitals surrounding the vacancy.
(b) representation of the molecular orbitals in the ground and excited states.

The molecular orbitals of the defect can therefore be determined by apply-
ing linear combination of the atomic orbitals, through projection operator,
and imposing that the resulting combinations transform according to C3v

group.

a; = § (01 + 02+ 03)+aoy (3.1)
Y
a, = 3 (01 + 09+ 03) + fon (3.2)

(201 + 02 + 03) (3.3)

€r =

5l
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Configuration State State label my
ety — eyer) ® [ 1) +1

e*(T) leze, — eyer) @ | L) 3 A, -1
legey — eyes) @ | 1L+ 1) 0

lezs — eyey) @ | T — I1) VE 0

e*(S) ety + eyea) @ [ 1L — 1) 0
’616:13 — eyey> & ‘ T\L — \I/T> 1141 0

ares) ® | 1T1) +1

||a16z> ® ‘| wi -1

a1€y> ® TT 3 +1

ae(T) arey) © | 1) B
lare, + eza1) @ | 1 + 41) 0
larey + eyar) @ | 1 + 11) 0

|ares + €ga1) @ | T4+ 11) 1 0

“) meteadsltiit) P o

Table 3.1: NV center ground state wave functions (e"2) and excited state
wave functions (ae). Triplet states are labeled T and singlet states with S.
The state label comes from group theory. The last column gives the spin-
projection along the NV axis of the state total spin. Adapted from [20]. The
results shown here are obtained in hole notations, which is equivalent to the
6-electron notation

1
ey = 7z (09 — 03) (3.4)

Here, the parameters o and ( are associated with the Coulomb interaction
energy between electrons [20].

The six electrons of the center populate the 4 molecular orbitals following
Pauli exclusion principle and Hund’s rules, which say that the most stable
electron configuration is the one that maximizes the spin multiplicity. There-
fore the two lower levels, a0 and al, are occupied each by two electrons. To
maximize spin multiplicity the two remaining electrons occupy one the ex
and the other the ey orbitals. The resulting configuration is a triplet state
with S=1. In fig. one can see both the ground state e2 and the first
excited configuration ae.

The total electronic wave function is built by combination of the orbital
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states with the spin states following appropriate symmetry constraints. The
electronic wave functions of the NV center are detailed in Table 3.1. The
labels A and E are derived from group theory and indicate how the states
transform under the symmetry operations of the C3v group (A and E repre-
sent C3v irreducible representations).

The apex denotes the spin level state, either singlet or triplet. For ex-
ample, the ground state is a symmetric spin triplet with an antisymmetric
orbital wave function A2, therefore denoted as 3A2. The excited state 3E
is more complex, encompassing six states. Notably, singlet states, although
not accessible through electric dipole transitions that conserve spin from
the ground state, are connected to the excited states through non-radiative
transitions. This feature allows to perform electron spin manipulation and
ODMR measurements.

3.3.2 SiV center electronic properties

For the SiV center the atomic orbitals involved in the molecular orbitals are
more complicated than for the NV center. For each of the two vacancies we
have three sp3 orbitals, one from each surrounding carbon atom and (o, 0;,
i=1,2,3), regarding the silicon atom there are four valence electrons which
can populate the 3s, 3px, 3py and 3pz orbitals.

The molecular orbitals of the defect can be constructed in terms of the
orbitals of the carbon atoms mixed with the atomic orbitals of the Si atom.
By imposing the transformations of the Ds; group to the linear combina-
tion of the C atomic orbitals one obtains a representation called Symmetry

Adjusted Linear Combination (SALC) in the form

1 ! ! !
alg = —= (01 +o09+03+0,+ 05+ 03) (3.5)

V6

1 ! / ’
I 7 (01 +oy+03—0) —0y— 03) (3.6)

(201 — 0y — 03+ 20, — 0y — aé) (3.7)

1 / ’
€y =5 (02 — o3+ 0y — 03> (3.8)
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(a) side view (b) top view

Figure 3.8: On the left the N atom is represented by the transparent orange
sphere, the C atoms by the transparent blue spheres and the transparent
white spheres represent the vacancies. In both figures the red lobes represent
the atomic orbitals corresponding to the dangling bonds of the carbon atoms
surrounding the divacancy.

1 / ! /
oz = —— | 201 — 09 — 03 — 20, + O —i—a) 3.9
—12< 1 — 02 — 03 1 T 0T 03 (3.9)
1 ! ’
Cuy = 5 (02—03—024—03) (3.10)

To mix this representation with the Si orbitals one has to express the Si
atomic orbitals in terms of the transformations of the symmetry group. The
3s orbital is spherical and transforms as Aj,, 3ps,3p, can be expressed in
terms of the FE, representation and lastly the 3p, belongs to Ag,.

The orbitals from the Si atom and the carbon-related SALCs mix via
Coulomb interaction. These direct products under Coulomb interaction are
non-zero only when the Si orbitals belong to the same irreducible configura-
tion as the SALC.

These levels can now be filled with the electrons present for the negatively
charged SiV defect. As shown above the center hosts a total number of eleven
electrons: six are contributed by the dangling bonds, four originate from the
Si-atom and an one electron is trapped from the crystalline lattice [22].
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Taking into account this spin degeneracy, the a states host two electrons
of opposite spin projection, and the e states accommodate four electrons as
shown in fig: [3.9

e 4

(a) (b)

alg

Figure 3.9: (a) ground state and (b) excited state of the SiV center. The
red spheres are the electrons and the blue spheres electron holes, with the
corresponding spin. The optical transition (green arrow) brings one electron
from the e, state to the egy,.

The ground state configuration is af,a3,e,el, there is one electron hole
in either the e ,or e  state. This hole can be treated analogously to a single
electron [20]. The total spin of the defect in this ground state configuration is
equal to S = 1/2. We abbreviate this configuration in spectroscopic notation
as the 2Eg ground state. Analogously the excited states will be a%ga%ueie‘;

which will be denoted 2E,,.

3.4 Spin Hamiltonian

This section will focus on the description of the Hamiltonians of the ground
states of the two color centers.

The coupling between the spin Hamiltonian components and external
perturbations such as electromagnetic fields, lattice strain and temperature
variations is what allows the color centers to be employed in quantum sensing
applications.
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3.4.1 NV Center Hamiltonian

The basic form for the Hamiltonian of the ground state is [23]:

Hgs = Hgs + Hso + Hegt (3.11)

Where Hgg is the spin-spin interaction, Hgo is the spin-orbit term, and
H.,,; is the term that describes external interactions, which will be described
in the following sections case by case. Additional terms, such as the hyper-
fine structure term [24] arising from the interaction between NV electrons
and nuclear spins of surrounding N or 3C, are neglected because they fall
outside the scope of this theoretical introduction.

Spin-spin interaction

This term arises from the dipolar coupling between the two unpaired electrons
of the NV ground state. The interaction between the two magnetic dipole
moments is given by [25]:

Bo o o [ S1-5: (1 )(2 )
Hqg = — — 3.12
SS 47Tg/’LB 7,,3 7"5 ( )

Where i is the vacuum permeability, pup is the Bohr magneton and
g = 2.003 is the electron g-factor. 7 is the distance between the two electrons,
while S and S, are the associated spin operators. This equation can be
rewritten more clearly as:

~

2

Hes — D, <s§ _ %) LB (S 5?) (3.13)

Here Dyy = 3D, and E = D‘”gDy, from D= Lo g2y, (%—;30‘/3), a,fB =
T, Y, 2.

The spin-spin interaction removes the degeneracy between the states with
mg = 0 and mg = F1 inside the ground state causing a longitudinal zero-field
splitting Dgg = 2.87TGH z.

The transverse zero-field splitting E depends on the local strain field of
the diamond lattice surrounding the defect, it is therefore sample dependent.
In particular E ranges to values around 100 kHz for CVD diamond to few



3.4. SPIN HAMILTONIAN 65

MHz for nanodiamonds which naturally exhibit stronger strain than bulk
diamond[26].

Spin-orbit interaction

The spin-orbit interaction term is:

Hso = L-SA.L.S. + A (LS, + L,S,) (3.14)

Where A, is the axial strength of the spin-orbit interaction (the z axis is
defined as the axis of the NV center) and A, is the non-axial component [20].

The spin-orbit interaction removes the degeneracy of the non-zero spin
states, but since this is a second order correction this effect is negligible [27].
More importantly the two terms link different states, while A, connects states
with mg = 0 with other states in the same electronic configuration and spin
projections, the A term can be rewritten in terms of the ladder operators
as A\ (LyS_+ L_S;) and it is readily apparent that it links states with
mg = £1 to singlet states with mg = 0 in different electronic configurations.
The mixing of this states is a central property of the NV center which allows
optical spin initialization and read out.

Magnetic field - Zeeman splitting

An external magnetic field applied to an NV center interacts with the sys-
tem modifying the ground state Hamiltonian by adding a new term which
describes the Zeeman interaction:

H; =~B-S (3.15)

where v = 2.8 M HzG™'is the NV gyromagnetic ratio. The total Hamil-
tonian (neglecting spin-orbit) becomes:

A

2

Hyy = D,, (sg - %) +E(S2-S) +gusB- S (3.16)

Here only the magnetic field component parallel to the NV axis is con-
sidered and after diagonalization of the matrix, one can find the eigenvalues
vy for the Hamiltonian eigenstates |+ ) and |—):

vy = Dy, +1/(vB.)* + E? (3.17)
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The external magnetic field removes the degeneracy between the mg = +1
states. By performing ODMR measurements one can thus optically mea-
sure the eigenvalues of the Hamiltonian and therefore the applied magnetic
field, making the NV center an attractive nanomagnetometry probe. In
fact, observing figure [3.10| one can see that the sublevels of the excited field
present different coupling to the singlet shelving state via non radiative decay.
When a microwave field is applied to the NV center with resonant frequency
D = 2.87TM Hz the ground state goes in the mg = +1 sublevels and after
optical excitation the photoluminescence is reduced.

When considering NV centers with different orientations (e.g. an ensem-
ble of randomly oriented NV center in bulk diamond or single NV centers in
differently oriented crystal grains/nanodiamonds) the corresponding Zeeman
splitting will be different.

mg==1
le) ™
ms=0
Is)
1.945 eV ms=0
No magnetic field With magnetic field
_________ ms=+1
mg==+1 e
ms=+1 = — " — 17 = =1
)
mg=0 == - ms=0 ms=0

Figure 3.10: Schematic description of the action of an external magnetic field
on the NV center. For zero external field, the mg = 0 and mg = %1 sublevels
are separated due to spin-spin interactions. In the presence of an external
field the Zeeman effect removes the degeneracy between the mg = +1 and
mg = —1 sublevels. Reproduced from [9]

The transverse component B, can be considered as a small perturbation
B}
D

of the Hamiltonian in the form . Since in the < 1kHz regime, which
is the usual experimental condition, D > ?B%, this corrections are usually
negligible. Instead when B, > B, the electron spin states are mixed and
the spin projection is no longer a good quantum number, making magnetic
field measurements difficult.
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Electric/strain fields

The effects of electric fields and strain fields applied to NV centers can be
described by the same term of the Hamiltonian. In fact, starting with the
electric field, one can see that the effect of the axial component ¢, is to
increase the energy separation between the my = 0 and my = 1, while the
transverse component €, removes the degeneracy from the m, = +1 states.

Similarly a strain field induces changes in the relative distance between
the atoms of the diamond lattice. The local charge environment around the
NV center is modified from that of the equilibrium case, which induces a
different electric field on the defect, with the same effect as above.

The Hamiltonian of these interaction is :

2
Hp =d)e. (5‘3 — T) + dyyen (S) — S2) + dyyey (528, — S,S:)  (3.18)

Where dgs = 0.35Hz (%)71 and d, = 17THz (%)71 are respectively the
axial and non-axial components of the electric field coupling constant, ¢; with
i=(x,y,z) are the components of the electric field, remembering that the NV
axis represents the z direction.

Supposing E=0 for simplicity and already written in the |0), |+1) , |—1)
basis as defined in the spin-spin section. Defining ¢, = /€2 + ¢2 and diago-
nalizing the matrix one obtains the eigenvalues for the m, = +1 states:

vi = Dy +dle. £der (3.19)

The difference between the electric and strain fields is the magnitude and
units of the coupling constants, which for the strain field become dﬂ,s =

5.46GH 2z and d;s = 19.63GHz.

Temperature and Pressure

Temperature fluctuations causes the crystal lattice to expand or to contract
[28], therefore thermal fluctuations cause a shift of the zero-field splitting D,
by a factor of —78.652= [29].

1 dDys 1 d ((rf, — 3z3,) /i) ﬁ (3.20)
Dy, dT D, dR dT '
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R is the distance between two carbon atoms in diamond lattice,rs is the
displacement between two spins andz;s is the component along NV axis of
T12.

Analogously pressure brings to a linear shift of the ground-state splitting
Dy, by a factor —14.58 %= [30].

In particular, pressure increases the electronic density in the vacancy site,
while increasing temperature increases the separation between the atoms and
therefore reduces the electronic density. Another consequence is the shift of
the ZPL line emission toward lower wavelength

3.4.2 SiV Center Hamiltonian

The basis states obtained in section 3.3 are energetically degenerate, but if
one observes the emission of the SiV center at low temperature (fig
the actual level splitting becomes apparent from the spectral fine structure
exhibited.

732734736 738740742744
Wavelength (nm)
-
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735 736 737 738 739
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Figure 3.11: Fine structure of the emission of the SiV center observed at
different temperatures. At temperature lower than 110 K the observation of
four major emission peaks suggests the presence of dine structure transitions.
In the inset the emission observed at room temperature. Reproduced from

[31]
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The level degeneracy can be described by considering perturbation terms
coming from spin-orbit coupling (H,¢) and Jahn-Teller interaction(H;T).
The total Hamiltonian of the electron system can be described by considering
the interaction terms from strain (H*"*") and magnetic fields (Zeeman terms
H f;f, H j’es ), thus giving us a final Hamiltonian given by:

Hye = Hyo + Hyd + Hyo + Hogh + Hi2 + H7em - (3.21)

Which takes into account all the relevant terms together with the non-
perturbed term Hy .. Usually in low strain environments the strain Hamilto-
nian is negligible, in emitters like nanodiamonds, which are naturally highly
strained, it cannot be neglected.

Spin-orbit coupling

This term arises from the relativistic interaction of a single electron with its
own motion inside the potential generated by the nucleus. The interaction
is in the form:

HSO

(VV x p) - (3.22)

h

where V' = ep is the potential energy of the electron in the magnetic field
created by the nucleus, m is the mass of the electron and p is the momentum
of the electron. The spin operator S is expressed in terms of Pauli matrices
for S = %:

One eventually finds that VV x p can be described in terms of the or-
bital angular momentum and that the x,y components of the orbital angular
momentum operator vanish leading to the final form of the spin-orbit Hamil-
tonian:

4c2m

Hgo = — 221,83, (3.23)

The application of the Hgp perturbation allows to find two two-fold de-
generate eigenvalues which are also schematized in fig. |3.12]

HH{ er )= (lex 1) +iley 1) (3.24)

le- ) = Z5(lea d) —iley 1))
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Figure 3.12: Energy separation of the sublevels due to spin-orbit coupling.
The fourfold degeneracy of the ground and excited states is reduced to a
twofold degeneracy.

_A_>{ e« )= Jgllead) File, ) (3.25)

le- 1) = 5 (lex 1) —iley 1)

Jahn-Teller interaction

The spin-orbit interaction discussed in the previous section partially lifts the
degeneracy between the states composing the ground and excited state of
the unperturbed Hamiltonian. Another intrinsic interaction acting on the
electrons of the SiV center is the Jahn-Teller interaction.

The JT effect comes from the coupling of electronic states with vibration
modes of the nuclear configuration, the interaction causes spontaneous sym-
metry breaking following the unstable spatial distribution of the electronic
states.

Without going to much into detail of the nuclear dynamics of the system,
the discussion will be based on the main results of works from literature
[32, 33].

Systems which exhibit JT coupling are usually treated by employing the
Born-Oppenheimer or adiabatic approximation: the electrons are considered
to follow the motion of the nuclei adiabatically by virtue of their considerably
smaller mass.
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Therefore the Born-Oppenheimer approximation assumes that the full
state function can be expressed as the product of electronic and nuclear wave
function. The nuclei generate an effective potential, which can be called the
adiabatic potential energy surface. In which the electrons move.

The Jahn-Teller effect couples the electrons and the modes of the nuclei
as follows:

JT 1 2 2 Qx Qy (Q?g - QZQI) 2Q:ch
BT =K@t @)+ F [Qy —Qx] e { 20.0, - (Q-Q)
(3.26)
Here K is an elastic force constant, F the linear vibronic coupling coef-
ficient and G the quadratic coefficient and ()., are the normal coordinates

of the vibration modes of the nuclei. By introducing the polar coordinates

p=+/Q:+ Q7 and ¢ = arctan (%) one obtains:
1 1
E(p,¢) = §K/)2 =) [Fz + G?p* + 2FGp cos (3¢)] 2 (3.27)

Usually the quadratic term G can be considered negligible, while the
elastic term K is a global shift in energy for all energy states,therefore this
Hamiltonian applied to the ground and excited states gives the following
eigenvalues:

eos (2) -+ sin (9 e | 1)

+T — { ‘Cos (%) er + sin (%) ey> 1) (3.28)
- |cos (5) ex = sin (5) e,) [1)

! { ‘COS (%) €x — Sin (%) ey) |4) (3.29)

JT effect and spin-orbit interaction

The sum of the two components of the Hamiltonian gives rise to the fine
structure observed at low temperature in the emission spectrum. With an
overall ground and excited state splitting given by:

AE,, = /)2, +47T2, (3.30)

Expressed in terms of the eigenvalues of the two interactions, as shown
in the previous sections.
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Figure 3.13: Analogously to the spin-orbit case the Jahn-Teller effect reduces
the four-fold degeneracy to a two-fold degeneracy both in excited and ground
states.

Strain fields

While the previous sections described intrinsic terms of the Hamiltonian of
the SiV center, the effect of strain fields is sample dependent and can vary
noticeably from environments with low crystal strain like monocrystalline
bulk diamond to extremely strained materials like nanodiamonds. Strain can
also be applied externally for specific purposes, for example the application
of uniaxial stress is a technique widely employed in the determination of the
symmetry of defects[2].

Strain can act on SiV centers in two ways. When considering an ensemble
of SiV centers inside a diamond lattice there is, in principle, no constrain
on the orientation of these defects which would have equivalent electronic
configurations, thus one could define an orientational degeneracy between
the different sub-ensembles containing SiV centers with the various possible
orientations. When the crystal is under a strain field these ensembles are
affected differently and the degeneracy is lifted [34].

0 0 —(a+ip) 0
strain __ 0 0 0 —(O{ + Zﬁ)
B =1 _aZipy 0 0 0 (3.31)
0 —(a—1p) 0 0

When considering single SiV centers the strain field can also lift the orbital
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degeneracy. Without going into too much detail when one applies the strain
Hamiltonian to the states in the spin-orbit basis described in the previous
section there is once again a reduction of the initial four-fold degeneracy to
a two-fold degeneracy.
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Figure 3.14: Energy level splitting due to the strain fields in the material.
Again the degeneracy of the energy levels is reduced as in the previous cases.

e [Bles 1)+ (€ = a)le, 1)) = us 4)

e S e e e S e (3.32)
_La [ﬁ |ex i) - (C + Oé) |€y \l/>] = ’U, \L>

o { _% [ﬁ |6J1 T) - (C + OZ) |6y T)] = |u_ T> (333)

The optical transitions not only split but also shift in frequency due to the
applied strain. Analogously to the NV case strain and electric fields affect
the defect in the same way, one could therefore use electric fields to tune the
transition frequencies of selected defects, for more details on this aspect one
can find a rich variety of works in literature [35-H37].

In strongly stressed materials like nanodiamonds the strain field becomes
more relevant than spin-orbit interaction, and lead to shits in the transitions
which are different in the ground and excited states and the intensity of the
optical transitions also are affected by the strain effects as shown in fig. [3.15
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Figure 3.15: Behaviour of the PL fine structure observed at cryogenic tem-
peratures under different stress values. Reproduced from [3§]

Magnetic fields — Zeeman effect

Of the interactions observed in previous sections none lifts the magnetic
sublevel degeneracy. The SiV center has two components to the magnetic
moment, one comes from the orbital angular momentum L and the other
from the spin S. Thus the perturbation Hamiltonian related to interaction
with magnetic fields is in the form:

HZ, = HZF + HZS =y L B+7sS B =qyL.B. +7sS- B (3.34)

With v, = B2, 75 = 2“TB are the orbital and electron gyromagnetic
ratios respectively, up is again the Bohr magneton, B = (By, By, B.) is the
magnetic field expressed in terms of the coordinates previously introduced
for the SiV center, S = %(Ux, 0y,0,) is the spin operator expressed in terms
of the Pauli matrices and L = (0,0, L,), as observed in the spin-orbit section.
The factor q is a quenching factor that is introduced by the Jahn-Teller effect.

If the magnetic field is oriented along the z axis, which corresponds to the
main axis of symmetry of the defect, there is no spin mixing. Otherwise the
off-diagonal x,y terms of the magnetic field cause the mixing of the |1) ,|])
states.

The eigenvalues of this Hamiltonian term are:
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E? = +qy.B, + 73\/ B2 + B2 + B? (3.35)

Introducing a split in all the magnetic sublevels linearly dependent on
B. When the Zeeman effect is taken into account together with the SO and
JT interaction the behaviour of the fine structure transitions is shown in fig.
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Figure 3.16: Panel (a): Spectral fine structure splitting of a SiV/ ensemble
(contour plot, color coding indicates peak intensity in logarithmic a.u.) vs
applied magnetic field [in the (001) direction]. The white lines represent
transitions calculated by adding spin-orbit, JT effect and Zeeman effect con-
tributions. Panel (b): Calculated splitting of electronic levels considering
spin-orbit, JT effect and Zeeman effect contributions, the black arrows rep-
resent all possible transitions and correspond to the transitions observed in
panel (a). Reproduced from [21].
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Chapter 4

Synthesis of Fluorescent
Nanodiamonds: One-Step
Process by Pulsed Laser

Ablation of Graphite in Liquid
Nitrogen

As already said in chapter 2, fluorescent nanodiamonds containing NV centers
can be obtained by Pulsed Laser Ablation in different media (e.g. liquid
nitrogen, nitrogen rich atmosphere) [I].

From previous works [I], the most efficient setup is the ablation of graphite
in liquid nitrogen, which gives nano powders which much higher photolumi-
nescence intensity.

In our laboratory we developed an ad-hoc apparatus for PLA of graphite
in liquid nitrogen, which is described in the next section of this chapter.
The main focus for this apparatus is the possibility of operating continu-
ously over long times, allowing the production of relatively large amounts of
nanopowders.

In the following sections I will cover the procedures employed for the
removal of graphite residues and the results of the characterisation of the
resulting nanopowders.

81
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4.1 Apparatus

The apparatus we employed for the production of the nanodiamonds is
schematised in figure [4.1]
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Figure 4.1: Panel (a): photo of the experimental apparatus. Panel (b):
schematic of the experimental apparatus.

Starting from the bottom, in figd.I] one can see the insulated container,
where the ablation procedure takes place. Between the internal beaker and
the external polystyrene container there is a space that can be filled with
more liquid nitrogen in order to reduce the evaporation of nitrogen from the
main container; this is shown in more detail in figure 4.3

Moving upward on the image one can see the structure that holds the
lens and the target. The structure is connected (blue and red assembly in
the middle) to the steel supports anchored to the optical table. The vertical
motion of the system is provided by a motor connected to the base of the sup-
ports, which rotates a screw that governs the position of the main structure
with respect to the supports. This configuration keeps the distance between
the lens and the target constant (in the limit given by the degradation of the
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target itself) during the operations of the system.

In the center one can see a white hollow cone, this is just a guard to shield
(although not completely) the lens from possible splashing from the ablation
procedure. The presence of this guard is more important when working with
water.

At the top of the steel supports the blue lens holder can be adjusted to
maintain the correct distance between the lens and the target. On top of the
left support the DC motor that provides the rotation of the target.

In figure [£.2) one can see the detail of the mechanism that transmits the
rotational movement to the target. The motor rotates a shaft inside the
steel support. The bent end of the axle connects to a 3D-printed element in
a crankshaft configuration. This transmission element imparts a step to the
target for each rotation of the axle.

At the top of the image, the mirror and its corresponding motor are
located on top of a steel support connected to the the optical table. The
motor periodically tilts the mirror, this tilt moves the laser beam along the
axis of the target, allowing the use of most of the target surface during
operation.

To the motor’ Connecting Rods

Target
Rotating

Axle

Element Target Pin

(a) (b)

Figure 4.2: (a)Detail of the component that transmits the rotational motion
to the target, as shown in fig. 4.1} The support element keeping the assembly
in place is left transparent for clarity. The purple arrows represent the step
motion imparted to the target by the apparatus. (b) Photo of the graphite
target after ablation.

The mirror and the lens are aligned in such a way as to focus the laser
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beam in a position where the laser has 45° incidence with respect to the
surface of the cylinder. This configuration reduces the interaction between
the laser and the expanding plume with respect to the case of the laser
impinging directly on top of the target, while avoiding excessive loss of fluence
that would happen at higher incidence angles.

Figure 4.3: 3D rendering of the apparatus showing in detail the interior of
the container. Reproduced from [2].

As can be seen in the fig[4.3|the target is attached to a 3D printed support
suspended from the main apparatus by thin metal wires. The thin wires have
lower thermal conductivity than the larger rods forming the apparatus and
thus transfer less heat to the liquid nitrogen, reducing the rate of evaporation.
The vertical shaft which transfers the motion from the motor on top of the
apparatus to the target is also very thin for the same reason.

The beaker is suspended from the lid and the kept in place by 3D printed
locks. The lid itself is connected to the polystyrene container and fixed in
place by a spring mechanism. The connections between the lid and the beaker
are not airtight to avoid excessive pressure increase.

When operating the apparatus, both the containers are filled with liquid
nitrogen up to the same level, just below the beak of the beaker in order to
maximise the insulation of the internal container while avoiding contamina-
tion of the inner container from the insulating layer.
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To avoid excessive thermal stresses on the internal container, during the
first filling the liquid nitrogen is poured relatively slowly, keeping the levels on
the inner and outer containers to similar heights. The beaker is filled from the
central opening, while the Dewar is filled from a hole in the lid. Subsequent
refills are performed with the system already in thermal equilibrium and do
not require the same attention.

Once the system has thermalized, the target can be lowered in the liquid
nitrogen and the ablation process can take place. To avoid formation of ice
that could impair the functioning of the apparatus the target has to remain
submerged at all times.

During operation the strong radiation of the laser induces strong evap-
oration of the nitrogen inside the beaker, the vertical motion of the setup
is used to track the evaporating surface, keeping the target 5mm below the
surface (considering the point of the target where the laser impinges on the
graphite).

The details of the ablation process have already been discussed in chapter
2. For the present work the lens employed had 45 cm focal length, the laser
fluence was kept at ~ 40 — 50.J/cm? as written in the previous chapter and
each ablation procedure was conducted to perform at least ~ 80000 laser
pulses.

4.2 Purification Procedure

The main advantage of long operation is the production of large batches of
nanopowders. This allows to perform more intense cleaning procedures, in
line with industrial requirements for scalability, without the risk of losing a
large portion of the prepared samples.

We employed two procedures:

e Oxidative procedure

e Chemical procedure

4.2.1 Oxidative Procedure

The first procedure employed consists in selectively oxidise graphitic and
amorphous sp? carbon components, without attacking the diamond phase.
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Figure 4.4: SEM micrographs the raw powders after re-dispersion in distilled
water. Panels (a,b) belong to the first sample produced and panels (c-e)
belong to the second sample of nanopowders, produced under the same con-
ditions. In particular panel (e) shows conglomerates embedded particularly
deep in the surrounding graphite, revealed by the cracking of the substrate.
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This is possible because in the temperature range 375 — 450°C' the oxi-
dation rates of sp? and sp® carbon are different, and in particular between
400—430°C sp? carbon oxidation is very efficient, while there is no or minimal
loss of sp* carbon [3].

Therefore this treatment was performed at 425°C in a tube furnace (Car-
bolite CTF 12/65/550) initially for 5h and afterward for 72 h. The morphol-
ogy of the material is evidently modified by the treatment as will be shown
in the next images.

For the SEM characterisation of the samples, the powders are dispersed
in isopropyl alcohol and a single drop is deposited on a silicon substrate.

The initial ”as deposited” samples show the presence of smooth, slightly
faceted, structures in the order of the hundreds on nm in diameter, compa-
rable with previous works [I], 4], and associated with nanodiamond clusters.

These clusters appear to be fully embedded into the surrounding graphite
matrix as can be seen in fig{1.4]

The powders are then subjected to a 5 h oxidation process. It is apparent
from figure that the particles observed previously are now more detached
from the matrix and their surface appears less smooth and uniform, partially
etched by the oxygen in the atmosphere.

Another feature that can be observed is the presence of "holes” in the
matrix which are likely an indication of missing clusters (based on the typical
dimension of the holes and clusters) that have completely detached from the
surrounding matrix due to the oxidation of the binding sp? layers.

After the last oxidative step the surface of the samples is heavily modified.
In figure [4.6| one can see that the clusters are completely detached from the
matrix, forming a discontinuous structure. The oxidation removes material
around and below the particles, which instead remain affected only on a
superficial level. This further proves the presence of sp* carbon in the core of
the particles, while the external layers of graphitic carbon are etched away.

Although this technique allows to remove the sp? carbon selectively, with-
out introducing impurities of any kind, it is also extremely inefficient. While
in principle the problem could be solved by increasing the oxidation times,
it is not a good solution if the scalability of the process is considered.

Therefore this purely thermal process is unsuitable for the removal of
large amounts of graphite, while it can still be considered a good option for
the removal of smaller residues. In fact in Chapter 5 I will show the combined
use of this technique and the chemical purification procedure described in the
next section.
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Figure 4.5: SEM micrographs of the powders after 5h oxidative treatment.
Here two samples are shown, produced and treated under the same condi-
tions. Panels (a-c) show the surface of the first sample, while panels (d-f) of
the second one. Both exhibit partial erosion of the matrix surrounding the
conglomerates.
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Figure 4.6: SEM micrographs of the powders after the full 77 h oxidation
process

4.2.2 Chemical Purification Procedure

While thermal oxidation is a relatively clean procedure for the purification
of nanodiamonds, it is too inefficient to remove graphitic carbon from raw
powders, where the sp? carbon content makes up the majority of the material.

Considering industrial procedures used for other synthesis techniques,
the employed a process was derived from techniques used for detonation
nanodiamond purification. [5]

The powders are treated with sulphonitric solution (3 parts concentrated
sulphuric acid 98% and 1 part concentrated nitric acid 60%) at a temperature
of 190°C for 3 h under reflux. For approximately 100mg of raw powders
100ml of sulphonitric solution were employed.
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Figure 4.7: Scheme of the simple apparatus employed in the chemical treat-
ment of the powders. As the top of the apparatus is loosely stopped to avoid
excessive pressure build up, the procedure is performed under a fume hood.

The powders recovered directly from the internal beaker of the ablation
apparatus are put into a flask connected to a condensation column. The
sulphonitric solution is added to the system and the lateral neck of the flask
is sealed. The top of the condensation column is loosely stopped to avoid
excessive pressure increase inside the system. The flask is placed in the oil
bath which allows to keep the temperature to exactly 190°C'.

During the procedure the suspension of the powder inside the acids goes
from black to red, to light yellow color. After 3 hours the heating is turned
off and the system is allowed to cool down overnight. We observe that when
temperature goes below 150°C any sign of further reactions stops. At this
point only the larger fragments (residues of large scale fragmentation of the
target) of graphite appear visible inside the ampule.

Since the process is conducted with high stoichiometric abundance of
acids and under reflux, the dispersion is at this point extremely acidic. There-
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fore the next step is a neutralisation of the dispersion.

The dispersion is moved to a conical flask surrounded by an ice bath.
Here concentrated (5 M) Sodium hydroxide solution is added drop by drop.
The ice bath counteracts the strongly exothermic reaction between the acids
and the base, avoiding overheating and possible boiling of the dispersion.

The pH of the dispersion is periodically checked by dropping a single drop
of it on a universal indicator paper.

Near neutral pH there is the formation of salt crystals which deposit out
of solution. These are re-dissolved by slow addition of distilled water, in
order to add just enough to avoid formation of crystals. At the end the pH
of the dispersion is checked again with a pH meter.

To recover the powder and remove the salts subsequent centrifugation
steps are performed.

The concentration steps are performed by centrifugating the neutralised
dispersion and removing the supernatant liquid. The vials are then filled
again with the dispersion until all the liquid has been processed.

The remaining liquid is now nearly saturated with salt, which has to be
removed in order to obtain pure dry powders.

Again the remaining dispersion inside the vials (~ 5ml) is dispersed,
this time with distilled water, to the maximum volume of 50ml, reducing
the concentration of salt by a factor of 10. The procedure is repeated 5
times, assuming that the main solute is sodium sulfate, after neutralisation
the concentration can be considered to be ~ 0.047¢g/ml, therefore after 5
washings it can be estimated to be ~ 4.7 x 10~7g/ml. Only isolated traces
of salts have been found during SEM measurements

The resulting powders are characterised by SEM imaging in figure [4.8]

The resulting morphology is extremely different from the powders treated
only by thermal oxidation. The underlying graphitic matrix appears to have
completely dissolved.

What can be observed are nanodiamonds agglomerated together with
residual sheets of graphite and amorphous layers between the nanodiamonds
themselves.

The yield of the chemical purification results to be 74 1% in weight with
respect to the initial ablation soot. This is in line with results from literature
for laser ablation based techniques which report yields of 5—10%[0}, [7]. Other
techniques have yields of around 15% for HPHT [§], 10% for cavitation-
assisted techniques [9] and 4-10% for detonation nanodiamonds[9} 10]



92 SYNTHESIS OF FLUORESCENT NDs IN LIQUID NITROGEN

()

Figure 4.8: SEM micrographs of chemically purified nanodiamonds. Panels
(a) and (b) show the same conglomerate partially enveloped by a residual
salt impurity from the neutralisation process. Panel (c) shows a different
conglomerate on top of a residue of graphite.

4.3 Optical Characterisation

The optical properties of the powders have been observed using a confocal mi-
croRaman Jobin—Yvon LabRam apparatus. When performing ODMR mea-
surements the sample was fixed on an epoxy-glass sample holder equipped
with a Hertzian RF antenna; the RF irradiation served as the ground |g)
level pump to populate the m, = £1 sublevels in order to observe the spin
dependent properties of the NV center photoluminescence [11].

The observation are performed under continuous laser excitation at 532
nm. The powders are deposited on quartz slides.
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The observed photoluminescence show a broad emission in the red region
of the spectrum as shown in figure [4.9, consistent with the emission recorded
for NV centers in nanodiamond [12]. Additionally the spectra show a tail
in the region with wavelength > 700nm which is possibly due to residual
graphitic layers on the surface of the nanodiamonds or between them in the
conglomerates.

These features of the emission spectra are compatible with previous works
[1, 4] even after chemical purification procedures.

In the spectra two sharp peaks can be observed in the region with A <
600nm, these are the D and G Raman peaks of graphite, which are conspic-
uously absent in the samples that have undergone chemical purification or
the full 77h thermal treatment.

12
voo ] As dep /\j —— 5h annealing ol X ——72h annealing

g 8
i

=

@

s
Intensity (a.u.)
e
4

Intensity (a.u}

13

Intensity (a.u.)
RERARR
——

2
g

580 600 620 640 660 680 TOO 720 740 600 700 8 e o o .

Wavelength (nm}) ‘Wavelength (nm) Wavelength (nm)
Figure 4.9: Representative spectra of the samples under different purification
conditions. From left to right: raw samples, samples after 5 h oxidation in
air and samples after 77 h oxidation in air; as published in [2].

The ODMR measurements performed on the powders are sensible only
to the emission of the NV centers [I1]. NV center fluorescence undergoes
significant intensity changes when the centers are subjected to radiofrequency
irradiation resonant with the energy separation of the ground state sublevels
with my = 0 and m, = £1 of 2870M Hz[13], schematised in figure [4.10]
panel (a). The microwave radiation sends the ground state from the mg =0
sublevel to the degenerate mg = £1 sublevels. The excitation of the mg =0
sublevel leads to emission of photoluminescence while the excitation of the
degenerate sublevels has larger probability of non radiative recombination,
leading to reduced photoluminescence intensity.

The experiments show (ﬁg: a noticeable intensity dip at ~ 2870M H z,
confirming the presence of NV centers. The width of the observed dip is com-
patible with previous observations [4] and is attributed to local strain fields
present inside the nanodiamonds.
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Figure 4.10: Panel a: energy level structure of the NV center in diamond with
the different triplet (left) and singlet (right) states. The straight red arrows
represent allowed optical transitions, the curved red arrows transitions due
to spin-spin interaction and the dashed black lines non-radiative transitions.
The blue arrows represent the energy separation between the singlet level
and the orbital energy level of the ground state (blue dashed line), lastly
the added orange arrow indicate the energy separation between the mg = 0
and mg = %1 in absence of external magnetic fields. Reproduced from [I4].
Panel b: representative ODMR, spectrum of the chemically purified samples
as published in [2]. The line is added as a guide to the eye.

The continuous operation of the ablation apparatus together with the effi-
cient purification treatment using acids allows to produce significant amounts
of clean nanodiamonds without significant impurities or graphitic residues,
without compromising their optical and magneto-optical properties, with an
efficiency comparable to other established techniques.
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Chapter 5

Synthesis of Fluorescent
Nanodiamonds Mixed with
Silicon Carbide Nanoparticles
from Composite Precursors

In chapter 3, I showed the main advantages of Silicon Vacancy centers when
compared with Nitrogen Vacancy centers, mainly the superior spectral purity
of SiV centers as well as the possibility of working as single-photon sources.
The synthesis of such NDs is an active field of research [IH3] thanks to their
attractiveness for quantum applications.

In order to produce SiV centers in diamond by PLAL one has to find a
way to introduce silicon into the system, in the same manner we employed
liquid nitrogen as an ablation medium for the production of NV centers.

A possible avenue is to work with a precursor containing both Carbon and
Silicon. We chose to work with composite targets composed of graphite and
silicon carbide, sintered together at high temperature. The process employed
in the production of the targets is described in section 5.1 and allows for good
control of the composition of the material, in particular the Si concentration.

The precursors have been subjected to the ablation process in water and
the resulting powders have been characterised via Raman Spectroscopy, Pho-
toluminescence spectroscopy, SEM and EDXS characterisation, TEM and
SAED characterisation.

Different silicon carbide (and consequently silicon) concentration targets
have been prepared to investigate a concentration range which is typical of

97
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other ND synthesis techniques|3-5].

5.1 Composite Precursors

The precursors have been prepared in the department of industrial engineer-
ing (DII) of the University of Trento.

Graphite powder (Fluka Chemie, DE) is mixed with liquid polycarbosi-
lane (SMP-10, Starfire Systems, US) in acetone suspension. The mixture
is dried for 24 h in an oven at 150°C' to remove the solvent and is then
loaded into a 20 mm diameter die and pelletized with a hydraulic press at
160 MPa. The pellet is then pyrolyzed in a graphite furnace (Astro, Thermal
Technology LLC, US) with a heating rate of 5°C'/min up to 1600°C' being
kept at such temperature for 2h, and then cooled down with cooling rate of
15°C'/min. To avoid oxidation of the pellet the process is performed under
Argon flux of 300cm?/min.

The ceramization process leads to a relative weight loss of SMP-10 of
26.3% and, considering that the pyrolysis of SMP-10 gives stoichiometric
SiC, this allows to calculate the theoretical weight fraction of silicon inside
the sintered pellet.

Graphite:SMP10 Compressive Bulk Density .Estlmated
(wt ratio) load (g/cm®) Si % wt a‘fter
(MPa) pyrolysis
10:3 110 1.47 11.9
10: 2 160 1.41 8.6
10:1 160 1.54 4.7
301 110 1.40 1.7
100 : 1 110 1.46 0.5

Table 5.1: General properties of sintered samples. The estimated Silicon
content is calculated taking into account the loss of SMP-10 during the py-
rolysis.

During this work the various samples will be identified using the initial
weight ratio or percentage weight ratio of graphite and SMP-10; that is the
one with the highest silicon concentration will be called the 10:3 or 30%
sample and so on.
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This preparation procedure is called Polymer-Derived Ceramic (PDC)
route. PDC allows to use complex pre-ceramic polymers which can be turned
into the desired ceramics by sintering at high temperature in controlled at-
mosphere [6]. This makes the use of PDC particularly suited to the produc-
tion of non-oxide ceramics like SiC or more complex compositions like SiCN,
SiBCN; with the possibility of pre-doping the material with other elements
like transition metals [7].

Figure 5.1: Photograph of the 30:1 precursor after ablation in water. The
ablated surface is shifted to one side to avoid degradation of the plastic
support structure shown in the previous chapter, the pristine flat face is the
region were samples are obtained for SEM and EDXS measurements.

The polymer to ceramic evolution is characterised by the formation of
amorphous ceramics that generally undergo phase separation at the nanoscale
as pyrolysis temperatures exceed 1000 — 1200°C'[§] which could be exploited
to produce nanocrystalline ceramics[9, [10].

The precursor structure has been observed by taking samples of the ma-
terial from the circular faces of the cylinders in order to avoid damages or
contamination to the surface involved in the PLA process. The morphology
is shown in section 5.3.3. As will be shown the precursors present some im-
purities and their composition has been analysed by Energy Dispersive X-ray
Spectroscopy (EDXS).

In table one can see that the bulk density of the precursors falls in a
range between 1.40 — 1.54g/cm? and the estimated Si content covers a large
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interval from 0.5% to ~ 12%. The silicon concentration range is compatible
with concentrations explored in literature for other techniques, e.g. the work
from Bolshakov et al. [4].

Although the formation of diamond phase in CVD and PLAL processes
is extremely different, this observation coupled with the experimental results
shown in the next section informs our decision to avoid exploring precursors
with higher silicon concentration.

In this work we also avoid performing a ”blank” synthesis, that is with
no silicon present, because in previous works in our laboratory the formation
of non-fluorescent nanodiamonds was already shown [11]

5.2 Processing

Ablation

As opposed to the procedure performed in chapter 4, here the precursors
are ablated in ultrapure water. Working at room temperature allows for
much easier to control operation, the targets can be positioned with care
without the risk of jamming the mechanisms with ice. Moreover the low
rate of evaporation of water is helpful in maintaining the operation working
for longer, without pauses to refill the containers or the need to precisely
program the vertical movement of the apparatus, necessitating only of small
adjustments over hours of operation.

The apparatus employed in this procedure remains largely the same as
that schematised in chapter 4, with only minor modifications.

Working with water at room temperature does not require additional
temperature control for the system, so the external polystyrene container
acts only as a support for the internal beaker.

Purification

In chapter 4 the samples have been subjected to two different purifica-
tion procedures: Thermal oxidation in air[I2HI4] and high temperature acid
treatment |13, [15] [16].

Here the procedures are combined as two steps to be performed one after
the other.

The raw powder is subjected to the acid treatment as shown in the pre-
vious chapter for the NV luminescent nanodiamonds. After this first step,
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most of the powder is degraded, leaving behind only the nanodiamond and
silicon carbide components of the powders, with minor contribution from
non-diamond carbon species. None of the metallic impurities present in the
precursors appears to survive this step, as shown in the next sections. Neu-
tralisation of the dispersion and the removal of salts is performed in the same
manner discussed in chapter 4.

The second step consists in a 72 h oxidation process which can remove
the remaining sp® carbon at the micro/nano scale.

While before the nanopowders were subjected to high-temperature oxida-
tion on the substrate used for the measurements (quartz for optical character-
isation and silicon wafer for SEM imaging), here the second step is performed
on all the chemically purified material.

The powders after chemical purification are stored in suspension in either
deionised water or ethanol, this suspension is poured in a small crystallizer
on a heated plate and the solvent is left to evaporate at low temperature
(below the boiling point). Once the powders form a thin dry layer on the
bottom of the glassware, they are subjected to the heat treatment in a tube
furnace (Carbolite CTF 12/65/550) starting with a ramp of 5°C'/s, then they
are kept at 425°C for 72 h and lastly they are left to cool relatively slowly
overnight with the furnace turned off.

The powders are later redispersed in ethanol. The results of the procedure
are shown in the next section. All samples have been observed both after
only the chemical purification step and after the full procedure.

Already one problem with the procedure is apparent: the nanodiamonds
coexist with silicon carbide nanoparticles and larger fragments of SiC. The
larger particles can be removed by sedimentation, but this is not possible for
the smaller ones since SiC and diamond have similar density.

Moreover SiC appears to be even more resistant to chemical attacks then
diamond and is unaffected by thermal processes even at temperatures in
excess of 700°C.

In this work therefore the studied material is a mixture of nanodiamonds
and SiC nanoparticles.

A possible solution, partially explored at the end of the work, appears to
be the use of ammonia solution as dispersing medium, which from literature is
found to selectively stabilise the suspension of nanodiamonds while allowing
the sedimentation of silicon carbide nanoparticles[17, [1§].
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5.3 Characterizations

As previously written, the samples have been subjected to an extensive char-
acterisation campaign with different techniques.

The observation in sample 10:1 of photoluminescence in the region sur-
rounding the ~ 738nm wavelength associated with the ZPL of the SiV center
[19, 20] led to the full characterization campaign described in this section.

The samples have been observed in order of fabrication, that is first the
10:1, followed by the two higher concentration samples and lastly the 3% and
1% ones.

In this section I will show the results of the different characterizations
performed on the samples, focusing on the oxidized materials, that is the
nanopowders subjected to the full post-processing procedure described in
the previous section.

5.3.1 SEM and EDXS characterisation

The morphology of the samples has been observed using a Jeol JSM-7001F
Scanning Electron Microscope, equipped with an Oxford INCA PentaFETx3
EDS for compositional analysis.

SERS substrate

While the NDs produced by PLAL in liquid nitrogen described in Chapter 4
have been deposited on different substrates for optical characterisation and
SEM imaging (quartz and silicon respectively); here the powders have been
deposited on the same conductive substrate for both characterisations.

This was necessary to perform Surface Enhanced Raman Spectroscopy
(SERS) as will be discussed in section 5.3.4. Here in fig. one can see
the nanostructured silver substrate employed, which was produced by evap-
orating Ag on a silicon wafer. The use of the silver substrate allows not
only to perform SERS measurements, but also to observe with the different
techniques the exact same points on the sample, without switching between
the ones deposited on quartz and the one on silicon.
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Figure 5.2: (a) SEM micrograph of pristine silver substrate, the surface shows
nanostructures in the order of the tens of nm. (b) Larger recrystallised
silver structures appear just outside the region occupied by the deposited
sample. The black areas are deeper holes in the substrate that trap scattered
electrons.

The surface of the substrate shows the presence of relatively uniform is-
lands ~ 20nm in diameter, clearly visible in panel (a) of fig. Notably in
the proximity of the deposited powder the structures can appear modified as
can be seen in panel (b), showing larger structures which appear to have re-
crystallised since some of the atomic planes can be glimpsed from the image.
This could be due to overheating during some of the longer SERS measure-
ments. Another possibility is that this modified region of the substrate is
caused by the force exerted on the 100 nm thick Ag layer by the evaporating
solvent at the moment of the deposition of the powder. The retreating liquid
may have dragged some of the grains of the substrate, upturning the islands
and exposing the bottom layer of the silver, generating the voids that can be
seen in panel (b).

In figure one can see an SEM micrograph obtained by superposition
with false colors of an SEM image taken from back scattering electrons and
Secondary emission electrons showing a low magnification image of the sam-
ples.
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Figure 5.3: Low magnification SEM micrograph of sample 100:1 over the
silver substrate. The composite image (Secondary electrons and backscat-
tered electrons) clearly shows the difference between the light atoms of the
nanopowders in green and the heavier silver atoms of the substrate in orange.
Some large fragments appear outside the main patch due to handling of the
sample.

The nanopowders are composed of light elements and appear bright green
over the orange of the silver substrate.

Around the main cluster of powders, corresponding to the dried dispersion
drop, a green halo can bee seen, clearly separated from the surrounding
dull orange of the substrate. This is the region observed in panel (b) of
figl5.2] The presence of this halo suggests the presence of lighter elements
over the silver substrate, yet SEM observation do not show the presence
of nanoparticles in this region. This could be explained considering that
some of the solvent in which the particles were dispersed (ethanol) may have
seeped in the voids that can be observed in this region. Alternatively the
displacement of the silver layer may lead to increased contribution of the
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underlying silicon wafer to the signal.

The analysis of the different samples was focused on the main patches of
material, avoiding the surrounding fragments.

Precursors

The precursors used in this work are characterised by a microscopic structure
composed of relatively large graphite fragments, with major dimension in the
tens to hundreds of micrometers, sintered together at the boundaries, with
smaller SiC grains interspersed between the larger particles. From fig.
one can see that all the precursors show clear separation between the graphite
matrix and the smaller SiC inclusions.

Panels (a,b,d) show a similar configuration of relatively uniformly dis-
tributed SiC conglomerates. In the center of panel (b) one can also see a
bright white spot, indicative of the presence of heavier elements. This spot
is shown in detail in panel (c), here the image is taken as a composite of
backscattering and secondary electrons, highlighting the composition of the
different structures. The graphite appears green in this observation mode,
while the silicon carbide appears as a dull yellow/green color. Several SiC
structures appear throughout the image, generally along the borders of the
graphite grains where the liquid SMP-10 was trapped during the pelletisation
process and presenting a rounded morphology.

At the center of the image the impurity appears brigh orange, EDXS
measurements show it is composed of tungsten.

Panel (e) instead shows that the 30% precursor contains large, elongated
structures of SiC tens of micrometers long in addition to the smaller, rounded
structures one can see in the other precursors.
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Figure 5.4: Panel (a,b,d,e) show the morphology of the 1,3,20 and 30%
samples respectively. Panel (c) is a composite image of secondary electron
emission and back scattered electron showing a detail of panel (b), focused
on the impurity at the center of the image.
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Figure 5.5: SEM and EDXS spectra of impurities found in precursors. Pan-
els (a,b) are associated to the 1% precursor, while panels (c,d) to the 20%
precursor

Other impurities are shown in figure [5.5( and it was found that each pre-
cursor shows the presence of different metallic fragments, which are identified
by EDXS. In the case of the 1% precursor the observed impurities in panel
(a) were made of gold and for the 20% (c) of cadmium, with the correspond-
ing EDXS spectra in figure. Not depicted here there were also impurities in
the 30% precursor which are composed of a blend of elements typical of steel.

Each precursor has been analysed after the ablation process. The ob-
served metallic fragments cannot come from the environment of the labora-
tory, where the equipment is adequately cleaned before use and the cylinders
only come in contact with ultra-pure water used during the ablation process.

They can instead be residues of previous preparations inside the die or
residues of the machining necessary to mount the cylinders on the apparatus.
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These impurities are not observed in any sample, which is a confirmation of
the efficacy of the purification procedure.

The original 10 : 1 precursor has not been characterised as the others
because during a second ablation procedure in liquid nitrogen (for a possible
future project) the cylinder was accidentally destroyed.

Nanomaterials from PLAL

()

Figure 5.6: Representative SEM micrographs of the powders of sample 100:1
(a) and 30:1 (b,c). Panel (a) is a composite image of secondary electrons and
back scattered electrons. Panel (b,c) is shown only with secondary electrons
for clarity.

The SEM analysis of the samples shows a complex morphology.
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Figure [5.6|shows the morphology of the samples 1% and 3%. In particular
panel (a) is taken at the same position observed in the SERS measurement
that produced figure (a) plot in section 5.3.4.

The morphology is compatible with previous observations of nanodia-
monds produced from PLAL[I3, 2I]. The bright green carbon conglomerate
at the center of the image stands out over the orange of the silver substrate.

Looking at panel (b) one can see that the morphology of sample 3% is
already more complex, with a larger variety of structures observed on the
sample. While in panel (a) there were some large polyhedral particles, here
they form a large conglomerate together with more amorphous structures.
Pane (c) shows instead a detail of the 3% sample, showing a small conglom-
erate in which the presence of both spherical and sheet like structures are
present.

The other samples are shown in figure[5.7] A cursory glance is enough to
notice that the morphology of the samples exhibits more structures associated
with silicon carbide proportionally to the concentration of silicon carbide in
the precursor.

Panels (a,b) show the morphology of sample 10%, large SiC particles
exhibit polyhedral morphology, between the larger particles a matrix formed
by smaller SiC nanoparticles and amorphous carbon presents the presence
of some more rounded particles which can be associated with previously
observed ND morphology. In particular panel (b) shows a small conglomerate
of round particles on top of a slightly larger column of SiC, which is one of
the clearer examples of the different particles present in these samples.

Panels (c¢,d) show the morphology of sample 20%. This sample shows the
presence of large fragments composed of an amorphous matrix interspersed
with different kinds of nanoparticles (c). In particular the detail in panel
(d) shows peculiar nanoparticles which appear particularly defective, which
may be associated to the emission observed in the section 5.3.3 for the 20%
sample. This particular structures seems exclusive to this sample.

Panels (e,f) lastly show the sample with highest concentration of SiC.
The morphology here appears uniform over the prepared samples, composed
mostly of sub-micrometer particles, together with larger particulate. Panel
(e) is a good representation of the morphology of the whole sample, with
few differences over the surface. Panel (f) shows an outlier in the form of
three larger particles connected by what appears to be a conglomerate of
finer particles, isolated from the rest of the material.
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Figure 5.7: Relevant SEM micrographs of the sample 10:1 (a,b), 10:2 (c,d)
and 10:3 (e,f)

This more uniform morphology composed of larger, and well crystallised
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particles, considering also the results of the Raman analysis (section 5.3.4)
which present sharp and intense peaks which practically reproduce bulk SiC
features, can be associated to the much lower optical activity of the sample
(section 5.3.3). This sample is also the only one to sometime exhibit Raman
peaks typical of Si nanoparticles, but it does not appear to form structures
which can be distinguished from the surrounding SiC particles.

5.3.2 TEM and SAED characterisation

SAED peaks
3Csic
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i [sr22e+ Cubic diamond
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Figure 5.8: TEM micrograph of the 3% sample (a) and intensity profile (b)
of the corresponding diffraction rings (b-inset)

200 nm

The samples are prepared by depositing a drop of a diluted suspension of the
1% and 3% samples on a carbon-coated Cu TEM grid. The TEM character-
isation was performed only on the two samples which showed the presence
of diamond in the Raman Spectroscopy experiments, as will be discussed in
the next sections.

TEM/SAED measurements are performed with a Thermo Scientific Talos
F200S microscope at an accelerating voltage of 200 kV.

The grids are first observed in the SEM in transmission configuration
(STEM) in order to image the samples and define regions of interest for the
TEM Experiments.
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Figure [5.8] shows an example of the observed particles, together with
the results of the corresponding Selected Area Electron Diffraction (SAED)
experiments.

The main contribution to the spectra is from the silicon carbide crystal-
lites, as can be seen from the SAED plot. Here the plot reveals that the
nanoparticles under examination are composed of cubic 3C SiC [22].

The plot also presents faint peaks in correspondence to the expected
position for diamond. The comparison are performed both with standard
cubic diamond and hexagonal diamonds as seen in figure, in fact in this
particular cluster the hexagonal diamond contribution appears stronger than
that of normal cubic diamond.

The peaks appear to be superimposed to a broader structure of more
diffused bands. Observing the expected peak positions of cubic and hexag-
onal diamond these bands appear to be related to a superposition of both
components.

These broader features can be considered the fingerprint of extremely
small crystallites [23] either inside the nanodiamond (that is diamond nanopar-
ticles with ultra-nano crystalline domains) or as separate ultra-nanodiamonds
being part of the matrix connecting the other nanoparticles in the conglom-
erates, in the shell-like structures observed in panel (a) of fig. [5.8 This
second possibility is corroborated by the presence of the broader bands also
on nanoparticles exhibiting only the SiC peaks.

Over the various measurements we were able to evaluate the (111) inter-
plane spacing by observing the position of the relative SAED peak. The
values obtained differed from the expected dy = 2.0975 A[24] by at most
Ady = 0.0395 A. This shift can be interpreted in terms of local nanoscale
strain fields, which correspond to a maximum stress acting on the probed
NDs of 0 ~ 21G Pa, compatible with strain fields acting on diamond nanos-
tructures as those observed in fig. in fact the largest stress observed in
this work amounts at most to ~ 20% to the maximum stresses observed in
[25].

5.3.3 Photoluminescence Spectroscopy Results

The samples have been observed under 532 nm and 633 nm excitation with
a Jobin-Yvon LabRam Aramis spectrometer. As described in chapter 3, SiV
centers in diamond show a very sharp emission at 738 nm. In nanodiamonds,
the emission appears to be broader, due to size effects (quantum confinement,
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Figure 5.9: Representative photoluminescence spectra of the samples after
the full chemical and thermal cleaning procedure, described in terms of the
initial Si concentration of the precursor; in black the reference emission from
literature. The reference CVD ND emission is reproduced from [26]

strain in the crystal lattice)[L5], 27].

The photoluminescence of the different samples is shown in figure and
discussed in the next paragraphs. All samples show some sharp Raman peaks
near the wavelength of the pump laser, which are going to be discussed in
the next section.

The 10:1 sample

Going in order of sample preparation, the first measurements were performed
on the original 10:1 sample. This is the only sample that shows significantly
different behaviour between the as deposited and oxidised powders. In fact,
as can be seen in figure[5.11] the as deposited powders show no luminescence
in the region of interest surrounding the 738 nm value, at any observed point.
Instead in the oxidised powder we observe the presence of a broad emission
band in the red-near infrared region of the spectrum.



114 SYNTHESIS OF NDs FROM COMPOSITE PRECURSORS

This observation on 4/50 observation points spurred the analysis of other
samples with different silicon concentrations.

The 10:2 and 10:3 samples

The sample 10:2 shows only a broad band in the orange-red part of the
spetrum . This was also observed in the 10:1 sample, but was originally
associated with sp? carbon structures (graphene oxides, carbon nanodots).
Since the observation persists in both samples even after the oxidation of
the nanopowders, this emission band can be attributed to emissive defects
in the silicon carbide nanoparticles, in particular to deep level defects in
3C-SiC nanoparticles [28] and/or C-vacancies in SiC nanoparticles [22] (the
composition of the NPs is described in more detail in the next section). This
is a possible unforeseen feature of the material because such defects are good
candidates for single-photon emission quantum-optical applications [29].

Sample 10:3 showed no bright luminescence under either 532 nm or 633
nm excitation. The spectra observed show only the sharp Raman peaks of
silicon carbide. This is somewhat unexpected because after the observation
for the previous sample one would expect some contribution (if not more
given the higher concentration) from products of the ablation of SiC.

This observation could be related to the mechanical properties of the 10:3
precursor, which appeared much softer and difficult to work with, requiring
additional care while being mounted on and removed from the apparatus and
in particular during the initial machining after sinterisation.

The 30:1 and 100:1 samples

Again in fig. [5.9) one can see that both of these samples present emission
in a broad band surrounding the expected position for the emission of SiV
centers in the near infrared region of the spectrum. In opposition with what
is observed for the 10% sample, here both the oxidised and non-oxidised pow-
ders show photoluminescence, with a slight increase in the oxidised powders,
again associated to the removal of residual layers of sp? carbon, as shown in

figure [5.11]

The near infrared band observed on the three samples with lower concen-
tration can be attributed to silicon vacancy centers in NDs [26]. The peculiar
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width of this band can be explained in terms of strong inhomogeneous broad-
ening of SiV in strongly strained NDs with dimensions < 100nm as well as
from unidentified silicon related defects [2], [15], 27].

Moreover, the ZPL of SiV centers in NDs can be significantly shifted
from the 738 nm value, in particular [27] reports ZPL distributions in the
range 715-835nm, also associated with linewidth ranging up to 18 nm. This
together with the fact that the NDs observed are part of relatively large con-
glomerates, as will be shown in the next section, can explain the broadening
of the emission as a superposition of the photoluminescence of different SiV
centers embedded in different strongly strained NDs.

The 3% sample emission was also measured using a spectrometer setup
which allowed the observation of the full surface of the sample (Ocean Optics
spectrograph, 1 nm spectral resolution, 517 nm quasi-CW -10 MHz repetition
rate for 10 ns long laser pulses- diode laser, 1 mW on average over the sample
surface), even under relatively low pump power the band is visible as shown
in figure [5.10
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Figure 5.10: Comparison between one emissive spectrum of sample 3% and
the PL collected over the full surface of the deposited powder.

The macro-PL of the powder appears shifted to higher wavelengths, sug-
gesting that the tail emission at 550 — 700nm is likely related to emission
from other carbon conglomerates, like carbon nanodots, which might survive
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the purification steps (particularly if enveloped together with the other more
stable species) [30], B1]. The disappearance of this tail under 633nm excita-
tion supports this attribution and is a typical spectral fingerprint of carbon
nanodots PL emission.
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Figure 5.11: Panel a: abundance of emitting points in the different samples
in dependence to the nominal Si concentration in the initial precursor. Each
is the result of measurements over sets of 50 points. Panel b: comparison
between PLAL and CVD production of SiV fluorescent NDs, PLA silicon
concentration shown as estimates of effective concentration as seen in tab.
b.1] The CVD results are derived from [4]. The connecting dashed lines are
just a guide for the eye.

The number of emitting points results highest in the 30:1 sample, sug-
gesting that the ideal concentration of silicon for the formation of SiV centers
by PLAL is around ~ 1.7% as seen in panel a of fig. [5.11]

The behaviour of the photoluminescence in dependence to the silicon
concentration appears to be associated mostly to the efficiency of formation
of NDs with SiV centers, without particular changes in the properties of the
spectra of the 3 emitting samples.

What we propose is that the excess of silicon in the precursors 10:2 and
10:3 inhibits the formation of nanodiamonds due to the peculiar behaviour of
the carbon-silicon system. This is observed also in CVD synthesis [4] where
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excessive silicon concentration distorts the crystalline lattice and reduces the
formation of the desired structures. On the other end, at lower concentration
the silicon acts more as a dopant rather than a stoichiometric component,
allowing for the formation of the desired impurities without damaging the
crystalline structures. For the lowest concentration then the reduction of the
emissive points is only related to a reduction of the available silicon. The
comparison with the CVD produced NDs is shown in panel b of fig.
here the results are normalised to the maximum of each dataset. In order to
compare the different techniques here the data are shown in terms of the Si
concentration of the precursors after pyrolysis as specified in tab. [5.1]

5.3.4 Raman Spectroscopy Results

In the previous section, the Raman spectra were already visible in the photo-
luminescence plots, in particular the more intense peaks of the silicon carbide.

Focusing more on the 100 —2000cm ! window one can analyse the spectra
in order to investigate the chemical composition and the crystalline structure
of the material.

The main components of the powders are silicon carbide particulates and
nanodiamonds, with the exception of some larger fragments which clearly
show the composition of graphite: the G and D peaks of graphite are clearly
visible at around 1580cm ™! and 1345cm~! respectively. The relative inten-
sity of the peaks show that the material in the larger fragments are well
crystallised and unmodified by the ablation process.

In the three larger concentration samples the dominant features are those
of silicon carbide. In particular one can see, as shown in figure, that the sam-
ples show the presence of both a-SiC (6H hexagonal polytype) and -SiC (3C
cubic polytype)[22]. The presence of the 3C SiC polytype is an indication
that the silicon carbide nanoparticles undergo a modification during the ab-
lation process, since the dominant polytype in SiC produced by equilibrium
routes is the cubic a-SiC, while shock experiments show a decrease of the
hexagonal phase coupled to an increase of cubic and rhombohedral phases[32].
The more evident peaks are those related to the Transverse Optical (TO) vi-
bration modes as highlighted in fig. [22] 33]. Other features of SiC are
visible in the region around ~ 950 — 1000cm ™! and ~ 1400 — 1600cm~t. The
latter shows also the presence of graphite contribution, in particular from
the sample pre-oxidation.
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Figure 5.12: Detail of the Raman spectra obtained from the 10:3 sample.
One can observe the presence of both the a-SiC and -SiC structures.

Another sharp peak at around 517e¢m ™! is attributed to nanocrystalline Si

present in the nanopowders, which is absent in lower concentration samples.

The observation of the Raman signal of diamond results more problem-
atic. At the available pump wavelengths (532, 633 and 785 nm, but the green
532 nm was not available for most of the experimental observations) the Ra-
man signal of diamond is particularly weak because it is far from resonant
frequencies in the UV-C range [34].

In order to alleviate the problem Surface Enhanced Raman Spectroscopy
(SERS) measurements are performed using a nanostructured silver substrate[35-
37). The substrate used was shown in in fig. [5.2

The substrate was tested on commercial fluorescent nanodiamonds (Sigma-
Aldritch). The intensity of the diamond peak obtained from SERS measure-
ments of commercial NDs is 2.5 times larger than that obtained from the same
NDs deposited on either quartz or bare silicon wafer, even with relatively
loose contact between the nanopowders and the substrate (the particles are
simply deposited as usual, without employing any implantation technique,
e.g. laser accelerated deposition). The measurements were performed under
785 nm excitation in order to avoid the photoluminescence of the NV centers
in the commercial nanodiamonds.
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Figure 5.13: (a) Long exposures, high resolution Raman spectrum centered
of a region of sample 30:1 which shows the peak of diamond, the reference
spectrum is obtained from Sigma-Aldritch fluorescent nanodiamonds in the
same experimental conditions. (a) - inset: spectrum from a low resolution
fast measurement over the 30:1 sample. (b) Width versus position plot of the
observed Raman peaks of diamond in sample 30:1 over 400 measurements, the
solid green line identifies the position of the Raman peak of bulk diamond,
while the two green dashed lines represent the average peak position and
peak FWHM of the observed peaks.

The signal measured in the PLAL powders remains very low, visible only
on the oxidised particles and requiring long exposure times, with the risk of
overheating the powders and damaging the sample.

Moreover, the particularly broad photoluminescence emission observed in
the previous section makes detection of the weak Raman peak of diamond
impossible when observing the spectra of the emitting points.

The three samples with higher concentration (10,20 and 30%) show no
presence of the diamond peak even in non emitting points. This is to be
expected at least for the two samples with highest silicon concentration given
the lack of observed PL in the SiV region and the previous discussion on the
lower formation efficiency of NDs in these conditions.

The two lower concentration samples show instead the presence of dia-
mond peaks with large FWHM and often relatively large shift in the peak
position from the expected values of bulk diamond, as can be seen in figure
0. 1)
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This is interpreted as the consequence of two phenomena: firstly the
presence of intrinsic strain fields in nanodiamonds formed by PLAL, which
was already observed in previous works [21, B8, 39] and also the fact that
the observed nanodiamonds are always present in clusters, as shown by the
SEM characterisation.

The sum of these effects causes both a shift and a broadening of the
peaks. Moreover the nanodiamonds in the same cluster can in principle be
host of different strain fields and therefore the different contributions can
superimpose to form a large peak with low shift.

Mapping a large amount of point in the lowest concentration sample al-
lows to perform a statistical analysis of the distribution of the peaks positions
and FWHM, shown in figure panel (b). Over 400 observation points
~ 35% of the them show a the presence of diamond signal. The FWHM of
most of the observed data points is in the range of ~ 20 —40cm~!. The peak
position for the observed nanodiamonds exhibits shifts towards both higher
and lower frequencies than that of bulk diamond. This implies the presence
of both compressive and tensile stress respectively inside the nanoparticles.
Observing the distribution for sample 3% a larger fraction of the observed
data points shows tensile stress.

One can notice that the observation of the Raman peaks on less than
40% of the observed points means that the yield of the process is at least
half than in the case of ablation of pure graphite in water (or liquid nitrogen)
for the formation of nanodiamonds.

This can be seen as the result of using a non-ideal precursor as the target
for ablation. In the Chapter 6 of this thesis I will focus briefly on this point
and suggest possible solutions to the issue.

Yet the observed features of the Raman spectra of the 100:1 and 30:1
samples are in line with previously observed nanodiamonds produced from
pure graphite [2I, B8] in the same experimental conditions, and the attri-
bution is corroborated by the observation of compatible morphology on the
sites showing the Raman fingerprint of diamond.

5.3.5 Final remarks

The extensive characterisation campaign leaves some interesting results.
This work demonstrated that employing Pulsed Laser Ablation in water of
composite precursors allows for the production of fluorescent nanomaterials.
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The properties of these nanoparticles are strongly affected by the precur-
sor composition and in particular by the effective silicon concentration.

Considering the production of fluorescent NDs with SiV centers we found
an ideal Si concentration of 1.7% in weight.

The use of precursors with concentrations in a range of approximately
~ 4.7 —8.6% Si promotes instead the production of fluorescent SiC nanopar-
ticles, while at higher concentrations the system appears mostly optically
inert.

While this opens the possibility of one-step procedures for the production
of composite, fluorescent nanomaterials, with already good chemical purity;
on the other end the explorative nature of this work results in materials that
are far from being application ready.

In fact, the presence of such wide fluorescence bands in the agglomerated
powders means that the main advantage of these silicon based materials over
for example the NV center of diamond discussed above, that is the spectral
purity of the emission and the possible single-photon emission properties, are
not exploitable yet.

Some avenues for refining the process can be identified in better separation
techniques for the existing nanomaterial and/or the production of precursors
with better control over the microscopic structure of the pellet.

In fact in this work, while overall the concentrations were well defined,
on the microscopic scale there were large gradients in the silicon concentra-
tion. Taking into account the fact that under equilibrium conditions carbon
and silicon are immiscible, over few micrometers the atomic concentration of
silicon goes from negligible inside the graphite grains to roughly 50% in the
SiC clumps.

For this the PDC route could be refined in order to achieve a more uniform
structure which could guarantee control of the silicon concentration to the
micro or ideally even nano scale.

If one focuses only on the production of NDs, eschewing the formation
of composite products, one could consider the use of precursors composed of
Si-enriched graphite, e.g. by ion implantation.

Another possibility could be the production of sintered precursors, start-
ing from already nanoscale materials, for example a solid mixture of carbon
and silicon nanoparticles. This would have the advantage of using a relatively
simple technique while still having a material with homogeneous micro scale
structure. Moreover this could be achieved without employing silicon car-
bide, which avoids most of the difficulties of the separation process.
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Chapter 6

Potential Refinement of the

PLAL Technique and Future
Perspectives

In the previous chapters I showed the results obtained from the main syn-
thesis and characterisation procedures for SiV fluorescent NDs.

Some other procedures were hinted as possible solutions to some of the
problems encountered during the experimental procedures.

In this last chapter I will discuss briefly the issue of separation of the dif-
ferent components of the nanopowders (diamond and silicon carbide phases),
the preparation of alternative precursors and the investigation of an alterna-
tive synthesis technique for nanodiamonds by photoelectric absorption.

Most of the work covered here is in an initial or unfinished state due to
the loss of the excimer laser at the beginning of the third year of my PhD,
which made it impossible to test the new precursors or to produce more of
the old material to test new procedures.

This means that the additional procedures were performed on just a small
amount of the ND-SiC composite powders, after most of the available mate-
rial had been used in all the other experiments of chapter 5.

6.1 Nanodiamond-NanoSiC Phase Separation

In chapter 5 I showed the morphology of the material produced by PLAL from
graphite-SiC composite precursors. Discussing the resulting material shown
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in figures 5.5 and 5.6 I highlighted the problems given by agglomeration and
the combined contribution of diamond and silicon carbide.

A first step in the separation was isolating the nano scale components by
removing the largest fragments of SiC, present in all the samples, even the
two most promising low Si concentration samples.

According to Stokes’ law, the stability of a colloidal suspension is directly
influenced by the size of the particles in suspension as is the velocity of a
suspended particle falling under gravity. Therefore it was decided to remove
the largest particles from the dispersions by decanting them after estimating
the necessary time of deposition.

The samples in dispersion were agitated and subjected to vigorous sonica-
tion for ~ 1h in order to achieve homogeneous dispersion, then they were left
at rest for 1h, a time sufficient only for the deposition of the larger (> 1um)
pieces. The supernatant liquid containing most of the material was then
moved to a different vial.

This was enough to remove the largest fragments as expected but the
smaller particulate of diamond and SiC, exhibiting similar dimensions and
density, are both still in suspension.

The second step was borrowed from separation techniques used for the
analysis of meteoric rocks. When one wants to analyse gasses trapped in
the various components of the meteorites the procedure consists in selec-
tively break down different components and measure the composition of
vapours/gasses. Some carbon rich meteorites contain both nanodiamonds
and nanoparticles of SiC, which usually remain as the last two solid frac-
tions. An ammonia solution, which selectively increases the stability of the
nanodiamond dispersion, is used to separate the two phases[I], 2].

This technique was adapted by taking the lowest concentration sample
100:1, which also showed the largest contribution of nanodiamond, and dis-
persing all the remaining powder in a 0.1M ammonia solution and subjecting
the dispersion to vigorous ultrasound treatment (hielscher UP400S ultrasonic
processor, 50% cycle, 60% amplitude), after that the suspension was left at
rest for ~ 12h and again the supernatant was separated into a different vial.
The solvent was left to evaporate slowly overnight under a fume hood to
remove any ammonia and the powders redispersed in ethanol.

The new dispersion was then deposited on a silver substrate to be anal-
ysed. Again diamond contribution was shown by SERS measurements and
the SEM images show a rather uniform distribution of carbon particles on
the silver as shown in figure [6.1].
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While the process appears to effectively select the ND phase, no photo-
luminescence contributions were observed.

(a) (b)

Figure 6.1: SEM micrographs of the ammonia separated fraction from sample

1%

Observing fig. [6.1] we see that the nanoparticles appear still in large
conglomerates. Some remaining SiC and isolated graphite sheets appear also
in this last sample, yet the procedure can be considered successful.

A possible technique for breaking apart the single conglomerates has
been identified in the so called Salt Assisted Ultrasonic Deagglomeration
(SAUD)[3,4]. Here the nanoparticles are dispersed in a supersaturated aque-
ous slurry of NaCl and subjected to vigorous ultrasound treatment. The salt
crystals then work as a milling agent for the conglomerates, while being eas-
ily removed by washing analogously to those employed in the post processing
chemical purification procedure described in chapter 4. The technique was
tried for different applications on carbon black nanoparticles, but the low
amount of remaining nanodiamonds made it impossible to work on the ND
dispersion.

6.2 Precursors from Sub-Micrometer Carbon
Spheres

Another avenue that was explored was the production of precursors using
nanomaterials as the initial components.
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In literature one can fine different examples of production of graphitic
rods from the sintering of carbon mesospheres, generally found in heavy hy-
drocarbons. A possible alternative to such components is given by carbon
micro spheres produced by hydrothermal carbonization (HTC) of glucose[5].
These powders were produced in the department of environmental engineer-
ing (DICAM) of the University of Trento.

Figure 6.2: SEM micrographs of the particulate recovered from the ablation
of the sintered HTC microspheres.

The project was two-fold:

e Producing a pure graphite precursor from the HTC microspheres and
subsequently prepare another by sintering the microspheres together
with silicon/silica nanoparticles.
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e Using HTC to produce particles with already the desired proportion of
Si to be used in the precursor preparation.

As written in Chapter 5, this preparation procedure for the precursors,
using nanomaterials, would allow to produce precursors with a much more
uniform microscopic structure, which in turn gives finer control of the con-
centration of Si at the nanoscale, without the presence of extreme gradients
over a scale of the micrometer.

Under EDXS observation the microsphere appear to contain a large con-
centration of oxygen, therefore for the first step it was decided to produce a
preliminary pellet without the addition of silicon to see if the oxygen could
hinder sinterisation.

The powders were pressed in a steel die for 20 minutes under ~ 120M Pa
of pressure. The green pellet was the pyrolysed in an oven at 1100°C for 5 h
under nitrogen flux.

The resulting pellet appears brittle but strong enough to survive PLAL,
this test run was the last PLAL experiment that could be performed.

The raw powder obtained by PLAL shows that the particles have fused
together during the sintering process, as shown in figure

In panels (a,b) one can see well fused together particles with clear edges
where the particles fragmented during ablation. Panel (c) is a detail of one
of the edges corresponding to broken spheres.

Since the available furnace could not reach temperatures employed in the
production of the precursors described in Chapter 5, other procedures were
taken into account, in particular ultrafast high-temperature sintering (UHS)
as described by Wang et al. in [6].

6.3 NDs from UV-C photoelectric absorption

The HTC microsphere were employed again as possible precursors for the
production of nanodiamonds by photoelectric absorption.

It has been observed by Gémez de Castro et al. in [7] that UV irradia-
tion can induce the growth of nanodiamonds on graphite. In their work they
suggest that the transition between graphite and diamond is caused by the
removal of electrons by photoelectric absorption of UV photons. The UV
photons with wavelength < 281nm can remove electrons form the bonding m
orbitals, creating instabilities in the crystalline lattice of graphite. The elec-
trons removed from the first layers of the graphite by UV photon absorption
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have enough energy to move to the inter-layer band, promoting the formation
of bonds outside the graphene planes.

The main driver of this experiment was to reproduce the experimental
results of [7] using a starting nanoscale substrate.

For this procedure two diluted dispersions were prepared, one with the
HTC microspheres and one with carbon black nanoparticles.

The dispersion were deposited on one of the remaining silver substrates
and left to dry. The dried dispersions were then put inside a custom built
vacuum chamber were they were subjected to UV-C irradiation using two
OSRAM OSLON®) UV 6060 SU CZHEF1.VC AlGaN LEDs, with peak
emission at A\ = 260nm. The choice of the LEDs was driven by the pos-
sibility of avoiding the absorption of UV photons by the forming diamond
phase. Due to the low radiant flux of the UV source the experiments were
performed on time scales of several days.

A first run performed for 5 days of continuous operation showed no modi-
fication to the material. A second run was performed over ~ 30 of operation.

Here the carbon black particles appeared to be unmodified, while the
HTC microspheres showed evident surface modification.

In figure two representative SEM micrographs of the modified particles
over the silver substrate.

[ — 100 nm
() (b)

Figure 6.3: SEM micrographs of the UV-modified HTC carbon nanospheres.

The surface of the particles appears significantly modified with bumps in
the order of the tens of nanometers.

Raman observations of the modified samples did not show the presence
of the diamond peak. This could be related to the extremely low amount
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of material present on the substrate or the formation of different structures,
possibly due to the large oxygen content of the particles.

A more powerful UV source could be employed to make this experiments
much shorter, allowing for the preparation of larger quantities of material,
making characterisation much more reliable.

6.4 Final Remarks

The experiments showed in this last chapter are all potential ways to expand
the research in the field of fluorescent ND synthesis.

The separation technique described in the first section, is dependent on
the functionalisation of the surface of the nanodiamonds.

This could also be used for separation of differently functionalised nan-
odiamonds in more refined procedures.

The precursor production experimented in the second section is probably
the most promising possibility for future studies. The use of nanomaterials
can give fine control on the composition of the precursors, moreover the
preparation of the nanopowders by HT'C could in principle allow to introduce
the desired dopants directly into the micro spheres or equivalent nano/micro
structures by addition of adequate substances in the HT'C mixture.

This opens also the possibility of using organic material from biological
sources (for example a possible silicon source could be rice husk ash, a waste
byproduct of rice [§]) as an initial HTC material/additive, adding value to the
procedure as a much greener alternative to other techniques with potential
for waste valorisation.

Lastly, while not being directly related to the PLAL technique, the pro-
duction of nanodiamonds by UVC irradiation is still an interesting avenue
of research, potentially allowing to fine tune the geometry of the desired
structures before the .
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Conclusions

This thesis presents an extensive exploration of the production of fluorescent
nanodiamonds through Pulsed Laser Ablation in Liquid (PLAL). The ex-
perimental results showcase its versatility in generating diverse color centers
within diamond nanoparticles through a single-step procedure.

Chapter 1 shows a general overview of the properties of nanodiamonds
starting with a brief discussion of the bulk phase properties, followed by the
properties of the nanoparticles, with particular focus on the optical properties
and the different possible color centers of diamond. The Chapter is then
closed with a brief review of the possible applications of these nanodiamonds
and the relevant techniques employed for their synthesis. These applications,
particularly for the quantum sensing field, are the main driver for the work
of this PhD project.

A theoretical overview of the processes involved in the formation of nan-
odiamonds by PLAL is provided in Chapter 2. This more thorough de-
scription of the process starts with a description of the energy deposition
mechanism in the laser processing of materials, with focus on the materials
employed and the relevant timescales of the processes carried out during the
experimental works. A description of the Phase Explosion process and of
the effects of confinement given by the liquid environment allow to describe
the thermodynamics of the formation of nanodiamonds in the conditions
obtained during ablation.

The last theoretical chapter covers the properties of the two color centers
studied in this work: the nitrogen vacancy center and the silicon vacancy
center. Chapter 3 covers the properties of the two centers starting with the
structural configurations of these impurities, which are then related to the
optical and electronic properties of the centers. Particular care is dedicated
to the description of the Hamiltonians of both centers, in particular to the
terms related to the effect of quantities like the temperature of the system or
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interactions with external fields (e.g. electric or magnetic fields) as these rep-
resent the main features that allow the use of the fluorescent nanodiamonds
as quantum probes in quantum sensing experiments.

Chapter 4 describes the results obtained for the ablation of graphite in
liquid nitrogen. The apparatus constructed for the procedure allows the
production of relatively large quantities of material, which allow for the ap-
plication of scalable and dependable purification techniques. The optical
characteristics of the produced nanoparticles are assessed, confirming the
typical behaviour of NV centers of diamond.

In Chapter 5 I show the results of an extensive work on the production of
fluorescent nanodiamonds containing silicon vacancy centers produced from
composite graphite-ceramic precursors. Here the ceramic component is sil-
icon carbide, which is the source of silicon for the production of the flu-
orescent centers. Morphological and compositional characterisation of the
nanopowders allowed to define the different structures formed in the samples
at varying concentrations of silicon in the original precursor. The optical
characterisation of the powders focuses on the emission in the SiV related
region of the spectrum and allows to define an ideal concentration of sili-
con in the precursor for the formation of fluorescent nanodiamonds. This
result is also confronted with literature values for chemical vapour deposi-
tion techniques which are more established for the production of this kind of
fluorescent nanodiamonds. An unpredicted result was the discovery of pho-
toluminescence from SiC nanoparticles, suggesting an ideal concentration for
the formation of defective silicon carbide nanoparticles with potential for
quantum optical applications provided refinement of the technique.

Lastly Chapter 6 contains a brief overview of possible next steps that can
be applied to further the research in the synthesis of SiV bearing nanodia-
monds both in terms of experimentation with different precursors and the
development of a more complete post-processing technique allowing for the
production of materials of higher purity.

Experimental results of the works shown in this thesis show the versatility
of the PLAL technique while being an easily scalable, low cost alternative to
more established techniques.

The work on the silicon vacancy center shows that the chosen precur-
sors for the experiments drastically influence the resulting material, with the
possibility of producing different color centers and potentially more complex
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structures.

This can in principle be applied for all the group IV color centers of
diamond, which are an interesting field of research in which to expand ex-
perimentation.

Another relevant future perspective is the use of carbon rich precursors
derived by the carbonisation of organic materials like the ones briefly ob-
served in Chapter 6.
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