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ABSTRACT

Research aimed at engineering magnetic detectors will continue to gain wide interest due to
the numerous applications of field sensors. Over the years, several methods have been devel-
oped to sense and image magnetic fields with a majority of these methods further integrated
with medical imaging modalities operated at low fields e.g., magnetic resonance imagers
(MRIs). Classical methods of detection making use of inductive coils, based on Faraday’s
law of induction, or superconducting quantum interference devices (SQUIDs), based on the
Josephson effect in superconducting materials are well researched. In addition, optical means
of magnetic detection, for example, atomic vapour magnetometers (AVMs) based on alkali
spins in massive vapour cells, have shown improved sensitivity over other methods. Nonethe-
less, the significant drawbacks these methods including the need for cryogenic temperature
operations, and size, limits practical applications for sensing in compact medical devices.
Magnetic field detectors based on nitrogen vacancies (NV) centres in diamond render an
alternative to replace other detection protocols with a potential sensitivity well above the
classical limit. The NV centres in diamond have numerous properties making it a sought
after candidate for magnetic field sensing applications. Its long spin coherence time at room
temperature and an efficient method of initializing with optical readout of electronic spins
make it an ideal candidate for magnetometry. Above all, NV-based sensors can be operated
over a wide range of temperatures with high spatial resolutions; therefore, it is the aim of
this dissertation to provide an all-around exploratory study to address specific problems in
the material science, microwave engineering, and magnetometry aspect of the NV centre dis-

cipline.

First, the potential of holding large ensembles of NV~ centres in polycrystalline diamonds
(PCDs) grown over non-diamond substrates was explored. A high concentration of NV~
centres are a prerequisite to improving the sensitivity of NV sensing protocol, thus mak-

ing PCDs a favourable candidate for wide-field magnetic field sensing. In addition, PCDs
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with the desired concentration of NV~ centres can be obtained in large quantities and at a
lower cost, hence this is a cost-effective option in applications where NV sensor arrays are
needed. Results obtained from this part of the thesis showed the formation of both neutral
and negatively charged NV centres at an optimum nitrogen flow rate of 10 sccm. This study
is essential in benchmarking an optimal parameter space for the growth of nitrogen-doped
polycrystalline diamonds suitable for sensing applications. Further, the magnetometry ap-
plications of diamonds rely on the incorporation of NV~ optical centres in proximity to the
diamond surface; there is however a limited understanding of the effect of nitrogen flow rate
on the surface charge of NV centres at the surface of PCDs. An exhaustive study on the
contributions of nitrogen flow rate on the surface morphology, grain orientations, and the
formation of bonded carbon found at the grain/grain boundaries was carried out to under-
stand the correlation between ingrained surface properties of nitrogen-doped PCDs and the
formation of NV centres in PCDs. Based on these experimental observations, a mechanism
for the changes in the surface morphology of films grown under step-wise nitrogen doping
was proposed. Consequently, this model was used to explain the possible dominance of NV
centres in PCDs in the low-pressure growth regime. The results obtained from this study
contribute to a better understanding of the process for the formation of NV~ centres in PCDs

deposited at low pressure.

For sensing applications, a novel NV sensor utilizing a different illumination scheme when
compared with the confocal system of sensing was designed and constructed. The perfor-
mance of the designed system was tested by comparing experimental fluorescence (FL) maps
obtained with the confocal system set-up under varying optical powers. The designed sys-
tem status and proposed performance for sensitivity to fluorescence emission were accessed
in terms of signal-to-noise ratio (SNR) and signal-to-background ratio (SBR). Although the
conventional confocal set-up outperforms our new design in terms of their SNR in different
optical excitation regimes, the new design meets the performance requirement in the under-
saturation optical excitation regime. Subsequently, the newly designed system was tested

for its magnetic field detection potentials and sensitivity in a Halbach magnet configuration
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using the optically detected magnetic resonance (ODMR) protocol. According to the ab-
sorbtion profiles observed in the measured ODMR spectrum, each NV centre experiences a
static magnetic field in the range 2.14 - 6.07 mT of the Halbach magnet. The sensitivity was
estimated and found to be approximately 0.2 4T /VHz. These results pave way for the devel-
opment of scalable NV sensors using the novel excitation and collection methods developed

in this thesis.
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CHAPTER 1

INTRODUCTION

“Your cellphone has 10 sensors, and your car has 400, but your body has none -

that’s going to change.”

— Vinod Khosla

Magnetic field detectors are used for a wide range of applications. Examples are in current
and position sensing, medical and motor diagnostics systems, as well as in geophysics and
astronomy [1, 2, [3]. In addition, magnetic field sensors are also enabling instruments for the
fundamental studies of magnetism and symmetries [4, 5], spin dynamics [6], and mechani-
cal motions [7, §]. In contrast to other forms of detectors used for temperature, pressure,
and strain sensing, magnetic detectors do not directly measure the physical properties of
interest [9], they instead detect changes in the magnetic fields while deriving information
such as direction, presence, or electrical currents from them. The resulting output of these
sensors requires adequate signal processing for translation into the desired parameter. In
recent times, the detection of low-magnetic fields with high magnetic field sensitivity (de-
fined as noise equivalent magnetic flux density) has been central to several areas of modern
science and technology. For instance, the effective detection of low-magnetic fields is now
crucial in geophysics, solid-state physics, and medical imaging. For the latter, accessible
diagnostic devices requiring low-frequency magnetic field sensors with high sensitivity and
spatial resolution (for example, low-field magnetic resonance imagers (MRIs)) are now being
developed, therefore improving detection sensitivity in low-field magnetic imagers of such is

of importance since clinical imaging modalities requires a high signal-to-noise ratio (SNR)



[10]. Different types of magnetic field sensors have been introduced in the past to detect
weak magnetic fields with high sensitivity, examples include Hall effect sensors, supercon-
ducting quantum interference devices (SQUIDs), giant magneto-impedance sensors, and the
atomic vapour magnetometers (AVMs) to mention a few. In this chapter, some magnetic
field sensors pertinent for comparison to this study will be described while explaining their
advantages and disadvantages for use at low fields. The chapter also introduces the aim and

objectives of this dissertation.

1.1 Existing Magnetic Field Sensors

1.1.1 Induction coils

The induction coils, commonly referred to as the pickup coil sensors are one of the oldest and
most popular types of magnetic sensors [I1, 12]. They can be deployed for several applica-
tions, for example, they have been used for years in the study of magnetic field variations in
space plasma [I3], and also in the measurement of micropulsations of the earth’s magnetic
field [I4]. The main advantage of using the inductive sensor is that they are passive sensors
and do not require any internal energy to convert magnetic fields into electrical signals; the
only power consumption linked to using an induction coil is that needed for signal processing
[15]. The working principle of this sensor is based on Faraday’s law of induction. If an
induction coil of N turns shown in Figure is in a magnetic field B, the magnetic flux ¢p

for the surface is given by the surface integral:

¢p = ‘# B(t) - dA, (1.1)

z
where dA is the area element, B is the magnetic field, and B - dA is the scalar dot product
of the flux element through dA. The magnetic flux through the loop is proportional to the
number of magnetic flux lines passing through the surface and according to Faraday’s law, the

inductive voltage signal through the N turns of the coil is proportional to the time derivative
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Figure 1.1: A simple coil-based magnetometer of N coil turns, where B(¢) is the
applied external magnetic field through the sensor coil and V is the voltage generated
by the induction coil.

of the magnetic flux through it:

_ dgs dB(t)
V() =-N—" = N# —— dA, (1.2)

%
The quantity V(t) in Equation is proportional to the rate of change of the magnetic field,
B(t). Furthermore, it is evident from Equation that a large voltage signal; translating
into improved coil sensitivity can be achieved by using a large number of N coil turns and
large active area A. Nevertheless, the optimization process for the inductive coil sensitiv-
ity performance remains arduous. While the inductive sensors have been reported to show
a sensitivity of up to 100 fT/VHz [16] [I7], they however have a few shortcomings. First,
the output signal is frequency-dependent, thus the signal of the inductive pick-up coil in-
creases with an increase in the magnetic field and corresponding frequency, therefore, the
inductive pick-up coils are less sensitive and noisy when used to detect weak magnetic fields.
Furthermore, it is difficult to miniaturize the coils since the sensitivity depends on the coil

area.

1.1.2 Superconducting Quantum Interference Device (SQUID)

SQUIDs are one of the most sensitive devices for the detection of magnetic flux, ¢p [1§]
and have gained popularity for the detection of low magnetic fields in recent times [19)].

The magnetic flux detected in SQUIDs is converted into a voltage across the device to



be measured. SQUIDs are made up of superconducting loops containing either one or two
Josephson junctions as shown in Figure[1.2] In terms of sensitivity, SQUIDs are very sensitive
magnetometers measuring magnetic fields up to 5 x 107! T with noise level as low as 3
fT/VHz [20]. Detection limits in the fT range are achieved in millimetre-sized sensors, with

a reduction in sensitivity value as the device is further miniaturized into micro or nano-size

2T, 22, 23].

Figure 1.2: An electron micrograph of a SQUID with multi-turn input coil deposited
on an insulating layer as adapted from Ref.[I0]. The expanded view next to it shows
the two Josephson junctions and shunts.

There are two types of SQUIDs namely, the direct current (DC) and radio frequency (RF)
SQUIDs. DC SQUIDs have two Josephson junctions in parallel with the superconducting
loop. The critical current of each junction is I, and the inductance of the loop is L. If it
is assumed that both junctions in DC SQUIDs are identical, and the SQUID biased by a
current I, the spectral density of the voltage noise power (the signal power present as a
function of frequency, per unit frequency) across the SQUID in the absence of excess noise

may be written as [24]:

+ 4KgTRy, 1.3
) AT TRy (13)

where R; = 9V /dl is the dynamic resistance of the SQUID, R is the shunt resistance per

2 2
oV\* KgTL
S, = (—) 4=

junction, ¢ is the applied flux, 9V /9¢ is the flux to the voltage-transfer function, Kp is the
Boltzmann constant, and T is the operating temperature of the SQUID. A current running
through the ring will then generate a voltage V drop across the junction given as:

]



The voltage drop changes in the presence of induced currents. A change in the magnetic
field resulting from the spin transition of sample NMR spins can then be detected electrically
[25]. Contrarily, RF SQUIDs operate based on the alternating current (AC) Josephson effect
and use only one Josephson junction. Although less sensitive compared to DC SQUIDs, RF
SQUIDs are cheaper and easier to manufacture. RF SQUIDs are normally inductively coupled
to a resonant tank circuit [26]. The effective inductance of the tank circuit changes depending
on the external magnetic field, thus changing the resonant frequency of the tank circuit. The
frequency measurements can be taken, and the losses which appear as the voltage across
the load resistor in the circuit area are a periodic function of the applied magnetic flux [27].
SQUIDs, in general, are required for numerous applications. Importantly, reports on their
use as magnetic detectors at low and ultra-low fields can be found in Refs. [28] 29, 30, [31].
Even though SQUIDs offer exceptional sensitivity, the presence of magnetically shielded room
and cooling of elements with liquid nitrogen or helium is needed for their operation [32} [33].
Also, issues related to poor resolution which can be solved by the implementation of specific

hardware and shielding technologies exist.

1.1.3 Atomic Vapour Magnetometers (AVMs)

Atomic vapour magnetometers are regarded as one of the most sensitive optical detectors
for magnetic field sensing [4, B34]. They are spin-based devices making use of an optical
interrogation to probe atomic spins in a vapour cell while detecting variations in magnetic
fields. The measurement of magnetic fields in atomic vapour cells is based on the Faraday
effect in a vapour of alkali atoms like potassium (K), rubidium (Rb), or cesium (Cs) [25].
The alkali atom is confined in an optically transparent cell in proximity to the specimen to be
measured as shown in Figure[1.3] The working principle of the atomic vapour magnetometer
can be understood as evolving in different steps (see Figure [1.3] (a), (b), and (c)). First, the
individual alkali atoms are optically pumped and made to create a macroscopic magnetic
moment using a polarized beam. During this process, nearly all of the randomly oriented

electron spins are re-aligned along the pump beam optical axis.

In the presence of an external magnetic field, the aligned electron spins interact with the
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Figure 1.3: A schematic showing the working principle of the atomic vapour magne-
tometer. Light is used to interrogate alkali atoms such as rubidium (Rb), cesium (Cs),
and potassium (K). (a) Spins are randomly oriented in the absence of interrogating
light. (b) Spins align in the direction of the interrogating light. (c) Spins undergo
precession about an applied magnetic field at a rate proportional to the magnitude of
the field and finally, the measured precession angle is detected by a photodetector.

field causing a precession at the Larmour frequency w = yB, proportional to the value of the

magnetic field B [35] given by:

d<F>

= S 1.
5 X <S>, (1.5)

Larmour

where F, is the field causing a precession, €2 is the angular frequency, and < S > is the
electron spin polarization of the alkali vapour vapour atoms. If a linearly polarized beam is
used for optical pumping, the NMR signal can be detected via a tilt of the beam polarization.
This tilt based on Faraday rotation is directly proportional to the strength of the external
magnetic field. In the past, sensitive atomic vapour magnetometers have been developed for

magnetic field detection as detailed in Refs. [4] 36 [37]. The sensitivity of the vapour cell is



given by [5]:

5B~ —— (1.6)

yVNVTt

y here is the gyromagnetic ratio of the alkali spins, N is the number of atoms, t is the mea-
surement time, V is the measurement volume, and T» is the spin dephasing time of the spins.
Alkali atoms loose spin coherence after collison with the vapour glass cells [3§], thus limiting
their polarization lifetime. Antirelaxation surface coating or buffer gases are sometimes used
to reduce the effect of wall relaxation. Additionally, to obtain high sensitivities and long spin
coherence times of the alkali spins, vapour cells in the order of cm® are needed, thus making
them bulky and not applicable for compact applications. It is also important to mention
that several other magnetic sensors such as the fluxgate sensor, magneto-electric sensor, and
the cavity optomechanical magnetometers have extended applications in bio-medicine with
detection limits ranging from 1 - 100 pT/VHz exist [39, 40, 41], 42], nonetheless, because of
the focus of this thesis, the working principle of the sensors above were reviewed to serve as

a background for the optical sensor to be discussed.

1.2 Statement of the Problem

Looking into the combinations of magnetic field detection techniques reviewed above, it is
evident that existing magnetometer types cannot satisfy the stringent requirements of a com-
bination of high magnetic field sensitivity, compactness, and ambient temperature operations
needed for low magnetic field sensing. Lately, the search for novel optical sensors satisfying
these requirements has brought forward a new class of quantum material for magnetic field
detection. These classes of materials are based on spin qubits found in host diamonds pos-
sessing remarkable magnetic and quantum properties. A typical spin defect in diamonds that
has been explored for magnetic field sensing till-date is the nitrogen-vacancy (NV) centre.
Table compares existing magnetic field sensors and the novel NV sensor found in dia-
monds. The comparison table indicates that NV centres satisfies the sensitivity, size, noise,
and temperature requirements needed for the detection of low magnetic fields if properly

optimized.
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The NV centres in diamond have numerous properties making it a sought after candidate
for magnetometry applications. Of its properties, its long spin coherence time at room tem-
perature, and an efficient method of initializing/optical readout of electronic-spins make it
an ideal candidate for magnetic field sensing. Additionally, NV based sensors can be oper-
ated over a wide range of temperature with high spatial resolutions. In 1997, Gruber et al.
[43] were one of those that first demonstrated the magnetic resonance of single NV centres
at room temperature. Since then, several experiments demonstrating the use of single and
ensembles of NV centres in quantum information processing |44, [6], bio-magnetometry [45],
electrometry [46], and as sensitive nanoscale thermometer [47] have been published. Further,
an ensemble of NV centres located in diamond have been exploited for two-dimensional mag-
netic field imaging [48], [49] [50], while their counterparts located in proximity to the surface of
the host diamond can be used for nuclear spin sensing with high sensitivities [51, 52]. In Ta-
ble [I.2] the author has presented a range of magnetic field sensitivity and spatial resolutions
(a measure of the smallest object a sensor can resolve) of a list of magnetometers (based on
the literature reviewed) and presents this comparison scheme to validate the need for a more
sensitive nanoscale magnetic field sensor like the NV sensor with high photostability in the

temperature ranges 0 - 600 K.

The research to develop magnetic sensors involving NV centres is highly interdisciplinary
putting into play material science, microwave engineering, and magnetometry. From the ma-
terial science standpoint, optimal conditions for fabricating NV sensors with a good coherence
time are still not well understood. The question of how best to optimize conditions for the
fabrication of NV sensors over a large area for wide-field imaging needs to be addressed.
Besides the optimization of fabrication methodologies, what factor(s) affect the formation
of NV sensors fabricated in polycrystalline diamonds (PCDs) at low-pressure conditions?
On the magnetometry side, we are concerned with the design and applications of a scalable
NV sensor. Is it possible to use the sensor to characterize static magnetic fields in different
magnet configurations? These are some of the research questions addressed in this disserta-

tion, since to the best of the author’s knowledge, not much has been done to answer these



162l - 01 X ¥ “[2Z] o- 01 X 9 ‘[TZ] 4- 0T 6¢] 1d ¢8 ‘[0z Lu LT [69] Lug SI0SUDS AN

— Q0] [29] pouygep AJoArieirjuenb jou pue mo| A[Alje[oy] SIOSUSG 9010
199] €-01 x 270 ‘[g9] ¥ 79l 17s © [€9] 17 21 ST0SUOG [[eH
‘el ¢ ‘o8l 1 9] 13 ot ‘[29] 13 0L ‘[19] 15 G ‘[09] 1J 00¢ svwOReuseIy 10dep dMIoNy
[2¢] 5-01 ‘[8¢] 1°0 ‘[6G] ¢-0T X 0°G 'ge] 1d 1 ‘28] 13 g€ ‘l6el W8T -l sINOS
"[¢¢] 1100 oy Jo T9joUIRT
'19¢] g0 -ge1°0 ‘[gal 1-¢L0 ‘[FCl ¢ - €1 pue “Aousnbeyy (MA) ewmjoa SUIpUIM [10D se SIROG [10> dn-sprg sarjonpuy
(wur) uorgnosal [eryedg AE\( /) £31A131SURG (s)I930mI0)0UBRIN

‘puoureIp Ul I0Suas AN JO SOIIAINISULS pajrodal o) A[[euy pur ‘siosuss [[ey ‘Inodea srwole ‘S(IINOS ysnoiyy sproo dnspid
SATIONPUI [RUOTIUSATOD BY} WOIJ ‘UONN[osal [erjeds pue AJAISUSS (S)I9JoUW0IUSRU JUSIDPIP Jo uostredwo)) :g T S[qe],

10



questions. Although still at the exploratory phase, the data generated from the first few
chapters of this thesis can be used to further optimize studies aimed at imploring PCDs for
magnetic field sensing. Further, the latter aspect of this thesis showing the design of a novel
NV sensor and a proof-of-concept for the detection of magnetic fields in an Halbach magnet
configuration can be scaled up in the future to develop sensitive scalable sensors integrated

with imaging devices operated at low fields.

1.3 Research Objectives

The overall aim of this dissertation is to address specific problems in the material science,
microwave engineering, and magnetometry aspect of the NV centre discipline, and also to
establish the feasibility of this approach in the characterization of low-magnetic fields of

experimental MRIs. To realize this goal, the following objectives were pursued:

1. Determine the influence of nitrogen flow rate on the formation of NV sensors in PCDs.
In this part of the studies, we investigate the effect of nitrogen flow rate on the morphol-
ogy, optical, and photoluminescence (PL) properties of PCDs deposited at low-pressure
conditions. This study is crucial to benchmark an optimal parameter space(s) for the

growth of nitrogen doped polycrystalline diamonds suitable for sensing applications.

2. Determine optimal parameter conditions for the formation of NV sensors in PCDs. The
study examines the influence of the step-wise surface nitrogen doping process on PCDs
and used this to explain the dominance of neutral charged NV (NV?) centres in PCDs
deposited at low pressure using the chemical vapour deposition (CVD) technique. This
aspect of our studies helps to give a better understanding of the formation of negatively

charged NV centres (NV™) in PCDs deposited at low pressure.

3. Design, construct and test the performance of a scalable NV based detector for mag-
netic sensing applications. In this part of the dissertation, an NV centre optical detector
was conceptualized and designed for the purpose of magnetic field detection. The in-

strumentation and automation of the set-up were detailed in this part of the thesis. The
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system status and proposed performance for sensitivity was accessed in terms of signal-
to-noise ratio (SNR) and signal-to-background ratio (SBR). The study establishes a
metric to compare the newly designed detection system to the conventional confocal

system of detection.

4. Detect and characterize inhomogeneous radially-varying static magnetic fields - this
study is a proof-of-principle. Here, the magnetic field detection potential and sensitivity
of the NV sensor built was tested using a homebuilt Halbach magnet configuration. The

sensitivity of the set-up was estimated and found to be approximately 0.2 yT/VHz.

1.4 Thesis Organization

This thesis contains seven chapters. The first few chapters are material-focused with the in-
tent to contribute to the ever-expanding area of the NV centre material fabrication. Chapter
contains a brief overview of known magnetic field detectors, statement of the problem, and

research objectives.

Chapter [2| provides a brief introduction to diamond and colour centres. The physics, elec-
tronic structure, and the basis for magnetic field detection of the NV centre were presented
here. To provide a background for NV centre fabrication that will appear in later chapters,
existing methods for NV centre fabrication were also reviewed. A substantial part of this

review is in preparation for publication in Materialia.

In chapter , the parameter(s) space for the fabrication of negatively charged NV centres
in PCDs was explored. The approach not only offers a standard recipe to grow inexpensive
diamonds with NV centres over large areas, but also opened interesting findings on the ef-
fect of nitrogen flow rates on the morphology, physical properties, and optical properties of
PCDs deposited at low-pressure conditions. This work was published in Materials Science:

Materials in Electronics.
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In chapter [] a series of characterization techniques were used to identify an optimal param-
eter for the growth of NV optical centres in PCD diamonds. By using a step-wise doping
technique, it was possible to explain the formation of NV centres at low pressure. The con-
tent of this chapter was published in Material Science and Engineering: B. At the end of
this chapter, we identified issues relating to NV centre orientations and the poor sensitivities

in PCDs and made recommendations for future research.

For magnetometry applications, it is important to design an optical setup for detection.
Chapter [5| detailed the instrumentation and design of a simple but scalable bench detection
optical apparatus using a different excitation protocol. Here, a comprehensive and detailed
description of the construction and operation of a simple and scalable NV centre detector was
detailed. The performance of the designed system was tested by comparing experimental flu-
orescence (FL) maps obtained with that of the confocal system set-up under varying optical
power. The designed system status and proposed performance for sensitivity to fluorescence
emission was accessed in terms of signal-to-noise ratio (SNR) and signal-to-background ra-
tio (SBR). In wrapping up this chapter, the extendibility, scalability, and limitations of the
designed system were discussed. A manuscript containing part of this work is in preparation

for submission in Measurement Science and Technology.

In chapter 6, the magnetic field detection potential and sensitivity of the Sparrow NV sen-
sor was tested using a homebuilt Halbach magnet configuration. The results obtained pave
way for the development of scalable NV sensors using the excitation and collection meth-
ods developed in this thesis. Finally, highlights of research findings and some conclusions
drawn from this research work were presented in chapter 7. Chapter 7 also includes some

recommendations for future work.
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CHAPTER 2

BACKGROUND

“I never worry about diets. The only carrots that interest me are the number you

get in a diamond.”

— Mae West

2.1 Introduction

Diamond is regarded as a material of technological interest owing to its extreme mechanical
hardness [74] [75, [76], high thermal conductivity, broad optical transparency, resistance to
chemical corrosion [77, [78, [79], and its remarkable semiconducting properties (diamond has
a band gap of about 5.47 eV for use in high temperature devices) [80, 81, 82 83]; see
Table for a list of some of these properties. In a typical diamond lattice, carbon atoms
are tetrahedrally coordinated, forming strong bonds to its four neighbours using hybrid sp?
atomic orbitals, with angles of 109°28" to each other [84]. Diamond has a face centre cubic
structure, with strongly covalent bonds between carbon atoms characterized by a small bond
length of about 0.154 nm and bond energy of 711 KJ mol™' [84] [65]. In nature, diamonds
formed from carbon are found under high temperature and high pressure conditions, and
also synthesized in the laboratory under similar high pressure conditions. In both natural
and synthetic diamonds, nitrogen exists as a common atomic impurity [85, 86]. It suffices to
say that the intrinsic properties of diamonds, for example, its colour and optical properties
are greatly influenced by the form and concentration of nitrogen impurities present in the

actual diamond lattice [87, 88]. Essentially, diamonds can be classified into types Ia, Ib,
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ITa, and IIb depending on the level of nitrogen concentration, the form of nitrogen, and
boron impurities present [86]. In type Ia diamonds, nitrogen is found in aggregated forms in
contrast to their substitutional and atomically dispersed form in type Ib crystals. Most of
the diamonds synthesized in the laboratory using different techniques, for example, chemical
vapour deposition (CVD) are of type Ib [85]. The type Ila diamonds are the purest form of
diamonds; containing a very small concentration of impurities, while type IIb contains boron
impurities [85, [86]. Mainly, nitrogen impurities incorporated into diamonds can exist in
several bonding configurations [89]. For example, the incorporation of nitrogen in diamonds
might lead to the formation of A-centres (Ng - Ng) made up of two nearest neighbouring
nitrogen atoms, B-centres (4Ns - V?) consisting of four nitrogen atoms surrounding a vacancy,

and vacancies with complexes (N-V-N) [90, O1].

Table 2.1: A list of some selected properties of natural and synthetic diamonds [75]
99, 74, R0, &4]

Properties

Density (g cm™3) 2.8 - 3.52
Thermal Capacity at 27°C (J mol 1K) 6.12
Thermal Conductivity at 25°C (W m~1K=1) 2100 - 2200
Band Gap (eV) 5.45
Electrical resistivity (Q cm ) 1012 - 1016
Young’s Modulus ( GPa ) 820 - 1250
Index of Refraction at 10 pm 2.34 - 2.42

Also, a C-centre corresponding to single substitutional nitrogen (Ng) atoms in the diamond
lattice may be formed. In some cases, Ng atom adjacent a vacant centre in the diamond lattice
is present, resulting in the formation of NV optical centres. Optical centres of this nature
are commonly referred to as colour centers and are responsible for the numerous colours of
diamonds. Some other examples of optical centres in diamond that are not considered in
this dissertation are silicon-vacancy (SiV) centres, tin-vacancy (SnV), germanium-vacancy
(GeV) centres etcetera. The main focus of this chapter is to present the properties of the

NV centres. In addition, the principle behind the methods used to fabricate NV centres are
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detailed to serve as a background for the fabrication technique adopted in later chapters for

NV optical centre engineering.

2.2 The NV Centre

2.2.1 Physical Properties

The prominent nitrogen vacancy (NV) centre is a point defect in the diamond lattice with
Cs, symmetry. It is one of the many colour defects in diamonds consisting of a substitutional
nitrogen atom adjacent a vacancy in the diamond lattice (see Figure . The vector con-
necting the nitrogen atom and the vacancy defines the NV centres’ symmetry axis. Results
obtained from ab initio simulations indicate that the carbon atoms and the substitutional
nitrogen atom relax outward from the vacancy [93]. There are four different orientations the
NV centre can take, giving rise to four possible NV alignments along of one possible crys-
tallographic axes: [111], [111], [111], and [111] as shown in Figure The four possible
alignments will be of interest when discussing the magnetic field sensing application of the

NV centre.

Figure 2.1: A schematics of the nitrogen-vacancy centre in the diamond lattice show-
ing the vacancy (in white), the neighbouring carbon atom to the vacancy (in brown),
and the substitutional nitrogen atom in blue.
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NV [111]

NV [111]

Figure 2.2: The four different orientations of NV centres in diamond; [111], [111],
[111], and [111]. Nitrogen (N) atom are in blue, vacancies (V) are in white, and the
carbon atoms of diamonds coloured lustrous grey. The NV axis are indicated in red
arrows.
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2.2.2 Charge State

NV centres can be found in two main charged states namely, the negatively charged (NV™)
and the neutral charged (NVY) states, with each charged states having different optical and
spin properties. For most applications, only the NV~ centres have been found useful, this is
because there has been no report up to now on the coherent manipulation and readout of
the NVY centres. The charge state of the defect is dictated by surrounding impurities and
the position of the Fermi level [04]. The NV~ has six electrons associated with it, five of the
electrons are contributed from neighbouring carbon atom (originating from three dangling
carbon bonds) and the nitrogen atom (two valence electron from the nitrogen atom), while
the extra electron which gives rise to the negative charge state is captured from an electron
donor, for example oxygen. Upon optical excitation, the NV centre undergoes a stochastic
charge state transition between the NV~ and the NV? state. The symmetry of the NV~
centre reduces the six electron system to a two electron, spin-1 system. At all time in this

thesis, a distinction will always be made between the two charged states.

2.2.3 Electronic Structure and Optical Properties

Negatively charged NV centres emit red fluorescence signals in the energy range 1.65 - 2.0 eV
(637 - 750 nm) when optically pumped using green light of about 2.33 ¢V (532 nm) photon
energy. The emitted fluorescence can be used to detect spin transitions induced by microwave
radiation, thus leading to optically detected magnetic resonance (ODMR) EI - similar to
the commonly known electron paramagnetic resonance (EPR) [43]. Figure shows the
electronic structure of the NV~ centres that has been constructed using a linear combination
of atomic orbitals (LCAO) group theoretical approach [96, 97]. From the electronic structure
diagrams, it is known that the NV~ centre consists of a spin-triplet ground (*As) and excited
(3E) state with three sublevels having magnetic quantum numbers mg = 0, 1. Here, my is
the spin projection along the NV centre quantization axis. Additionally, the NV centres are

also made up of a spin-singlet ground (!A;) and excited ('E) states which are metastable in

!The optically detected magnetic resonance (ODMR) is a double resonance technique by which the electron
spin state of a crystal defect may be optically pumped for spin initialization and read out [95]. Similar to
the electron paramagnetic resonance (EPR), the ODMR make use of the Zeeman effect in unpaired electron.
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Figure 2.3: Electronic energy levels of the NV centre showing optical optical transi-
tions and Inter-System Crossing (ISC) of the excited triplet states (342 and 3E) to the
excited singlet state (*A1). Optical pumping and read-out are realized using the spin-
triplet ground state. In the absence of an applied magnetic field, the ground state spin
state m; = +1 is lifted from the ms; = 0 due to spin-spin interaction. The frequency corre-
sponding to this transition, D is about 2.87 GHz. Spin conservating optical transitions
can occur between the levels and are represented in green and red, while non-radiative
transitions can occur through the intersystem crossing (ISC). In the presence of an ex-
ternal magnetic field B, along the NV quantization axis, the degeneracy between state
ms = +1 is lifted proportionally to the field. It is possible to detect magnetic resonances
of this nature by applying a microwave field that induces transitions between the states
ms = 0, and mg = +1 when its frequency D is resonant with the transition frequency;
the decrease in the photoluminescence gives rise to ODMR.

The optical transitions between the 245 and 2E have a 637 nm wavelength corresponding to

red light, while the transition between 'E and 'A; has a 1042 nm wavelength corresponding

to infrared light [08]. Both experimental and theoretical studies have shown that the transi-

tions have phonon sidebands due to vibrations in the diamond lattice. This phonon sideband

results in the broadening of the fluorescence spectra of the NV centres [96]. To drive the 3Ay

— 3E, a green laser, commonly 532 nm is required. The emission from the 3E —s 3A5 decay

is in a broad range of wavelength 637 nm to 800 nm.
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The transition between states is ideally spin-conserving, however, an intersystem crossing
(ISC) can also occur between the spin-triplet and spin-singlet states. Non-radiative decay
can occur from 3E to 'A; and also from 'E to 3As [99, 100]. Further, one can detect the spin
state of NV centres and optically pump it into the m; = 0 ground state sublevel. Consider for
example if, the NV centre is illuminated with green light that drives the transition from 3As
— 3E. If the NV centre is initially in the ms = 0 ground state sublevel, will be excited into
the mg = 0 excited state due to the spin conserving nature of the transition. Subsequently,
the NV centre will decay back into the ms = 0 sublevel emitting red fluorescence. Similarly, if
the NV centre is initially in one of the m; = +1 ground state sublevel, it will be excited into
the m; = +1 excited state. In the mg = +1 excited states, the NV centre has a probability
to undergo intersystem crossing (ISC) to the singlet states. From the singlet states, the NV
centre then undergo decay from 'A; to the 'E states before going into the ground state 3Ay
with some 10 - 30 % chance of transitioning into the m; = 0 after several excitation cycles.
Furthermore, it is possible to know if the NV centre is in the mg = 0 or in the mg = +1 by
observing the intensity of the fluorescence emitted. NV centres emit less fluorescence when
pumped into their mg; = £1 than their m; = 0 states, thus making the fluorescence intensity
useful to determine the NV spin states. It is worthy of mention that the non-radiative ISCs
to the 'E singlet states are strongly spin-selective because their shelving rate from ms = 0

sublevel is much smaller than those from mg = +1 [99] [T00].

2.3 Relaxation Times

We define the different relaxation times associated with the NV centre. The relaxation times
discussed here sets a limit on the sensitivity of NV based detection protocol and will be

referred to later in this chapter.
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2.3.1 Spin-lattice Relaxation Time (T;)

The spin-lattice relaxation, Ty, also referred to as the longitudinal relaxation time is the decay
lifetime for an NV polarized population to transition to the ground-state magnetic subleve]E].
NV centres in bulk diamonds have T on the order of ~ 1 ms, while in nanodiamonds T
value is ~ 100 ps [I01]. T; relaxation of NV centres is largely dependent on temperature and
magnetic field. Experimental studies showing temperature and magnetic-field dependency
of the longitudinal spin relaxation time in ensemble of NV centres can be found in Refs.
[T02, 103]. In the study of T relaxation as a function of temperature and magnetic field, it
was realized that the two-photon Raman, a cross-relaxation, and an Orbach-type process are

responsible for this relaxation process.

2.3.2 Spin-Spin Relaxation Time (T3)

The spin-spin relaxation, Ty, also called the tranverse coherence time or the dephasing time
describes the decay time in a spin echo experiment in which a resonant 7 microwave pulse
is applied in the middle of a free precession interval. Ty relaxation times are on the order
of several microseconds in a spin echo experiment and can be extended with the application
of multiple 7 pulses [104] [105]. Multiple spin echoes act like lock-in amplifiers to aid in the

improvement of magnetic field sensitivity [106].

2.3.3 Spin Dephasing Time (T)

The spin dephasing time, T% describes how long the phase of an NV qubit stays intact. It is
the decay constant time after which an initial state |mg; = 0) will evolve into a superposition
with the |ms; = £1) states. To initiate T%, a resonant z/2 microwave pulse is applied to
superpose up and down spin states. T% are typically on the order of a few microseconds,
and extends into the millisecond range when isotopically pure diamond is used [I07]. The

spin dephasing time sets the sensitivity limits in most sensing protocols as it depends on

2Note that all relaxation time are not actually ”time from state a to state b” but rather decay constants.
For instance, the probability that a NV qubit will stay in state |mg = 1) after time ¢, is given by the formula
t

P(jm, = 1) = exp 7).
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paramagnetic impurities such as 1°N, 29Si, 13C, P within the diamond lattice [108].

2.4 Sensing Applications

As described earlier, the NV centre can be used to sense several physical quantities, and

to understand the mechanism, it is necessary to analyze the center’s spin ground state 3Ay

Hamiltonian in Equation [2.1}

- - - -
+SAT+y,B-1 (21)
~—— N———
v V4

%
here, D is the zero-field splitting parameter, B is the vector magnetic field, y, is the electron
H
gyromagnetic ratio, E[Ey, E,, E.] is the vector electric field, e, and €, are the electric field
coupling constants, A is the hyperfine coupling tensor, S, SAy’ S, are the spin-1 operators in

Equation [2.2] and y, is the nuclear gyro-magnetic ratio:
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In the very low magnetic field regime, typically less than 5 Gauss, term I (zero-field splitting
term) in Equation is the only dominating interaction and the rest can be approximated
as perturbations. The zero-field splitting term arises from spin-spin interaction between two
unpaired electron of the NV centre. In general, the term I is a trace zero matrix that describes
the energy level splitting at zero magnetic field in spin S > 1/2 systems. The parameter D in

I term is highly sensitive to temperature fluctuations and could limit the sensitivity of NV
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magnetometers. In the following paragraphs, the remaining terms in the Equation are

described.

Term II is the Zeeman term, and it describes the magnetic field coupling to NV centre electron
spin; experiments later in this thesis are based on this coupling. The value of y, in Equation
is approximately 28.0 GHz/T. Suppose a magnetic field B = B,z is aligned along the
NV quantization axis (chosen as the z direction by convention), a splitting in the mg = +1
sublevel is observed and the energies of the m-sublevels is given by Equation and shown

diagrammatically in Figure [2.4

E(m) = Dm® + yB.m (2.3)

FS
i

Frequency (GHz)
(o)

'20 0.05 0.1

Magnetic Field (T)
Figure 2.4: A schematic of the energy level diagram of a NV centre as a function of

applied external magnetic field aligned along the NV axis. The transition frequencies
m =0« +1 and m = 0 & -1 are denoted as v, and v_ respectively.

The applied magnetic field can be determined through the detection of the Zeeman shifts of
the NV defect ground state spin sublevels. Note that the energies of the ms; = =1 sublevels
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depends linearly on the applied magnetic field - the principle of the NV magnetometry is
based on the optical detection of this energy shift.

Similar to the interaction of NV centres with magnetic fields, term III in Equation [2.1| known
as the Stark term describes the electric field coupling to the NV centre, where €y, and €,
are the longitudunal and transverse components of the coupling respectively. The use of
NV centres as an electric field sensor has been investigated extensively [46] [109], although
coupling co-efficient reported in Refs. [46] 109, 1T0] indicate that the NV centres are less
sensitive to electric fields. Additionally, the NV centre is also sensitive to stress/strain via
the piezoelectric effect. Finally, term V is the nuclear Zeeman interaction describing the re-
lationship of nuclear spins with the external magnetic field and it is small enough that it can
be neglected in the Hamiltonian. The nuclear spin Zeeman interaction is usually isotropic

and thus expressed in terms of the gyromagnetic ratio of the nuclear species, y, = pngn.

2.5 Engineering NV Centres in Diamond

For magnetic field sensing applications, the minimum detectable sensitivity for a single NV

centre scales as:

1

CoJIL, TS

n o (2.4)
where C, is the contrast of the optically detected magnetic resonance spectra, I, is the inten-
sity of detected photons, and T is the inhomogeneous spin dephasing time of the NV centre.
All variables listed in Equation can be modified to improve sensitivity except C, which
depends on the photophysical properties of the NV defect. From a materials engineering
standpoint, the only parameter that can be tuned to improve sensitivity is the spin dephas-
ing time T of the NV spin sensor [I1I]. T, is limited by the interaction of NV spins with

other paramagnetic impurities present at the surface and within the diamond matrix [44].
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Thus, for optimized magnetic field sensitivity, diamond samples with low impurity content
are highly desirable to prolong coherence time. In particular, NV centres located very close
to the surface are prone to electronic spin noise generated from the spin bath at the surface
contributing to poor spin dephasing time [112]. A series of chemical treatment and surface
termination has been reported to improve the spin coherence time of NV centres located
close to the diamond surface [IT3, 114]. An alternative to this method might involve the
use of in-plane Schottky-diode geometries [IT5] to manipulate charge state conversion, or the

introduction of advanced pulse sequences to prolong T% [44] 116].

While the single NV centre has drawn attention numerous attention with regard to their
applications, one can further improve the sensitivity of detection by introducing an ensemble

of NV centres:

U (2.5)

1
" CANNAIT
in Equation [2.5] N represents the NV centre density. A critical challenge for material scien-
tists is how to engineer an ensemble of NV centres while still maintaining good coherence.
Furthermore, NV centres can be oriented along four possible < 111 > crystal directions, and
this leads to decreased sensitivity. This is because one-fourth of the ensemble of NV centres
can only be used for detection, while others contribute towards background photolumines-
cence. In summary, some challenges of engineering NV centres in both SCDs and PCDs for

magnetic field detection are as follows:

e Incorporating dense NV centres in PCDs at low pressure: A wide-field magnetic field
detection and imaging is made possible and cheaper with PCDs containing an ensemble
of NV centres grown over wide areas. The use of commercially available chemical vapour
deposition (CVD) diamond machines with permissible operating pressure below 40 Torr
has not been very effective in the incorporation of surface NV centres over large areas.

Additionally, successful incorporation of an ensemble of NV centres in both SCDs and
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PCDs may further require the optimization of growth parameters to enhance NV spin

dephasing times.

e Controlling surface charge state stability: In most cases, NV centres located within a
few nanometers from the diamond surface are found in their neutral charged states [90].
Certainly, there is a need to understand the mechanism of charge state conversion in
both SCDs and PCDs. Commonly studied is the mechanism of NV centre formation
and charge state conversions in SCDs. However, to date, there have been no studies

explicitly detailing the same in PCDs.

e Controlling NV orientation: The engineering of preferentially oriented NV centres is
targeted at limiting unwanted background noise, increasing sensitivity, and simplify-
ing device operation [ITI]. While the preferential orientation of NV centres has been
achieved in SCDs [117, [118§], this result remains a nightmare in PCDs because of the

random orientation of grains.

In recent times, a variety of methods have been explored to place NV centres in the diamond
matrix while in turn solving some of the challenges listed above. The requirements for post-
processing, spatial localization of NV centres, and coherence times strictly depend on the
method employed. Here, we review three commonly known methods for the engineering
of NV centres in diamonds, namely electron irradiation, ion implantation, and the CVD

approach.

2.5.1 Irradiation and Annealing Technique

The creation of NV centres in diamond depends on the presence of substitutional nitrogen
(N;) and vacancies (V) in the diamond lattice [I19]. High-pressure-high-temperature (HPHT)
fabricated diamonds contain substitutional nitrogen at about 100 ppm. As a result, HPHT
diamonds have been used to create high-density ensembles of NV centres using the irradiation

technique. This process involves four stages as shown in Figure [2.5]

First, a type-Ib SCD fabricated using HPHT method is obtained. Typically, the concentration

of nitrogen impurities in these samples ranges from about 100 - 200 ppm. Subsequently,
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Figure 2.5: Schematics showing the experimental processes involved in the irradiation
technique for the synthesis of NV centres in diamond; from irradiation to the annealing
process. (a) HPHT SCD containing 100 - 200 ppm Nj is prepared for irradiation (b)
SCD is irradiated using particles such as protons, electron, or neutrons (c¢) Vacancies
are created as a result of the irradiation process (d) The irradiated SCD is annealed
above 700°C to allow the diffusion of vacancies through the crystal and to recombine
with nitrogen atoms. NV° (P1) centres may be initially formed, subsequent capture of
an electron by P1 centres will result in the formation of NV~ centres.
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vacancies are formed in the diamond samples by bombarding them with high energy particle
irradiation [120], such as electrons, neutrons, protons or ions. The particle beam interacts
with the diamond crystal, displacing carbon atoms in the lattice and leaving behind vacancies
[119]. The diamond samples are then subjected to a thermal annealing process above 700°C
allowing vacancies to diffuse through the crystal lattice and recombine with the intrinsic
nitrogen atoms present in the diamond [121]. The resulting NV centre concentration from
this method depends on the initial concentration of N as well as the irradiation and annealing
parameters [122]. This method has been used for a long time in the fabrication of NV~ centres
due to its high efficiency and low-cost. In spite of this, the large concentration of intrinsic
nitrogen does not allow for control down to a single optical centre [123]. Furthermore, the
presence of other defects in type-Ib diamond in addition to the Ny crucially affects the spin
dephasing times of NV centres. Past efforts have been tailored towards understanding the
relationship between irradiation doses and the spin relaxation times. Results have shown that
high irradiation doses induce electron spin resonance linewidth broadening and longitudinal
relaxation rate growth [124] [125]. Additionally, using lower irradiation energies increases the
ratio of centres in the negatively charged states compared to the neutral one. Also, annealing
at 900°C after irradiation reduces the spin resonance linewidth. Via parameter optimization,
efforts have been made to improve the spin dephasing times and lifetimes of NV centres
fabricated using this method, nevertheless, it is still impossible to isolate single NV centres

using this process.

2.5.2 Ion implantation and Annealing Technique

Contrary to the use of HPHT diamonds in the irradiation technique, unwanted impurities
leading to an inhomogeneous broadening of NV centres can be avoided by starting with ultra-
high purity diamonds and implanting nitrogen to achieve the desired properties. Type Ila
diamonds having less than 1 ppb nitrogen concentration are used for this purpose. Pure
diamonds of this kind are not commonly found in nature and must be fabricated syn-
thetically. A host of diamond vendors such as Element Six (www.e6.com) and Sumitomo
(sumitomoelectric.com) have made tremendous progress in improving the quality of CVD

diamonds over time. Ion implantation has an advantage over other techniques because it can
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be used to control the spatial localization of NV~ centres in diamonds. The process of ion
implantation and annealing is explained diagrammatically in four steps in Figure 2.6|. This
process begins with the bombardment of nitrogen ions (N*) in ultra-high purity diamond
sample. Although other molecules containing nitrogen such as N*, and CN* can be used as
demonstrated by Haruyama et al. in Ref. [126]. During the process of implantation, high

energy ion bombardment creates Frankel pairs as well as other damage in the diamond lattice

[127].
(b) Energetic N Ions
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PP

(d) Annealing

Figure 2.6: Schematics showing the ion implantation process in four stages. (a) Type
ITa diamonds containing less than 1 ppb nitrogen in concentration is prepared for ion
implantation. (b) Diamond samples are bombarded with nitrogen ions. (c¢) Vacancies
are created resulting from the ion bombardment process (d) The ion implanted sample
is annealed above 700°C to allow the diffusion of vacancies through the crystal and to
repair damages formed from heavy ion bombardment.

The samples are then annealed at a temperature of about 700 - 1000°C, thus providing energy
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for the diffusion of the defects. At the same time, Frenkel pairsE] may split and produce iso-
lated vacancies or self-interstitial following an arbitrary direction of motion [128]. Due to the
mobility of self-interstitials, they may tend to aggregate to the surface, or grain boundaries
or form layered defects. During the annealing process, these types of luminescence quenching
defects are healed. From previous studies, it is well known that NV centres are formed after
the annealing process when vacancies get trapped in Ny sites. The annealing process is a
quasi-equilibrium process, and an insight into the creation of NV~ centres can be gained
by understanding the formation energies and occupation levels of the defects. An elaborate
study of the kinetics involved in the process is the topic of discussion in the work of Haque

and Sumaiya [12§].

Many quantum applications require bright, single, and photo-stable NV centres located in
proximity to the diamond surface, and it is known that the irradiation technique which makes
use of intrinsic nitrogen impurities cannot be used as a fabrication technique for this purpose.
A useful method for the isolation of a single NV centre via ion implantation typically makes
use of a different isotope of nitrogen for bombardment. For example, 1°N can be implanta-
tion into type Ila diamond, then optically detected magnetic resonance technique (ODMR)
can be employed to measure the hyperfine coupling of the NV~ centre. It is possible then
to discriminate the NV centre(s) arising from the implanted 1°N from that created by the
native N sites. Analysis done by Rabeau and Reichart, 2006 [129] indicates that 1 in 40
implanted N atoms give rise to an optically observable NV~ centre. For NV centres created
by ion implantation, the proximity to the surface is determined by the ion energy and by the
vertical diffusion of vacancies that occurs during the annealing process [123]. Furthermore,
ion implantation has been used to fabricate coupled NV centre pairs with applications in

quantum information processing [126].

Regarding the stability of charge states, it is possible to manipulate charge states of vacancies

3Frenkel defects discovered by Yakov Frenkel occurs when an atom leaves its position thereby creating a
vacancy and subsequently becomes interstitial by taking a nearby location.
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by implanting nitrogen into n-type diamonds instead of into a standard crystal. Using n-type
diamonds promotes negative charge states of vacancies, favours clustering of NV centres for
charge transfers, and reduces the probability of single NV centre formation [I11]. The chal-
lenges of short spin coherence times of qubits produced by ion implantation are presumably
due to residual radiation damage. Results in Refs. [I30] 131], 132] have shown that high-
temperature annealing at about 1000 - 1200°C allows an improvement in the spin coherence
times to about 1.5 ms at room temperature. Also, the annealing process reduces the frac-
tion of NV~ centres converting into NV?. This result indicates that thermal treatment of
ion-implanted diamond samples leads to a substantial decrease in the paramagnetic residual
defects. The catch here for improvement in coherence time is the optimization of annealing

temperature being above 1200°C can lead to diminishing coherence properties.

2.5.3 In situ CVD Doping Technique

The ion implantation technique is good for obtaining spatially localized NV centres, however,
obtaining excellent coherence properties using this method is still debatable. Intentional ni-
trogen (Ng) doping during CVD growth has recently been used to fabricate NV centres with
good coherent properties. The CVD technique simultaneously allows the growth of a high-
quality diamond while forming NV centres. Furthermore, a major advantage of using the
CVD method is the ability to grow diamond samples heteroepitaxially on different substrates
including silicon and quartz. Diamond films containing NV centres can be synthesized in the
laboratory using a hot filament chemical vapour deposition (HFCVD) or the microwave
plasma-enhanced chemical vapour deposition (MPECVD) technique. Although both tech-
niques involve diluting a small quantity of methane in excess hydrogen gas, the MPECVD is
known to be a more effective technique for preparing high-quality films in comparison to the
HFCVD. This is because the HFCVD generates an electrode plasma discharge which affects
the quality of deposited films [133].

Figure shows a schematics of the process involved in the deposition of diamond with
NV centre using a plasma-assisted chemical vapour deposition technique (MPCVD). The

deposition can either be homo-epitaxial; on a diamond substrate or hetero-epitaxial, where
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Figure 2.7: Schematics showing the stages involved in the insitu nitrogen doping of
diamond. The chemistry of each stage is explained comprehensively in the paragraphs
below.

deposition occurs on a foreign substrate other than diamond. The deposition is plasma-
assisted and usually carried out in a 2.45 GHz MPCVD reactor. An advantage of using the
2.45 GHz reactors arises from the higher plasma density with higher energy electrons pro-
duced at this frequency. Certainly, the higher plasma density is expected to result in higher
concentrations of atomic hydrogen and hydrocarbon radicals. Importantly, in the MPCVD
method, plasma is densely concentrated at the centre in the form of a sphere preventing

carbon deposition on the chamber walls.

Before the growth process schematically shown in Figure substrates are always pre-
treated. The treated substrates are then introduced into the reactor at a baseline pressure
of ~ 1.0 x 107% Torr. Operating at this baseline pressure eliminates unwanted residual gases
in the reactor. Diamond film deposition commences with an introduction of CH4 with Ho
being the carrier gas. The gases are dissociated according to the equation below using the

microwave plasma discharge:
Hy — 2H
CH4 +H —> CHs + Ho

The formation of CVD nitrogen doped diamond can be described in steps using a modified

form of the Goodwin model [134].
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1. First k1 active sites Ac* are generated prior to diamond deposition by an abstraction

reaction of adsorbed hydrogen atoms from the gas phase (Ry).
Ac-H+H — Ac* + Hy (Ry)
2. Then k2 of those active sites are re-occupied by atoms from the gas phase (Ry).
Ac*+H— Ac-H (R2)

The two reactions described above define the ratio of the open sites, k1/(k1 + k2)

which depends solely on the surface temperature.

3. On the addition of nitrogen gas, the active sites can receive nitrogen atoms and methyl

radicals joining the diamond crystal lattice by successive abstraction reactions.
Ac* + CHsg + Ny —> Ac— H3CN + N (Rg)
Ac* ~H3CN+N+H — Ac— HyCN* + N + Ho (Ry)

Oxygen added in a small amount can help reduce non-carbon phases hence purifying the
deposited diamond. This stage is sometimes necessary before the introduction of the dopant
gas. By using this method, one can control the dopant concentration which in turn deter-
mines the density of NV centres obtained. Using the CVD method has resulted in a long
spin dephasing time for the NV centre ensemble. Ultralong spin coherence times close to
2.0 ms [44) [135] with a magnetic field sensitivity of about 4 nTHz /2 has been obtained.
In a similar vein, further improvement in the charge state stability which translates into
improved sensitivity is achieved using selective surface termination methods. Such methods
involve the use of acid treatment that can serve as an oxidizing agent or passing gas (e.g.
ozone, oxygen, or nitrogen ) while annealing at a temperature of about 450°C to functional-
ize NV centres. Results obtained so far shows improved NV~ centre stability and coherence
times using chlorine surface functionalization [114] [136]. Lastly, preferential alignment of NV
centres is usually achieved using the MPCVD technique when nitrogen-doped diamond is
homoepitaxially deposited on a < 111 > oriented diamond, albeit recent work on NV centre

engineering have shown that the same can be achieved on < 113 > oriented diamonds with
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a partial orientation of about 73 % [118]. Evidence shows that majority of the aligned NV
centres were formed by nitrogen first aligning itself along the < 111 > growth surface and

then followed by the formation of vacancies on top [137, [138].

It is not untrue that most of the previous work on NV incorporation in diamond has been
performed with nanodiamonds and SCDs. Deposition of NV centres has also been mostly
performed under HPHT conditions. It appears that controlled formation of NVs in PCDs at
low-pressure-low temperature (LPLT) conditions will save the cost of production which will
be beneficial when multi-diamond sensors containing an ensemble of NV centres is desired
for any application. For successful control of the NV centres in PCDs grown under LPHT
conditions, the following questions need answers. What nitrogen configuration is assumed
at low-pressure growth? How do we incorporate dense ensemble of NV centres during low-
pressure growth? What will be the effect of surface termination on NV centres in PCDs?
Most importantly, what is the mechanism of colour centre formation in PCDs deposited at
low pressure? This dissertation provides extensive findings to answer most of these questions
in chapter [3] and chapter [4 It should be mentioned that the original manuscripts underlying

these chapters have been modified for inclusion in this dissertation.
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CHAPTER 3

EXPERIMENTAL INSIGHTS INTO THE ENGINEERING

OF NV CENTRES IN PCDS AT LOW PRESSURE

“I like pressure. Diamonds are made under pressure, and I definitely enjoy it.”

— Caroline Buchanan

This chapter is based on the manuscript:

Ejalonibu, H. A., Sarty, G. E., & Bradley, M. P. (2019). Optimal parameter (s) for the
synthesis of nitrogen-vacancy (NV) centres in polycrystalline diamonds at low pressure.

Journal of Materials Science: Materials in Electronics, 30(11), 10369-10382.

3.1 Introduction

Nitrogen-vacancy (NV) color centres in diamonds have attracted much attention in the last
few decades owing to their long spin coherence time, stability at ambient temperature,
and their ability to be manipulated/controlled by laser and microwave pulses [139, [13§].
Novel applications of NV centres found in diamonds include quantum information processing,
nanoscale thermometry, magnetic field sensing, and single-spin nuclear magnetic resonance
[109, 139]. The NV centres are known to exist in two main charge states namely the neutral
charged (NV?), and the negatively charged (NV~) states as mentioned earlier in The
aforementioned charge states have distinct optical and spin properties. However, for several

quantum applications, only the NV~ centre is a sought-after candidate due to its unique
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spin properties. In the last few decades, research attention has been directed towards the
study of the incorporation of impurities in the CVD growth process of SCDs and PCDs. In
particular, the incorporation of nitrogen in PCDs grown using the CVD technique has been
a major topic of interest for two reasons. First, PCDs grown over non-diamond substrates
have the potential of holding large ensembles of NV~ centres (a high concentration of NV~
centres are prerequisite to improving the sensitivity of NV sensing protocol), thus making
them a favourable candidate for wide-field magnetic field sensing. In addition, PCDs with
a desired concentration of NV~ centres can be obtained in large quantities and at lower
cost, hence it is a cost-effective option in applications where NV sensor arrays are needed.
Surprisingly, up to now, few works have focused on the incorporation of nitrogen impurities
in PCDs for the formation of NV~ centres due to the complexity involved in the process.
For example, the incorporation of nitrogen impurities in PCDs might lead to the formation
of single substitutional nitrogen, vacancies with complexes, lattice defects or even nitrogen
located at grain boundaries. Each of these bonding configurations is formed under different
conditions, therefore, precisely controlled growth parameters (most especially, the nitrogen
flow rate) are required. In this chapter, we develop experimental insights into the engineering
of NV centres in PCDs at low deposition pressure. This objective was achieved by examining
the influence of nitrogen flow rates on the formation of NV~ centres in PCDs deposited at
low pressure of about ~ 30 Torr. The study is essential because it provides information for

the growth of PCDs at low pressure conditions suitable for sensing applications.

3.2 Experimental

3.2.1 Diamond Film Preparation

The PCD films used for this study were deposited hetero-epitaxially on a < 100 >, 3 X 3
x 0.5 mm? p-type boron doped silicon substrate of resistivity 5 Qcm (Silicon Material Inc.,
NV, USA) in a 2.45 GHz Microwave Plasma Chemical Vapour Deposition (MPCVD) reactor
(Plasmionique Inc., QB, Canada) with operating power between 0.2 and 1 kW. In order to

prevent the cracking of the quartz window, the reactor was not operated at maximum power.
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It is also important to mention that the chamber is designed to operate at low pressure, there-
fore plasma becomes unstable above 50 Torr. Figure shows a cross-sectional schematic of
the MPCVD reactor used in this part of our work. The reactor chamber is made of quartz
window of diameter 30 mm in the centre of the wall of a compressed waveguide. A stainless
steel disk of about 11 c¢m serves as the substrate holder in the deposition chamber and the
substrate holder is water cooled. Microwave power is transmitted into the cavity using a
rectangular waveguide, converting the TE10 microwave mode into the TM01 mode in the
cavity. We observe that the plasma density is highest in the region close to the substrate
surface. Also, it is our assumption that the substrate is at the temperature of the substrate
holder and by choosing the thickness of the holder and the cooling rate, the substrate holder’s

temperature can be controlled.

Prior to diamond deposition, the silicon substrates used for growth were nucleated by treating
the surface with a mixture of diamond powder and ethyl-alcohol in an ultrasonic bath for
30 minutes. This process, known as seeding is done in order to achieve a uniform growth
of coalesced films on the silicon substrate. The seeding process can be achieved by using
different techniques - interested readers are referred to the review article of Mandal. 2021
[140] for a detailed summary of the different seeding techniques available. The MPCVD
chamber was then evacuated to a baseline pressure of 4.9 x 1073 Pa using a turbo molecular
pump. At this baseline pressure, a little percentage of nitrogen gas is trapped in the chamber
hence making it possible to define low nitrogen flow rates without the deliberate addition
of nitrogen gas. Gas mixtures consisting of hydrogen, methane, and nitrogen (Ha/CH,4/N32)
were varied in the reactor chamber as shown in Table [3.1, Diamond deposition was carried
out at 800 W microwave power and ~ 30 Torr pressure. The duration of each deposition run
was 14 hours. For samples in the medium and high nitrogen flow regimes, nitrogen gas was

introduced for a period of time close to the end of the experiment, see details in Table [3.1]
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Figure 3.1: Schematic illustration of the MPCVD reactor. The reactor chamber is
made of quartz window of diameter 30 mm in the centre of the wall of a compressed
waveguide. The manufacturer’s details on the construction of the reactor may be found

in Ref. [141]
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3.2.2 Diamond Film Characterization

The microstructure and photoluminescence (PL) of the samples were studied using micro-
Raman (p-Raman) Spectroscopy (Renishaw InVia, ON, Canada) equipped with a Modulaser
StellarPro50 Ar - ion laser. Raman spectroscopy can be used to detect structural defects
and stress distribution in materials [142], 143]. The Ar* laser line at 514 nm from the spec-
trometer is passed through a tunable excitation filter. Subsequently, the resulting scattered
light is collected in a 180° back-scattered configuration with a charged-coupled device (CCD)
detector. All Raman and PL spectra were fitted with a sum of Lorentz functions (using the
WiRE Raman Renishaw software) to identify peaks of interest. The Raman signals were
collected using a 50x (NA = 0.75) objective focusing the beam on a 20 ym diameter spot.
Spectra collected from 10 different spots on the samples were averaged. The PL emissions
were collected using a 20x (NA = 0.40) objective focusing the beam on a 50 ym diameter
spot. For each spectra acquisition, a grating of 1200/mm, and a laser power of 10 mW with

an exposure time of 10 s was used.

The reflectance spectra of the diamond films were collected using a USB-650 Red Tide UV-
Vis spectroscopic reflectometer (Ocean Optics Inc., FL, USA). Reflectance measurement
using a back-scatter fiber optics probe were taken at normal incidence. Measurements were
taken with an exposure time of 100 ms. Field Emission Scanning Electron Microscopy (FE-
SEM, Hitachi SU8000, Tokyo, Japan) was used to characterize the surface morphology of the
samples. Electron micrographs were taken using an acceleration voltage of 3 KV and 15x
magnification. In the results and discussion section that follows, samples were compared in
groups. This means samples grown with the same hydrogen and methane concentration were
categorized into the same group while the nitrogen flow rate was varied. Here, 0 sccm, 1.5
- 4 sccm, and 10 - 40 scem represent the low, medium and high nitrogen flow rate doping

regimes respectively.
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Table 3.1: Growth parameters for the deposition of diamond films on silicon substrate
at ~ 30 Torr pressure, 800 W microwave power, and deposition temperature of 700°C.
Parameters include doping time (in hours), hydrogen, methane, and nitrogen flow rates.
All volumetric flow rates are in standard cubic centimeters per minute (sccm).

Group Samples Hy/CH4 /N2 (scem) Growth time (hrs) Doping time (hrs)
S1 100 /1/0 14 0
1 S5 100 /1/15 13 1
S9 100 /1 /10 13 1
S2 200/1/0 14 0
2 S6 200 /1/2 12 2
510 200 /1/20 12 2
S3 300 /0.75/0 14 0
3 S7 300 / 0.75 / 3 13 3
S11 300 / 0.75 / 30 11 3
S4 400 / 0.5 / 0 14 0
4 S8 400 / 0.5 / 4 10 4
S12 400 / 0.5 / 40 10 4
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3.3 Results

3.3.1 Physical Appearance and Raman Spectra of Films

Table |3.2| summarizes the data obtained from micro-Raman analysis and visual inspection of
samples. The full width half maximum (FWHM), centre of the diamond peak, and colour of
films were reported. From the Table [3.2] it is evident that the colour of deposited diamond
changes depending on the amount of nitrogen impurities in the sample. Polycrystalline CVD
diamonds grown heteroepitaxially without the addition of nitrogen impurities appeared grey
in colour. Those grown with nitrogen impurities show a range of colours depending on the

concentration of nitrogen in the sample.

Table 3.2: Characteristics of the deposited samples: full width at half maximum
(FWHM) of diamond peaks and center of diamond peaks were obtained from the Raman
spectra. Colour of deposited diamonds changes depending on the amount of nitrogen
impurities in samples. In particular, diamonds doped with a high concentration of
nitrogen impurities appear black in colour.

Group Sample FWHM (D) (em™!) Center of Diamond peak (cm™!) Color
S1 8.232 1331.2 Grey
1 S5 7.695 1331.7 Lustrous grey
S9 7.792 1332.0 Lustrous grey
S2 10.989 1331.3 Grey
2 S6 11.268 1331.9 Lustrous grey
S10 8.875 1331.9 Lustrous grey
S3 8.201 1332.0 Grey
3 ST 13.320 1331.2 Grey
S11 14.662 1332.5 Black
S4 8.586 1331.5 Grey
4 S8 8.752 1331.4 Dark grey
S12 15.463 1333.8 Black
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Figures [3.2a] and [3.2b] show the Raman spectra of diamond films in group 1 and 2. The

spectra of films were presented with no particular preference, for this reason, the Raman
spectra of films in group 3 and 4 showing similar behaviour but with different characteristics
were not shown here. In these samples, we observe silicon peaks around 519 cm™!, diamond
peaks around 1332 cm™!, D-band around 1345 cm™!, and G-band around 1500 - 1600 cm™.
The presence of both D and G-band results from amorphous carbon (sp?) related content
located in the grain boundaries [144] of PCDs. As seen in Figure , films grown with
medium nitrogen flow rate in group 1 and 2 (i.e. S5 and S6) exhibit almost similar spectra.
The presence of this feature indicates that it might be difficult to differentiate spectra of

films with quasi-similar nitrogen and methane concentrations during CVD [89].

The FWHM of a peak obtained from Raman spectroscopy gives an indication of the structural
distribution of a material. For example, a crystalline material will show narrower peaks when
compared to an amorphous materials. It can also indicate the amount of disorder or defect
density incorporated into the material [145]. From Table , reported FWHM for diamond
deposited on silicon (100) substrate is in the range 7.8 - 15.5 cm™!. The observed FWHM of
the deposited films is in good agreement with reported values in [144]. In reference to Figure
3.2d}, it can be seen that films doped with high nitrogen flow rate (30 - 40 sccm) in group 3
and 4 have larger FWHM than their counterparts.

3.3.2 Morphology of Films

Figure [3.3| shows the SEM micrographs of films. Distinct surface morphology is clearly
exhibited with a variation in nitrogen concentration. Without the introduction of nitrogen
impurities in the gas phase, the films consist of randomly oriented grains with rough surfaces.
Samples doped with low and high nitrogen flow rates have particle sizes ranging from 1.3
pm - 2.5 + 0.1 pm as calculated from Origin software. The difference in grain sizes for these
samples may be attributed to the different flow rates of hydrogen, methane, and nitrogen
feed gas used. With the incorporation of medium (1.5 - 2 sccm) nitrogen flow rate in the gas
phase mixture, surface morphology reveals dense nano-sized grains in the films. The grain

size of the nanocrystalline films were calculated using the model reported by Cancado et al.
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Figure 3.2: Raman spectra of some deposited films (a) Raman spectra of films in
group 1 (b) Raman spectra of films in group 2 (¢) Raman spectra of films with medium
nitrogen flow rate in group 1 and group 2, both films were deposited with similar
methane and nitrogen concentration and have shown similar spectra indicating that
it might be difficult to differentiate spectra of films with quasi-similar nitrogen and
methane concentrations. (d) FWHM of diamond peaks against nitrogen flow rate,
films with high flow rate (30 - 40 sccm) show larger FWHM.
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[146] as shown in Equation [3.1]
~10y 54 (Ipa\ 7!
Lo(nm) = (2.4 x 10710); (I—) (3.1)
G

where J; is the laser line wavelength (514.5 nm) used in the measurement; Ip, and I are the
integrated intensities of the diamond and graphitic bands. Nano grained samples have grain

size of 21 + 0.46 nm.

To further validate results from Raman spectroscopy, the surface morphology of samples
grown with medium nitrogen flow rates in group 1 and 2 (S5 and S6) were observed. These
films have similar morphological features. A closer observation from the SEM micrographs
revealed the presence of cracks in the sample S6 (see Figure which might be due to stress
and as a consequence led to an increase in the FWHM of this sample. With regards to the
previous physical observation for highly doped diamonds, surface morphology of sample S12
(as in Figure show heavily defective diamond grains with grains having several surface

pores.

3.3.3 Photoluminescence (PL) and Reflectance Spectra of Films

For the films to be used for sensing applications, the presence of optically active NV~ centers
located close to the surface is important. To investigate the incorporation of surface optical
centers, a room temperature photoluminescence (PL) measurement was performed. Figure
- show the PL spectra of films. The observed sharp distinguishable peaks in the
spectra are at 515, 529, and 552 nm. The 515 nm lines are due to the Ar ion laser; the 529
nm lines are due to the silicon substrate, and the 552 nm peaks are that of diamond [147].
Broad peaks due to amorphous related elements are observed between 555 - 560 nm. Neutral
optical centers peak (NVY) occur around 575 nm, while negatively charged optical centres
have peaks around 637 nm (NV™) [148, 109, 149]. Shown in Figure is a normalized
intensity bar graph of samples having nitrogen related optical features that can be harnessed
for sensing. From Figure , sample S8 in group 4 has the greatest intensity of NV° as
measured by PL spectroscopy, while S10 in group 2 has the lowest intensity.

44



Figure 3.3: Surface morphology of films (a - ¢) surface morphology of samples in
group 1 (d - f) surface morphology of samples in group 2 (g - i) surface morphology of
samples in group 3 (j - 1) surface morphology of samples in group 4.
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In using this material for magnetic sensing applications, a reasonable photon collection ef-
ficiency should be achieved. NV centres suffer from a finite collection efficiency and light
trapping due to total internal reflection and imperfections [I50] in the host diamond. The
imperfections reduce the contrast of optically detected magnetic resonance (ODMR) when
the material is used as a magnetic field sensor. The relative reflectance of the deposited films
was compared to determine the effect of nitrogen flow rates on the expected contrast of the
sensors - further calculations on the anticipated contrast is presented in later chapters. Since
the thickness of films play a role in the intensity of collected light, the cross section of films
was imaged to determine the thickness and shown in Figure |3.7 For the growth parame-
ters used, no considerable increase in film thickness was recorded after 12 hours of growth
even with the subsequent introduction of nitrogen gas, thus making it possible to compare
samples in groups. The mean thickness of samples in group 1 and group 4 were found to be
11 £ 0.1 gm and 2.5 £ 0.1 pm respectively. Figure [3.8 shows the reflectance spectra of the
deposited films. From the spectra obtained in Figure [3.8, we observe that introducing 1 - 10
sccm nitrogen impurities does not have any effect on the reflectance of the material. Outside

this regime, the reflectance of the deposited films is seen to decrease with excess nitrogen

impurity level in the material (as shown in Figure - 13.8d)).
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Figure 3.4: Photoluminescence spectra of diamonds films (a) photoluminescence spec-
tra of films in group 1 (b) photoluminescence spectra of films in group 2. The 515 nm
lines observed are due to the Ar ion laser; the 529 nm lines are due to the silicon sub-
strate, and the 552 nm peaks are that of diamond. Peaks in the 575 nm to 637 nm
line indicates the presence of NV centres. For these groups, most of the deposited films
show the presence of neutral charged optical centers (NV?) but only sample S9 shows
the presence of negatively charged optical centers (NV™) at 637 nm.
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Figure 3.5: Photoluminescence spectra of diamonds films (a) photoluminescence spec-
tra of films in group 3 (b) photoluminescence spectra of films in group 4. It was observed
that films doped with medium and a high concentration of nitrogen impurities contained
neutral charged optical centers (NVY). The deposited films in this group do not show
the presence of negatively charged (NV™) centres.
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Figure 3.6: Normalized PL intensity of NV~ and NV in diamond samples. Sample
S8 in group 4 has the greatest intensity of NVY as measured by PL spectroscopy, while
S10 in group 2 has the lowest intensity.

3.4 Discussion

3.4.1 Physical Appearance and Raman Spectra of Films

The grey and lustrous grey colour of the deposited diamonds results from the dispersions
created by different planes of the grains in the film. Dark grey and black colourations seen in
doped diamonds may be due to extended defects from hydrogen atom impurities, dislocation
density, and impurities in the lattice [I5I]. Notably, the incorporation of a high flow rate
of nitrogen with a nitrogen-carbon [N/C] ratio greater than 30 in the gas phase mixture
leads to black coloured diamonds. Black coloured CVD diamonds are heavily defective with
a large quantity of impurity and presence of graphitic grains [I52]. The identical spectra of
samples with medium nitrogen flow rates (S5 and S6) indicates that a 0.5 scem difference in
flow rate is insignificant to change the microstructure of films grown with similar methane

concentration. The observation of the increase in the FWHM of Raman peak of highly doped
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Figure 3.7: Cross-section SEM images of films (a) cross-section SEM images of samples
in group 1 (b) cross-section SEM images of samples in group 4.
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Figure 3.8: Reflectance spectra of samples (a) reflectance spectra of samples in group
1 (b) reflectance spectra of samples in group 2 (c) reflectance spectra of samples in
group 3 (d) reflectance spectra of samples in group 4. While there is a remarkable
difference in the reflectance spectra of samples in group 3 and 4, deposited films in
group 1 and 2 show little to difference in their reflectance spectra.
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samples indicates that the addition of a large amount of nitrogen impurity is detrimental
to the crystalline quality of CVD diamonds. Using the diamond peak at 1332 cm™! as a
standard, the shift in the Raman wavenumber and the ratio of the intensity of diamond
and amorphous carbon peak (Ip,/Is) may be obtained and is shown in Figure Negative
Raman line shifts are due to compressive stresses in the films, while positive Raman line
shifts are due to intrinsic stresses which are tensile in nature [145]. A high quantity of
nitrogen impurity can introduce stress in the material [I52]. This is confirmed by a shift
in the diamond peak from ~ 1332 cm™ to 1334 cm™! for highly doped samples (sample
S12). For sensing applications, black coloured diamonds are undesirable due to the high
concentration of amorphous carbon which quenches photoluminescence from the NV~ centres.
Potential candidates for this sensing application are experimental samples showing either grey

or lustrous grey colourations with the presence of NV~ center.
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Figure 3.9: Q-graph representing shifts in the Raman lines and the ratio of the
intensity of diamond peak to amorphous carbon peaks. Positive Raman line shift in
sample S12 and S11 results from intrinsic stresses in the films.
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3.4.2 Morphology of Films

From the SEM micrograph results, insights into the formation of nitrogen related optical cen-
tres from a surface morphology perspective can be obtained. First, in small-sized nano-grain
diamonds typical of diamonds doped with medium flow rates (1.5 - 2 sccm), it is believed
nitrogen is incorporated preferentially at grain boundaries [153] rather than in the grains.
This is evident by results obtained from tight-binding molecular dynamics simulations in
Ref. [154]. It is also possible that vacancies are not easily incorporated in small-sized grain
polycrystalline diamond with fine and continuous surface textures, therefore, bringing doped
nitrogen to grain boundaries or even forming other complex configurations that do not in-
clude nitrogen vacancies. This may explain why there are no nitrogen related optical centres
in sample S6 in group 2. Samples with little or no vacancies like sample S6 of group 2 may

require further processing.

Vacancies can be created using a high energy electron irradiation beam [I55]. Since nitrogen
is present in grain boundaries or in other configurations, an additional annealing procedure
will help migrate vacancies to form nitrogen-vacancies in the films. Apparently, nitrogen
related optical centers can be formed via excessive doping as shown by Ohno et al. [I55]
but at the expense of losing the crystalline quality of the diamond films. In addition, several
authors including Schirhagl et al. [I09] have reported a depreciation in the spin coherence
properties of excessively doped films. Nevertheless, it is important to emphasize that sample
S9 in group 1 maintained its crystalline structure despite the high nitrogen flow rate (10
sccm). This again points to the fact that sample S9 may be a suitable material for sensing

applications.

3.4.3 Photoluminescence (PL) and Reflectance Spectra of Films

Several publications [89] [148 [T56] 157] have shown that when no extra effort is made to ex-
clude residual nitrogen gas in the chamber before deposition, the PL spectra obtained from

CVD diamonds can show the presence of neutral or negative nitrogen-vacancy defects. The
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NV defect translates into PL peaks at 575 and 637 nm, where the 575 and 637 nm peaks
correspond to a nitrogen atom bonded to the nearest vacancy and to the vacancy trapped at
a substitutional nitrogen atom respectively. The observed nitrogen related peaks are broad.
The broadness might be indicative of the presence of other defects in the CVD grown dia-
monds [I5§]. In group 2, sample S2 shows a peak at 575.9 nm different from the 575 nm
line. This peak is also believed to be associated with nitrogen features in the sample [159)].
In an earlier work, Gu et al. [I59] have shown that the 575.9 nm peak is common in milky
type IaB diamonds. The formation of this nitrogen related peak in sample S2 is due to the

baseline pressure we operated at before deposition [156].

The relative intensity of NV centres shown in Figure reveals the formation of predomi-
nantly neutral NV centres on the surface of some of the deposited films. This condition as
explained by Santori et al. [I60] is due to the formation of electronic acceptor layers at the
diamond surface. At the surface region, nitrogen donors are ionized thereby making it impos-
sible to donate an electron to the NV centre. A potential acceptor candidate is an amorphous
carbon (sp?) element deposited alongside diamond during the CVD growth process[I61]. In
addition, because shallow optical centres are formed at the surface, NV centers at the surface
may not be stable [109, [162]. Samples showing the formation of neutral NV centers need
further processing to covert the neutral NVs to negatively charged NVs. Surface oxygena-
tion at about 465°C may be a useful method to induce charge state conversion for the grown

diamond films [109, 163, 15§].

To understand the influence of microwave power density and pressure on the formation of
negatively charged NVs, an additional experiment was carried out at 50 Torr working pres-
sure and 900 W microwave power, while keeping the rest of the parameters for sample S10 in
group 2 constant (200 sccm of hydrogen, 1 scem of methane, 20 scem of nitrogen). The PL
spectra obtained from the experiment is shown in Figure Contrary to the formation of
neutral NV center in sample S10, the spectra of New S10 clearly shows the formation of both

neutral and negatively charged NVs. This implies that higher microwave power density and
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pressure may increase the etching of unwanted carbon phases thereby making it possible to
observe the photoluminescence of negative NV centers. It is also possible that at low pres-
sure, nucleation is enhanced and as a result causes electron sinks at grain boundaries [164].
This is another possible explanation for the dominance of neutral NVs in samples grown at

30 Torr pressure.

Intensity (arb. units)
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Figure 3.10: Comparison between sample New S10 and sample S10. Sample New
S10 was deposited with 50 Torr pressure, 900 W microwave power while keeping other
growth parameters for S10 constant (800 W microwave power, 30 Torr pressure, 200
sccm of hydrogen, 1 scem of methane, and 20 scem of nitrogen). Formation of neutral
and negative NV is observed in sample New S10.

From the PL spectra obtained in Figure [3.5al and [3.55 it can be concluded that the intro-

duction of high nitrogen (10 - 40 sccm) concentration in the CVD process will always lead to
a formation of neutral NV centers in diamond films. Also, increasing nitrogen concentration
from 10 - 40 sccm results in broader 575 nm peaks. The introduction of a low concentra-
tion of nitrogen impurities might not yield any surface optical centers. This result is not
in agreement with the work of Watanabe et al. [149] where they have have reported the

formation of negatively charged NV centres while using extremely low nitrogen flow rates.
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The possible reasons for this disparity might be the difference in growth parameters or the
substrate used. Watanabe et al. [149] have shown the formation of negative NV centers
homoepitaxially. Demonstrating the presence of NV centers on foreign substrates like silicon

is a way to engineer cheap optical centers needed for arrayed sensing applications.

The total reflectance of the film modelled by Fresnel’s equation at normal incidence as de-
scribed in Ref. [165] depends on several factors. Surface texture, and density variations
due to defects in the materials among other factors appear to account for the variation of
reflectance. The difference in reflectance observed in the deposited films is closely connected
with crystal imperfections [166]. Highly doped films with stacking faults, dislocations, and
impurities inclusion will show a significant decrease in surface reflectance compared to un-
doped or minimally doped films. Zuiker et al. [167] showed that the reflectance of thin
film diamonds decreases with an increase in CHy content. Here, it was observed that the
reflectance of the films grown decreases with an increase in nitrogen content. Poor optically
detected magnetic resonance (ODMR) contrast are obtained from films with high nitrogen
concentration. Films with high concentration of nitrogen impurity (20 - 40 sccm) are unsuit-
able for sensing applications due to their poor reflectance properties. Although, sample S9
in group 1 has also been doped with a high nitrogen flow rate (10 sccm), no changes in the
intensity of reflectance spectra was observed when compared to its counterparts in group 1,

for this reason, sample S9 is suitable for sensing applications.

3.5 Conclusion

The influence of surface-introduced nitrogen impurities on the morphology and optical prop-
erties of polycrystalline diamonds deposited at low pressure has been systematically investi-
gated. The studies have been carried out in three flow regimes: no nitrogen addition (0 sccm),
medium nitrogen addition (1 - 4 scem), and high nitrogen addition (10 - 40 sccm). Poly-
crystalline diamond changes colour depending on the amount of nitrogen impurities added.
PCDs deposited without the addition of nitrogen impurities appeared grey in colour, while

those deposited in the presence of nitrogen impurities show a range of colours depending
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on the concentration of nitrogen in the sample. The grey and lustrous grey colour of the
deposited diamonds results from dispersions created by different planes of the grains in the
film. Dark grey and black colourations seen in doped diamonds may be due to extended

defects and impurities in the lattice.

High nitrogen flow rates in polycrystalline diamonds led to an increase in FWHM of diamond
peaks. This feature indicates a depreciation in the crystalline quality of deposited diamonds
as revealed by SEM micrographs. The increase in the FWHM of the Raman peak of highly
doped samples also indicates that the addition of a large amount of nitrogen impurity is
detrimental to the crystalline quality of CVD diamonds. A high quantity of nitrogen im-
purity can also introduce stress in the material [I52]. Signals from nitrogen related optical
centres (predominantly neutral NV centres) were mostly detected in the PL spectra of dia-
mond films doped with medium and high nitrogen flow rates. Samples in group 1 (S5 and
S6), a sample in group 2 (S10), and samples in group 4 (S8 and S12) show the presence of
NVY. Only sample S9 in group 1 shows peak indicating the presence of NV~. We observe the
formation of predominantly neutral NV centres on the surface of some of the deposited films.
This condition is due to the formation of electronic acceptor layers at the diamond surface.
A potential acceptor candidate is an amorphous carbon (sp?) element deposited alongside
diamond during the CVD growth process[I61]. In addition, because shallow optical centres
are formed at the surface, NV centers at the surface may not be stable [109, [162]. Samples
showing the formation of neutral NV centers need further processing to covert the neutral
NVs to negatively charged NVs. Surface oxygenation at about 465°C may be a useful method

to induce charge state conversion for the grown diamond films.

It was established that a high flow rate of nitrogen doping (> 20 sccm) will lead to a de-
crease in the reflectance of polycrystalline diamond. Highly doped films with stacking faults,
dislocations, and impurities inclusion will show a significant decrease in surface reflectance
compared to undoped or minimally doped films. Also, poor ODMR contrast will be obtained

from films with high nitrogen concentration. Thus, due to the poor reflectance properties of
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highly doped films (20 - 40 sccm), they might be unsuitable for sensing applications. How-
ever, one of the samples (S9 in group 1) doped with high flow rate of nitrogen exhibited a
reasonable FWHM, and presence of both neutral and negatively charged optical centers. In
addition, the sample S9 in group 1 exhibited a good reflectance property as shown from the
reflectance spectra. With these combination of properties, sample S9 in group 1 may be a
suitable material for sensing applications. The results obtained are important in identifying
optimal parameters for the growth of polycrystalline diamonds suitable for sensing applica-
tions. Also, the set of experimental parameters described in this work may be useful as a

benchmark for the growth of polycrystalline diamonds with NV centres at low pressure.

Now that an optimal processing parameter set for the formation of useful NV centres in PCDs
deposited at low pressure has been identified, it is imperative to understand the theory behind
the formation of NV~ centres in PCDs, most especially those fabricated at low pressure -

this is the topic of investigation in chapter [
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CHAPTER 4

'THE EFFECT OF STEP-WISE SURFACE NITROGEN DOP-

ING ON THE FORMATION OF NV~ CENTRES IN PCDs

“No pressure, no diamond”

— Thomas Carlyle

This chapter is based on the manuscript:

Ejalonibu, H., Sarty, G., & Bradley, M. (2020). The effect of step-wise surface nitrogen doping
in MPECVD grown polycrystalline diamonds. Materials Science and Engineering: B, 258,
114559.

4.1 Introduction

The study of the incorporation of nitrogen impurities into PCDs synthesized using the CVD
technique has been an active area of research in recent years. Much literature including the
author’s in chapter |3 highlights the effect of nitrogen impurities on the intrinsic properties
of PCDs. In addition, work by Zaitsev et al. in 2018 [168] investigated the optical properties
of nitrogen-doped CVD diamonds treated with electron irradiation, followed by annealing
at temperatures between 860 - 1900°C. The optical properties of the CVD diamonds were
studied using fluorescence imaging, optical absorption, and photoluminescence spectroscopy.
It was reported that nitrogen impurities improve the optical properties of CVD diamonds

by producing several optical centres (e.g. nitrogen-vacancy centres) showing absorption lines
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throughout the infrared and visible spectral ranges. Also, results obtained from an earlier
work by Bhattacharyya et al. [169] show that the electrical conductivity of nitrogen-doped
films increases by several orders of magnitude with increasing nitrogen content. Primarily,
nitrogen acts as an electron donor that decreases the bandgap of diamond [170] and the
increase in the electrical conductivity of nitrogen-doped diamond is attributed to the forma-
tion of a lone pair of sp?-bonded carbon that provides a conductive path for electrons. Thus
far, consolidating evidence exists supporting the hypothesis that the introduction of nitrogen

impurities into PCDs alters their intrinsic properties.

In chapter [3] it was highlighted that during CVD diamond growth, impurities introduced
can be trapped in defects resulting in the formation of optical centres, for example the NV
centres. Optical centres engineered via nitrogen incorporation in diamonds are useful for a
number of applications. For instance, NV optical centres find applications in room temper-
ature magnetometry, quantum information, and thermometry [139] [50 171} 172 173]. The
magnetometry applications of diamonds rely on the incorporation of NV~ optical centres at
close proximity to the diamond surface; this is achieved by surface nitrogen doping. The
effect of surface nitrogen flow rates on the formation of useful NV centres has been widely in-
vestigated in SCDs grown at high pressure, high temperature (HPHT) conditions [174] [175].
To date, however, there is a limited understanding of the formation of NV~ centres in poly-
crystalline diamonds deposited at low pressure. Previous studies did not establish the effect
of different nitrogen doping levels on the surface features of PCDs (deposited at low pressure
< 40 Torr) and how it contributes to the localization of either NV~ optical centres or its NV
counterpart. In particular, previous studies did not provide any conclusive statement on the

effect of step-wise nitrogen doping level on the localization of useful NV centres in PCDs.

This chapter is therefore aimed at understanding the effect of a step-wise surface nitrogen
doping process on the formation of NV~ centres in PCDs. Here, an exhaustive study of the
contributions of nitrogen flow rate on the surface morphology, grain orientations, and the

formation of sp? bonded carbon found at the grain/grain boundaries is reported. To under-
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stand the correlation between ingrained surface properties of nitrogen-doped PCDs and the
formation of NV~ centres in PCDs, the changes in the surface properties of the films un-
der a step-wise surface nitrogen-doping have been systematically investigated using different
techniques. The surface of the deposited films was characterized using photoluminescence
spectroscopy (PL), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), and atomic force microscopy (AFM). Grazing incident X-ray diffraction (GIXRD)
was used to investigate the crystallographic changes resulting from surface nitrogen dop-
ing. Finally, Raman spectroscopy studies were carried out to investigate the microstructural
changes in the films and to characterize sp? bonds in the diamond grains. Based on these
experimental observations, a mechanism for the changes in the surface morphology of films
grown under step-wise nitrogen doping is proposed. Consequently, this model was used to
explain the possible dominance of NV? centres in PCDs in the low pressure growth regime.
The results obtained from the study in this chapter contributes to a better understanding of

the process for the formation of NV~ centres in PCDs deposited at low pressure.

4.2 Experimental

4.2.1 Materials

Diamond films were deposited on a p-type boron doped silicon (100) substrate of thickness
525 pm and 3 X 3 mm size obtained from Silicon Materials Inc., NV, USA. Mechanical surface
scratching of the substrate was performed using diamond slurry with a grain size of about
1 pm (Markv Laboratories, CT, USA). Finally, ultrahigh purity Hs (5.0 Grade), CHy (3.7
Grade), and N2 (5.0 Grade) were obtained from Praxair Canada Inc., SK, Canada.

4.2.2 Synthesis of Polycrystalline Diamond Films

The growth process used in this experiment is illustrated in Figure 4.1l Prior to growth, the
silicon substrate was seeded using a mixture of diamond slurry and ethanol for 30 min in
stage A. Next, the substrates were cleaned in an ultrasonic bath for another 30 min. The

seeded substrates were later introduced into a 2.45 GHz MPCVD reactor (Plasmonique Inc.,
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QB, Canada) at a baseline pressure of ~ 2.0 x 107 Torr in stage B. Diamond films were
deposited on silicon substrates with 800 W microwave power and 30 Torr pressure. Table

shows the process parameters for the growth process.

Nano-diamond seedings on silicon Dep0s1ted PCD layer PCD layer mth 1 hr nitrogen doping

\ N

Figure 4.1: Schematics showing the experimental processes involved in the synthesis
of polycrystalline diamond films; from substrate preparation to diamond deposition. In
stage A, silicon substrates were prepared for growth in a diamond and ethanol slurry.
Stage B involved diamond deposition while in stage C surface nitrogen doping was
carried out.

All films were deposited for 18 hrs. For samples containing surface nitrogen impurities, the
nitrogen gas was introduced 1 hr from the end of the experiment in stage C with varying
nitrogen flow rates introduced in a step-wise manner (see Figure ). The substrate temper-
ature was kept at about 750°C during growth. Surface nitrogen was added in three different
regimes: 2 - 4 sccm, 6 sccm, and 8 - 10 scem which were referred to as the low, medium, and

high nitrogen regimes respectively.
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Table 4.1: Process parameters for the deposition of PCD films on silicon substrate at
30 Torr pressure, 800 W microwave power, surface nitrogen flow rate in standard cubic
centimeter per minute (sccm), and a deposition temperature of about 750 YC.

Samples Hg/CHy flow (sccm) Ng flow (scem)  Growth time (hrs) Doping time (hrs)

P1 100 / 1 0 18 0
P2 100 / 1 2 17 1
P3 100 / 1 4 17 1
P4 100 / 1 6 17 1
P5 100 / 1 8 17 1
PG 100 / 1 10 17 1
10—
Po6
s N P
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-3 T L A S —
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=
o e N A
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Figure 4.2: Schematics representing the flow rate conditions in a step-wise manner.
For the first 17 hrs of growth, only hydrogen and methane were the precursor gas used
for deposition. After 17 hrs of diamond deposition, deliberate nitrogen doping was
carried out for each sample in a step-wise order.
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4.2.3 Diamond Film Characterization

Photoluminescence and Raman Spectrocopy

To probe surface properties within a 1 ym depth from the diamond surface, it was important
that the right combination of objective lens and laser wavelength was chosen since the total
scattered light intensity (Ags) integrated from the surface of the diamond to depth (d) is given
by the following Equation

1.22-4 [¢ 0.61-Ag- A
As = Ay / e 20y =~ L0 () gm2ud) (4.1)
NA 0 NA x

where Ag, A, N4 , and a are the intensity of the incident light, the laser wavelength, numerical
aperture of the microscope objective, and the photoabsorption coefficient of the surface re-
spectively [176], [177]. For this experiment, a 514.5 nm Argon ion laser was used for excitation
and a 50x objective microscope with a numerical aperture (N,) 0.75 was used. Under these
conditions, the laser penetrates approximately 1 ym from the diamond surface. To discrimi-
nate between neutral and negatively charged NV centres at the surface, photoluminescence
(PL) spectroscopy was carried out. The surface microstructure of the deposited films was
investigated using a confocal Raman spectroscope (Renishaw InVia, ON, Canada) with em-
bedded PL spectrum collection functionality. The equipment is capable of collecting a PL
spectrum from about 100 nm to 650 nm wavelength ranges. The Raman and PL signals were
collected by focusing the Argon ion laser beam on a 20 ym diameter spot at 10 different spots
and averaging the results. All Raman spectra were fitted with a sum of Lorentz functions
using the WiRE Raman Renishaw software to identify peaks of interest. Note that the PL
emission intensity of optical centres is laser power and exposure time dependent. For each
spectra acquisition, a laser power of 2.74 mW with an exposure time of 10 s was used. Con-
trary to our previous study in chapter [3, the laser power was reduced to avoid laser heating

of the diamond surface which induces sp? bonded carbon.
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X-ray Diffraction and X-ray Photoelectron Spectroscopy

The orientation and surface crystallographic texture of the PCD films were characterized
using X-ray diffraction with CuK, radiation, wavelength 1.54056 (Rigaku Ultima IV, TX,
USA) at a grazing incidence angle of 5°. The X-ray diffraction data were collected at 40 kV
and 44 mA. Since the characterized PCDs were not free-standing films, the silicon substrate
was used as a reference. XPS measurements were taken using a Kratos Axis Supra (Kratos
Analytical, MAN, U.K.) equipped with a 500 mm Rowland circle monochromated Al Ka
(1486.6 eV) X-ray source to provide better energy resolution.

Scanning Electron Microscopy and Atomic Force Microscopy

The surface morphology of the films was characterized using a Field Emission Scanning
Electron Microscope (FE-SEM, Hitachi SU8000, Tokyo, Japan). Electron micrographs were
taken using an acceleration voltage of 3 kV and x10 k magnification. To quantify the surface
roughness of the samples and to probe nano-sized grain boundaries, the morphology of the
samples were further measured in air by atomic force microscopy (PicoSPM AFM, Keysight
Technologies 4500 AFM, ON, Canada) in tapping mode. The AFM instrument was equipped
with a single crystal silicon cantilever (Aspire CT170, AZ, USA) with a resonance frequency
170 kHz and a spring constant of 50 N/m. Image J software (NIH and LOCI, University of
Wisconsin, USA) was used to process the SEM micrographs while Gwyddion software (Czech
Metrology Institute, CZ) was used to process the AFM images.

4.3 Results

4.3.1 Nitrogen Content and PL Study

To probe elemental compositions in the films grown and to understand the chemical state
of the main elements present on the surface of the PCDs, XPS were collected for samples

P1 - P6 after etching the surface with Ar ions. A wide range spectrum (200 - 1000 eV)

65



for samples P1 - P6 is presented in Figure 4.3 The elemental composition of the deposited
films presented in Table reveals that the atomic concentration of nitrogen in PCD films
increases with an increase in doping level. XPS survey spectra indicated the presence of
carbon, nitrogen, and oxygen with a trace amount of fluorine in sample P4 and P5 only. The
peak attributed to this fluorine content is found around 686 eV which corresponds to the

peak for silicon hexafluoride (SiFg)?~ ions contaminant [I78].

C1s|
Fis O,1s N1s
5
5 N
s -
3 I NN
2 | |
5 i
3 L S SN
£[—r6 |
—P5 | : i
i S S DN
——p3 ‘ | |
—— P2 ; ; |
——PI 1 i BN
1 v 1 v 1 v 1 v
1000 800 600 400 200

Binding Energy (eV)

Figure 4.3: Wide survey XPS scan of the deposited films. No traces of atomic nitrogen
were found in sample P1 while the presence of atomic nitrogen was found in samples
P2 - P6.

C 1s peaks were observed at 283 eV, while N 1s peaks were observed at 399 eV. Since ni-
trogen doping was carried out for an hour, it was expected that the level of atomic nitrogen
present in the actual PCD films did not exceed 0.4%. Processed data revealed the pres-
ence of large amount of oxygen O 1s peak, from its spectral peak, on PCD surface (> 2.0
at. %) at around 529 eV, however, the analysis of O 1s, is not of interest in this study.
The principal peak of the N 1s signal at ~ 400 eV corresponds to chemical bonds of type
N-sp3-C [179]. This peak corresponds to interior elemental nitrogen present in the diamond

matrix, including NN dimers, substitutional nitrogen, and more complex nitrogen clusters
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[180]. Deconvolution (fitting the peak with a Voigt function on Origin software, followed
by a subtraction of background signals) of the C 1s peak revealed peaks centered at 283 eV
corresponding to the C-C bonds in the diamond matrix and another located at 286.9 eV
corresponding to the C-N bonds. Since we confirmed the bonding type C-N in these sam-

ples it was necessary to obtain PL spectra of samples to ascertain the presence of NV centres.

Figure shows the PL spectra of the deposited films where the spectra of only nitrogen
doped films have been co-plotted. The broad peaks due to nitrogen luminescence in the
diamond material were observed at 575 nm and 637 nm. The NV? centres at 575 nm is
observed in sample P2 - P6, while the 637 nm peak which may have originated from the
NV~ centres was only observed in sample P6. The broad nature of the peaks at 575 nm
and 637 nm might have resulted from the presence of other defects in the material [123].
For magnetometry applications, the FWHM of the peaks are irrelevant, because emissions in
the red spectra range are only desired (600 - 800 nm). Furthermore, note that the MPCVD
samples were deposited on silicon substrates and it is possible that the phonon sides bands
of the NVV centers, for instance in samples P2 and P4, are suppressed due to the substrate
used [I81]. From the PL spectra of the films, it is evident that all nitrogen doped samples
show the presence of NV centres. On the other hand, only sample P6 doped with 10 sccm
of nitrogen indicates the presence of NV~ centres. One of the reasons for the disappearance
of NV~ centres at other nitrogen concentrations but 10 sccm may be intimately connected
with amorphous carbon (a-C) phases in the grains and grain boundaries. For this reason, a

micro-Raman spectroscopy analysis was carried out.

4.3.2 Raman Spectroscopy Analysis

Raman spectroscopy is a useful tool for characterizing structural transformations occurring
in carbon materials because it can distinguish between sp3 and sp? bonded orbitals in the
deposited films [182, [183]. Figure shows the Raman spectra of the deposited films with
varying nitrogen concentrations. All films exhibited sharp peaks around 1332 cm™! indicating

the formation of a diamond phase and a graphite like carbon (G-band) phase around 1500
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Table 4.2: The summary of elemental composition of the MPECVD film. FWHM of
deposited peaks widens as the atomic nitrogen concentration increases.

Samples Elemental Compositions Atomic Concentration (%) FWHM [N/C|

C1s 97.16 241

P1 O 1s 2.84 3.15 -
N 1s - -
C1s 95.60 2.75

P2 O 1s 4.24 2.90 0.0020
N 1s 0.16 2.93
C 1s 95.8 3.25

P3 O 1s 4.02 3.17 0.0020
N 1s 0.17 2.48
C 1s 95.6 3.43

P4 O 1s 3.82 2.95 0.0022
N 1s 0.22 2.82
F1s 0.36 3.08
C 1s 96.30 3.37

pE O 1s 3.42 2.29 TG
N 1s 0.26 3.18
F1s 0.24 2.74
C1s 97.16 3.53

P6 O 1s 2.59 3.29 0.0025
N 1s 0.25 2.12
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Figure 4.4: Room temperature PL emission spectra of nitrogen doped films showing
the presence of NV centres in sample P2 - P6 and their phonon side bands. Only
sample P6 indicates the presence of NV~ centres
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- 1600 cm™! [I78]. Raman peaks occurring around 2000 - 2063 cm™! were attributed to the
formation of NV? centres. The G-band arises from the presence of sp?-C chains in the grain
boundaries and are more pronounced in nanocrystalline diamond (NCDs) samples [184]. In
addition, a 1140 cm™! peak was observed in sample P2. For samples P3, P4, and P5, the

presence of a different peak occurring at 1190 cm™!

was identified (a magnified spectra is
shown in Figure . On the contrary, such peaks were not observed in sample P6. To nail
down the occurrence of the 1140 ecm™! and 1190 cm™ band, further quantitative measurement
of the contributions of sp2 /a-C bonded carbon was deduced from the quality factor (Qs514.5 nm)
of the deposited films at the 514.5 nm excitation wavelength using the formula proposed by

Bak et al. [I85]:

Q5145 nm = T SLo X 100% (4.2)

Ip +
DT 33
where Qs14.5 nm is the quality factor of the deposited films, Ip is the intensity of the diamond

peak, and Y. I,_¢ is the sum of the intensities of sp?/a-C related peaks. The low photon energy
of Raman lasers results in a large scattering cross-section for the sp? orbitals [186], hence the

reason for the inclusion of the scattering factor “233” in Equation for amorphous carbon.

An analysis of the FWHM of the G-band gives a measure of the structural disorder (distortion
of bond length and angle) of the sp?>-bonded carbons in the grains [I87, 143]. The Raman
spectra of films was fitted with a sum of Lorentz functions; results of curve fittings is shown in
Figure With FWHM of the G-peak and NVV centres being the parameter of interest. Table
4.3| presents the computed quality factor of the diamond films, the corresponding FWHM of
their G-bands, and the normalized NV centre intensity of the deposited films obtained from
the curve fittings. From Table it can be inferred that the degree of structural disorder
of the sp?-bonded carbon in the grains and grain boundaries decreases with an increase in

surface nitrogen concentration.

It is also clear that the quality factor Qs14.5 nm of the diamond films increases with an increase
in surface nitrogen concentration at least for the growth parameters we have reported here.
Further, the normalized NV centre intensity obtained from the Raman spectra shows the

highest peak intensity at 8 scem surface nitrogen concentration (sample P5) and the lowest
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Figure 4.5: (a) Raman spectra of nitrogen doped samples. Diamond peaks are visible
around 1332 cm™!, the G-bands are observed around 1500 - 1600 cm™!. An additional
broad peak observed around 2000 - 2063 cm™! indicating the Raman shift of NV°
centres. (b) Magnified view of the Raman spectra of deposited samples in the 1140
cm™! and 1190 em™! band region.
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Figure 4.6: Baseline corrected and curve fitted Raman spectra of doped samples P2
- P6. Regions of interest are the FWHM of the G-peak and the 2063 cm™" of the NV
centres appearing in the Raman spectra of samples. Peaks at 1332 cm™, 1500 - 1600
em™!, and NVY centres at 2063 cm™! was fitted with a combination of Lorentzian and

Gaussian functions.
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at around 10 sccm (sample P6). This result illustrates a huge population of NV at the 8
sccm nitrogen concentration. It can also be seen from Table |4.3|that the intensity of the NVY
centres in sample P2 is about the same value as in sample P6, nevertheless NV~ centres were

not observed in sample P2.

Table 4.3: Quality Factor, full width half maximum (FWHM) of G-band, and the
normalized intensity of NVO centres of the deposited films.

Samples Q-factor (514.5 nm) FWHM (G-band) NV Intensity (Normalized)

P2 0.982 1319 £ 1.6 0.49
P3 0.987 123.5 £ 4.5 0.78
P4 0.988 113.4 £ 4.7 0.78
P5 0.990 106.0 = 1.7 1

P6 0.991 95.6 + 4.5 0.44

4.3.3 Surface Morphology and Roughness Analysis

To better understand the results obtained from the micro-Raman spectroscopic studies, the
surface morphology of the deposited films was observed using SEM and AFM. Figure 4.7
shows the surface morphology evolution of the deposited films and their corresponding to-
pography maps. Sample P1, deposited in the absence of nitrogen gas is added to the series for
comparison. The films exhibit distinct surface morphology under different nitrogen doping
levels as revealed by the surface micrographs. Without the introduction of surface nitrogen
(as seen in P1), the grains were micro-sized with random orientations. However, the intro-
duction of surface nitrogen (as shown for P2 - P5) led to a preferential growth of grains
on the surface of the PCDs. The preferentially grown grains satisfy a number of criteria
consistent with being NCDs. First, the films showed evidence of facets at high magnification
as observed by AFM (see Figure (a)). Second, is the presence of Raman lines at around
1140 ecm™ and 1190 cm™! as revealed by the Raman spectroscopy shown in Figure . The
peaks 1140 cm ! and 1190 ecm™! are reflective of the presence of sp?/a-C phases in the grain

boundaries [I88] [189] of the NCDs. It is also interesting to note that the growth of NCDs
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across the surface of the films decreases with an increase in nitrogen flow rate, which was the
reason for the disappearance of the 1140 ~' and 1190 cm™! peak as high nitrogen flow rates

is approached.

A quantitative analysis of the area occupied by the micro-sized grains and grain boundary
line density (i.e the number of grain boundaries per unit area under the assumption that
the grains are square in shape and the grain boundaries are the sides of the square shaped
grains) for every 17.5 pm? area measured on the surface of sample P2 to P6 respectively
is given in Table [4.4, The Table shows that an increase in the micro-grained area with an
increase in nitrogen flow rate was observed while the grain boundary line density decreased.
Inspection of the SEM images revealed the presence of abnormal outgrowth on the surface of
sample P3 as shown in Figure (b) This abnormal grain growth on the surface of sample
P3 demonstrates well structured and layered diamond grains that could be useful as an NV

scanning probe if optical centres are well located at the tip of the structure.

Table 4.4: A qualitative analysis of the grain boundary line density and the area
occupied by micro-grains on the surface of the deposited films.

Samples Area occupied by micro-sized grains (um?) Grain boundary line density (ym™2)

P1 - -
P2 4.58 + 0.67 1.5 x 103
P3 5.49 + 0.12 1.1 x 103
P4 7.03 £ 0.11 9.8 x 102
P5 9.96 + 0.17 7.4 x 102
P6 11.53 + 0.52 6.1 x 102

The surface roughness of diamond can be of immense importance for several optical appli-
cations. For instance, when using NV centres in diamonds for magnetic field sensing appli-

cations, the light dissipation from scattering will be intolerable when the surface roughness
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Figure 4.7: Surface micrographs and topography of films (a-f) surface morphology
samples P1 - P6 (g-1) surface topography of samples P1 - P6. Surface topography maps
were collected at 5 pm X 5 pym scan range. The population of NCDs decreases with an
increase in the surface nitrogen concentration.
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Figure 4.8: (a) High resolution AFM amplitude map of nanograined areas imaged
in sample P2 (b) SEM surface morpholpogy of grain outgrowth in sample P3. The
presence of abundant NV centres in this grain bulge could make it useful as a crude
scanning probe.

is larger than some critical value [190, [191]. From an NV centre perspective, a high surface
roughness of diamond induces thermal noise which can affect the minimum magnetic field
sensitivity of the NV centres. For this reason, polycrystalline diamonds with high surface
roughness are not desirable for an optimized NV magnetometer. To determine the surface
roughness S, (mean roughness) and S, (RMS roughness) of the samples, AFM was used to
characterize the morphology of the deposited films. The parameters S, and S, are defined

as:

1
o=~ //A | P(x,y) | dxdy (4.3)

Sq = \/% ﬂPQ(x, y) dx dy (4.4)

where P(x,y) and A are the current surface height and the area of sample in consideration
respectively. Figure 4.9 shows a plot of the RMS and mean surface roughness of the PCD
samples as a function of the surface nitrogen concentration. An increase in the surface
roughness of the sample with increased nitrogen concentration was observed until a surface
nitrogen concentration of about 8 sccm, where the surface roughness decreased. A 6 sccm
surface nitrogen addition resulted in a high degree of surface roughness. Beyond [N2/CH, +

N3] = 0.8, high surface nitrogen doping decreases the surface roughness.
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Figure 4.9: RMS and mean roughness vs concentration of surface nitrogen impurities.
Roughness analysis was carried out at 5 pm X 5 pym scan range of the deposited films.

4.3.4 Structural Characterization

In order to examine the structure and texture of the films deposited at the surface of the
PCDs under varying surface nitrogen flow rates, grazing incidence X-ray diffraction was used
to characterize the surface of the films. Shown in Figure are the GIXRD patterns of the
films. Diffraction patterns were taken in the range 25° < 20 < 90°. As shown in Figure [4.10
diamond diffraction peaks of (111) and (220) are observed around 43.9° and 75.3° respectively.
In the XRD spectra presented, the broadening of the peaks is due to the combined effect of
crystallite sizes and micro-strains. The FWHM obtained from the broadening of diffraction
reflections, average grain sizes, and micro-strains e for samples P2 - P4 were determined
using the Williamson-Hall method [192]. According to our calculations, the average size D
of the nano-grains for samples P2 - P4 was determined to be 130.80 + 0.3 nm, 117.50 + 0.5
nm, and 243.74 + 0.1 nm. For larger grain sizes, for example in sample P5 and P6, it was
more efficient to calculate the grain sizes from the SEM or AFM maps. This is because the
diffraction reflection for diamond grains exceeding 250 nm in size are the same as that for

the reference crystals selected. The average grain sizes for sample P5 and P6 were estimated
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to be 808.38 + 0.6 nm, and 1.76+ 0.38 pm respectively. Additionally, the values of the micro-
strain € in the samples P2 - P6 were also determined to be 0.00683 + 0.02, 0.00842 + 0.07,
0.00534 + 0.01, 0.00736 + 0.05, and 0.00683 + 0.02 for sample P2 - P6 respectively.
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Figure 4.10: X-ray diffraction pattern of diamond films deposited on silicon substrate

As revealed in Figure [£.10] the intensity of the diffraction peaks observed vary with the
concentration of surface nitrogen introduced. The ratio of the intensity of the (111) peak
to that of the (220) peak, I(111)/I(220) of sample P1 was calculated to be 1.6, which is larger
than the 1.0 obtained for powders with no texture [I93]. This indicates that a (111) texture
is favoured in the undoped diamond film. For sample P2 and P3, a (111) textured is also
favoured. Further increase in the surface nitrogen flow rate to about 10 sccm reduces the
I111)/1(220) to 0.74 implying that a high surface nitrogen doping reduces the amount of grains

in the (111) crystallographic direction.
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4.4 Discussion

4.4.1 Formation of 1140 cm™! and 1190 cm~! Raman Peak

The 1140 cm™! peak observed on the surface of sample P2 is hypothesized to be due to the
formation of trans polyacetylene (trans PA) type bonds in the grain boundaries of the film.
These trans PA type bonds have been shown in the literature [194) 195] to be a combination
of C = C chain stretching and C-H wagging modes. In addition, the trans PA peaks are
used as a characteristic signature of nanocrystalline diamonds [194]. Thus, the 1140 cm™!
feature on sample P2 suggests a high degree of nanocrystalline grain formation on the surface
of the films doped with low surface nitrogen concentrations. This conclusion is consistent
with the SEM micrographs of sample P2 shown in Figure [4.7, Also, of importance to this
study is the origin of the 1190 cm™ peak observed in the Raman spectra of the deposited
films. Several authors in Refs. [196, 197, 198, [199] have reported the appearance of a similar
1190 cm™! peak in nanocrystalline diamonds (NCDs) when using an excitation wavelength
of 514 nm. Nevertheless, the origin of this peak still remains a source of controversy. Some
researchers attribute the peak to the Raman photon scattering from C—N bonds positioned
within the grains or grain boundaries, while others have attributed it to the Raman scatter-
ing of C=N-H bonds in the grain boundaries. Of utmost importance is that the 1190 cm™!
peak appears with an increase in the G-band, thus implying a strong correlation with the sp?
bonded orbitals in diamond films [200]. The 1140 cm™! and 1190 em™" peaks therefore indi-
cate an increase in the amorphous carbon content in the films in which they appear. These
peaks are missing in the Raman spectrum of sample P6, thus suggesting a low concentration
of amorphous carbon content in the high nitrogen concentration film. The low amorphous

carbon content in sample P6 is a possible reason for the appearance of NV~ centres in the film.

4.4.2 Surface Morphology and Topography of Films

Following the analysis of the morphology presented in Figure [4.7] it can be deduced that

the growth of surface nano-grains are favoured at low surface nitrogen concentration while
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the growth of micro-sized grains are hindered. This result is in agreement with the work of
Kuntumalla et al. [I95]. The introduction of low nitrogen concentration appears to enhance
secondary diamond nucleation thereby inducing the formation of a large density of NCDs
across the surface of the PCDs. According to Rabeau et al. [201], secondary nucleation may
be accomplished by the partial replacement of hydrogen gas with inert gases (for example,
argon, helium, or nitrogen) at low pressure during the CVD process. Overall, as the sur-
face nitrogen flow rate increases (and the actual atomic nitrogen content in the PCD films
increases), secondary diamond nucleation decreases thereby reducing the amount of sp?/a-C

content present in the NCDs deposited on the surface of the diamond films.

The reason for an increase in the area occupied by micro-grained diamond with increasing
nitrogen flow rates may be understood from a grain size increment perspective. Yiming et
al. [202] have shown theoretically that an increase in the concentration of nitrogen substitu-
tionally positioned within the diamond surface will result in an increase in the grain size and
a growth rate improvement of the diamond films. Additionally, the grain boundary analysis
reveals a decrease in the grain boundary line densities as the nitrogen flow rate increases.
The introduction of surface nitrogen in concentrations other than 10 scem led to an increase
in sp?/a-C content in the films likely because of the increased grain boundary line density.
An accumulated sp?/a-C content in the grain boundaries results in the quenching of the PL
intensity of the NV~ centres. It has also been shown from our previous studies in chapter
[90] that a further increase in the nitrogen flow rate beyond 10 sccm causes an absorption
of the PL emission from the NV centres and degrades the crystalline quality of the diamond
films. This sets an optimal limit of 10 sccm nitrogen flow rate for the formation of surface
NV~ centres in polycrystalline diamonds at our low pressure of about 30 Torr. Although sev-
eral authors [203, 204, 205] have demonstrated an increase in the sp?/sp3 bonding fraction as
the nitrogen concentration increases for CVD diamonds, here we observe some degree of non-
linearity in the sp?/sp® bonding fraction as the nitrogen flow rate increases. An increase in
the sp?/sp3 bonding fraction results in an increase in the surface conductivity of the deposited

films. However, our previous result given in chapter |3 and Ref. [90] indicates a decrease in
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the surface conductivity of the film grown with 10 sccm nitrogen flow rate compared to films
grown at lower nitrogen flow rates. This result further confirms the non-linearity observed
at 10 sccm flow rate. We speculate that the gas phase chemistry during nitrogen doping at
the deposition parameters examined might be responsible for the non-linearity observed. In
general, what can be inferred from the data here is that low nitrogen concentration leads to
a grain refinement that introduces a high degree of disordered sp?/a-C content in the grain

boundaries which quenches NV~ centres.

The surface roughness analysis of the deposited films gave further information about the
robustness of PCDs for use as NV based detectors. As anticipated, sample P6 demonstrates
low surface roughness which is essential for reducing thermal noise due to heat dissipation
at the surface. The reduced thermal noise aids in improving the detectable magnetic field
if sample P6 were to be used for magnetic field sensing applications. It has been shown by
Tang et al. [206] and Cicala et al. [207] that NCDs in general have low surface roughness,
however, the result presented here shows a decrease in surface roughness with an increased
grain size. Several factors can affect the surface roughness of deposited films, for example,
the film material, the orientation of the grains, and surface state of the films. Here, the
changes observed in the surface roughness of the deposited films is explained from a surface
state perspective. It is conjectured that there is a linear relationship between the surface
roughness and nucleation sites [208]. Surfaces with more nucleation sites (the appearance of
more grains) tend to have a higher degree of roughness compared to those with less nucleation
sites. Secondary nucleation occurring at the surface of the PCDs is the main reason for the
changes in the surface roughness parameters. Undoped samples and samples doped at high
concentration (8 - 10 sccm) have less secondary nucleation sites, hence the reason for their

low surface roughness.
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4.4.3 Effect of Surface Nitrogen on the Crystallographic Orienta-
tion

As may be observed in Figure low surface nitrogen concentration induces an increased
proportion of (111) textured grains, while a high concentration at 10 sccm reduces the pro-
portion of (111) textured grains with a preferred orientation in the (220) direction. To further
confirm our GIXRD results, another set of experiments was carried out and the results of
these experiments were compared with the previous experiments in Figure {.11] A summary
of the orientation of the deposited films and the ratio of intensity of the (111) diamond peaks
to the (220) peaks is reported in Table [£.5] From the comparison in Figure [1.11] it appears
that the crystallographic orientation of films is mostly random at low surface nitrogen con-
centration; a preferred orientation is chosen randomly and the mechanism for this is still
not well understood. In contrast, films were highly oriented in the (220) direction at high
surface nitrogen concentration, for example, at 10 sccm. At 10 scem, it may be possible that
nitrogen dopant act as a grain refiner thus aiding in the transition from (111) texture to (220)
texture. Possibilities exist that at high nitrogen flow rates, the nitrogen atoms are preferen-
tially absorbed at the non - (111) planes of micro-size diamonds. Since nitrogen increases the
growth rate, this may have lead to an increased amount of the non - (111) grains in the film.
Furthermore, obtaining a favoured orientation in the (220) direction suggests the possibility
of controlling the orientation of diamond grains in the (220) direction using high nitrogen
concentration while keeping the methane and hydrogen concentration fixed. This result is
complementary to the work of Jia et al. [209] where it was shown that the orientation of
diamond films can be controlled by tuning the methane concentration and microwave power
during CVD. Our approach may be a more favoured method because it is relatively easy and

does not involve the control of more than one parameter.
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Figure 4.11: An intensity chart showing the orientation of the deposited films with
varying nitrogen concentrations (a) ratio of I(111)/I(220) for the first experiment (Experi-
ment A) (b) ratio of I(111)/I(220) for the second experiment (Experiment B). Introducing
10 scem of surface nitrogen favours grain orientation in the < 220 > direction.

4.4.4 Possible NV~ Centres Creation Mechanism in Quasi-similarly

Doped PCD Films

The PCD films synthesized in this paper are quasi-similarly doped and as revealed by XPS
analyses of samples, we can infer that NV centres occur in their neutral states when the actual
[N/C] is less than 0.0025, and as the [N/C]| ratio increases NV centres in their negatively
charged states are formed. This is because nitrogen acts as an electron donor and can transfer
electron to the neutral charged centres. This result is in agreement with the work of Chen
et al [0I]. Also, inference from the Raman spectra results indicates a high degree of sp?
structural disorder at low nitrogen concentration and this could explain the dominance of
NV centres at the surface of the films. Films with low structural disorder and high [N/C]
ratio like sample P6 are therefore likely to hold more negatively charged NV’s at the surface
and this was indeed the case of the sample reported earlier by Ejalonibu et al. [90] (in chapter
3). Based on these correlations, a model for the formation of NV~ centers in quasi-similarly

doped polycrystalline diamonds synthesized at low pressure is diagrammatically proposed in

Figure
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Table 4.5: Preferential orientation of the deposited films under varying surface nitro-
gen concentration

Samples Experiment A [I(111)/I(220)] Experiment B [I(111)/I(220)] Preferred Orientation

P1 1.583 0.532 Random
P2 1.313 0.584 Random
P3 1.912 1.242 <111 >
P4 0.922 0.844 <111 >
P5 1.444 0.935 Random
P6 0.738 0.724 < 220 >

1. At low surface nitrogen flow rates ([N/C] < 0.0020), the diamond growth mechanism
is slow enhancing a secondary nucleation process that favours the growth of nanocrys-
talline grains. The nanocrystalline grains formed have large grain boundary density

containing a large quantity of disordered sp?/a-C content in the grain boundaries.

2. At medium surface nitrogen flow rates (0.0020 < [N/C] < 0.0022), grain size increases
which introduces some degree of orderliness to the sp? content in the grains and at the
grain boundaries. The quantity of sp?/a-C phases present at this stage still prevents

the formation of NV~ centres.

3. At high surface nitrogen flow rates([N/C] > 0.0025), the quantity of nano-grain sized
diamond reduces except at the grain boundaries. The degree of disordered sp?/a-C con-
tent decreases with increasing grain size thereby enabling the formation of NV~ centres

on the grains. Also, the grain boundary line density is greatly reduced.

In the proposed mechanism, low surface nitrogen induces some level of non-diamond carbon
phases which may inhibit the formation of NV~ centres. Importantly, the actual amount of
atomic nitrogen present in the PCD films also plays a role. To locate stable NV~ optical
centres in PCDs at low growth pressure, this experiment confirms that carefully chosen dop-

ing concentration is needed. In particular, reduced sp?/a-C content, optimized [N/C] ratio,
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Figure 4.12: Proposed growth mechanism for the surface morphology of polycrytalline
diamonds under step-wise surface nitrogen doping. NCD grains are dominant at low
surface nitrogen flow rate while they aggregate into larger grains with an increase in
nitrogen-flow rate. The lower disordered sp?/a-C content and increased grain size in
PCD films formed with high surface nitrogen flow rates enables the formation of NV~
centres.

and minimal grain boundary line density is desired for the formation of stable NV~ centres
at low deposition pressure. Although other surface conditions such as hydrogen termination
may result in the quenching of useful NV centres, here we have shown that using a 10 sccm
surface nitrogen flow rate for 1 hour gives the desired sp?/a-C content and grain boundary

line density necessary for NV~ centres formation at low deposition pressure.

4.5 Conclusion

In summary, the effect of step-wise nitrogen doping and its consequences on the formation of
useful NV centres in PCDs has been investigated in a MPCVD apparatus when the microwave
power and substrate temperature are kept at 800 W and 700°C respectively to understand
the principle behind the formation of NV centres in PCDs deposited at low pressure. Surface
properties of the deposited films were probed using Raman spectroscopy, PL spectroscopy,
SEM, AFM, XPS, and GIXRD. The results obtained from Raman spectroscopy and validated
by SEM micrographs revealed the formation of nano-grains with a high-degree of disordered
sp?/a-C phases at low nitrogen concentrations. The degree of disordered sp?/a-C phases
decreased with an increase in nitrogen flow rates. The degree of disorderliness of the sp?

bonds and the actual nitrogen content in the films was found to have a strong influence on
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the formation of NV~ centres in diamond grown at low pressure. In fact, in low sp? disordered
grains, NV~ were found to be formed likely because there were little amounts of impurities
available for quenching the NV~ centres. It was also found that high nitrogen flow rates
limits grain boundary evolution thereby reducing the amount of sp?/a-C phases found in the
grain boundaries of the deposited films. Low surface roughness of approximately 8 - 10 nm
were obtained for films with high nitrogen concentrations. The low surface roughness of high
nitrogen doped diamonds enables their use for optimized NV center detectors. Finally, the
results obtained from GIXRD indicate the formation of highly oriented grains in the (220)
crystallographic direction, therefore indicating the possibility of obtaining highly textured
films by changing the flow rate of the nitrogen gas during CVD. Ultimately, CVD diamonds
are prone to hydrogen termination at the surface in addition to other impurity contents that
may result in the quenching of NV~ centres. Implementing a series of heat and chemical
treatment have been used by others to functionalize and stabilize NV~ centres in diamonds.
We propose that tuning the nitrogen concentration during CVD as reported in this work is
a more feasible approach to obtaining an ensemble of active NV~ centres in diamond grown
at low pressure. It is anticipated that this work will provide a basis for understanding the
principle for the formation of NV~ centres in PCDs grown at low pressure useful for magnetic

field sensing and other quantum applications.

4.6 Future Outlook

The field of NV centre fabrication in PCDs is a scarcely researched area owing to the diffi-
culties involved in the process. Nevertheless, the author of this dissertation has taken time
to explore this area extensively in chapter [3] and chapter [dl The main highlight of these
chapters is in the careful selection of an optimal parameter for the growth of NV optical
centres in PCD diamonds and the understanding of a possible mechanism for the formation
of NV centres at low pressure. While our experimental exploration goes a long way in the
understanding of the formation processes of NV centres in PCDs deposited at low pressure,
insights and interest in this area is still evolving. The following problems need a solution

before films deposited using this method can be used for magnetic field sensing applications:
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1. Orientation of NV centres: Preferential orientation of NV centres in diamond films
is targeted at limiting unwanted background noise, increasing sensitivity, and simpli-
fying device operations [I11]. The preferential orientation of NV centres has been
achieved in SCDs [117, [118], this result however remains a nightmare in PCDs because
of the random orientation of grains. While it is not experimentally feasible to engineer
perfectly preferentially oriented NV centres in PCDs, it is possible to have approxi-
mately 70% of the grains containing NV centres aligned in the same crystal direction.
This can be achieved via careful deposition parameter(s) tuning as demonstrated in

this chapter.

2. Stabilizing surface charge state: In most cases, NV centres located within a few
nanometers from the diamond surface are found in their neutral charged states [90].
This becomes a critical problem in PCDs because of the presence of grain boundaries
and nanocrystalline diamonds at the surface harbouring a huge amount of graphitic
impurities. Certainly, there is a need to understand the mechanism of charge state
conversion in both SCDs and PCDs. Commonly studied is the mechanism of NV
centre formation and charge state conversions in SCDs. However, to date, there have

been no studies explicitly detailing the same in PCDs.

The above listed are some challenges that need to be addressed before advancing in the use
of PCDs for magnetic field sensing applications. Note that it is not the aim of this thesis
to address all gaps listed but to establish the possibility of using this fabricated material for
sensing applications. In the following chapter, a novel NV sensor magnetometer for wide-field
magnetic sensing applications was designed and constructed. The detector developed was
later tested for performance by utilizing it to sense inhomogeneous fields in a typical Halbach

magnet configuration.
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CHAPTER 5

ON THE DESIGN AND PERFORMANCE TESTING OF A
SCALABLE NV DETECTOR FOR MAGNETIC SENSING

APPLICATION.

“Whatever is in your magnetic field is attracting to itself, and so the more love in

your field, the more power you have to attract the things you love.”

— Rhonda Byrne

Some part of this chapter is based on the manuscript:

Ejalonibu, H., Sarty, G., & Bradley, M. (2021). Towards the design and operation of a
uniformly illuminated NV detector for magnetic field mapping application. (to appear in the

Journal of Measurement Science and Technology, IOP).

5.1 Introduction

In recent times, the unceasing demand for magnetically based medical devices has motivated
research directed towards the development of novel sensors for the detection and charac-
terization of magnetic fields. The rapid progress made in the development of magnetically
based miniaturized medical devices integrated with field sensors has greatly improved the
quality of everyday life [210]. Examples of magnetically based medical equipment include

MRIs, blood separators, magnetic switches, e.t.c. [211]. Of the listed devices, MRIs are the
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most interesting yet complicated devices which produce high-resolution images of internal
organs and aid in the diagnosis of a variety of diseases. The magnet configuration in tradi-
tional low-field MRI systems is designed to have a uniform static By field. Recently, however,
low-field MRI magnets are now designed with inhomogeneous By fields, where the By field
can be shaped in such a way that there is a region of a homogeneous field in the imaging
field of view (FOV) surrounded by an inhomogeneous field. An example reference to a mag-

net configuration with an inhomogeneous By field is in the work of Sarty and Vidarsson [212].

Several methods have been developed to sense and characterize inhomogeneous radially-
varying static magnetic fields in low-field magnets. Static magnetic field sensing with SQUIDs,
Hall effect sensors, and AVMs are common methods. An exact spatial quantification of the
By field in magnet configurations of such is needed to generate an accurate image from asso-
ciated MRI systems. Reports on the use of SQUIDs and AVMs as magnetic field detectors
at low and ultra-low fields have been discussed in chapter [If and can also be found in Refs.
[28, 29, 30, BT, [, 36l B37]. Although SQUIDs offer exceptional sensitivity, the presence of
magnetically shielded room and cooling of elements with liquid nitrogen or helium is needed
for their operation [32, B3]. Additionally, to obtain high sensitivities and long T; times for
the alkali spins, AVMs of size in the order of cm® are needed, thus making them bulky and
not applicable for compact applications. Clearly, existing sensor types cannot satisfy the
requirements of a combination of high magnetic field sensitivity and spatial resolution, com-
pactness, and ambient temperature operations needed for low magnetic field sensing. Also,
it would indeed be a huge time investment for a technician to utilize a SQUID or AVM for

magnetic field characterization in the laboratory.

Here, it is proposed that the problem of bulkiness associated with the use of AVMs and other
related magnetic field sensors can be solved using quantum materials based on spin qubits
found in diamonds possessing remarkable magnetic properties. Given the rapid progress in
the area of quantum sensing, one would expect that reasonable progress should have been

made in the integration of such detectors with magnetically based medical devices e.g low-
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field MRIs. Particularly, the technology we seek must be scalable and accessible outside
the laboratory setting. Furthermore, it is expected that the construction and operation of
these miniaturized sensors is made simple enough to be easily set up by nonspecialists (those
with little or no experience working with NV centres). A few recent papers [213, 214] have
targeted the development of compact devices based on NV centre magnetometers without
comprehensive details. As a result, we feel it will be important and helpful to provide a
comprehensive and detailed description of the construction and operation of a simple but
scalable NV centre detector for magnetic field detection. The author of this dissertation
would like to point out that there are major distinctions between papers published in the
construction of NV centre magnetometers and the sensor designed here. The setup presented
in this chapter is different from other setups found elsewhere because: (i) it reduces the
complexity associated with confocal microscopy widely used for harnessing the properties of
NV centres in diamond (ii) the system is simple and scalable; making it possible to further

miniaturize by replacing bulky electrical and microwave components with integrated circuits

and software-defined radios (SDRs).

In this chapter, the design and construction of a new NV sensor system is described; the
main aspect of the design including the design parameters, optics, microwave engineering,
and electronics were detailed. In addition, we tested the new system by comparing its emis-
sion line performance from experimental fluorescence (FL) maps obtained with that of a
confocal system under varying optical powers. The new system status and proposed perfor-
mance for sensitivity to fluorescence emission were accessed in terms of signal-to-noise ratio
(SNR) and signal-to-background ratio (SBR). In conclusion, the extendibility, scalability, and

limitations of the design are discussed.

5.2 Theory

Although the electronic structure, optical, and spin properties of the NV centre have been

discussed in chapter [2| it is necessary to briefly highlight the main properties of the colour
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centre which make it attractive to the bio-imaging community. The NV centre emits red
fluorescence signals in the energy range 1.65 - 2.0 eV (637 - 750 nm) when pumped using a
green laser of about 2.33 eV (532 nm) photon energy. The emitted fluorescence can be used
to detect spin transitions induced by microwave radiation, thus leading to optically detected
magnetic resonance (ODMR). The orbital ground and excited states of the NV centre are
spin-triplets, labelled as (*As), and (3E) respectively. The 3As and 3E states have three
sublevels with magnetic quantum numbers m; = 0, 1. Here, m; is the spin projection along
the NV centre quantization axis. To further understand the magnetic sensing applications
of the NV centre, the ground state (*Az) Hamiltonian H in the presence of static magnetic
field is given by:

ﬂ/h:D(§z2— %) +1.B-S, (5.1)
where 7 is the Planck constant, D = 2.87 GHz is the zero-field splitting parameter, ]—3) is the
magnetic field vector, y, = 28 MHz/mT is the gyromagnetic ratio of the electron spin in the
NV, and_S) is the S = 1 spin operator. If the By field is applied along the NV crystallographic

axis (chosen as the z direction by convention), the Hamiltonian H becomes:
. <2
H/h =DS,; +y.BoS., (5.2)

under this condition a splitting in the mg = +1 sublevel is observed as given by AE = y.By,
and the applied By field is determined through the detection of the Zeeman shifts of the NV
defect ground state spin sublevels. Note that the energies of the mg = £1 sublevels is linearly
proportional to the applied magnetic field By - the principle of the NV centre sensor is based
on the optical detection of this energy shift.

To compare optical instruments, it is important to choose a standard metric for performance
comparison. Customarily, one is interested in how sensitive an optical design is, nonetheless,
sensitivity can be measured in several different ways. Some common metrics used to measure
sensitivity include SBR, SNR, the lower limit of detection (LLD), and the Z’ factor to mention

a few. In optical designs, an ideal metric will take into consideration the mean signal, mean
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background, signal variation, and background variations. Here, two important metrics for

performance comparison used in this chapter were defined.

1. SBR is the ratio of the mean signal level to the mean background level given by:

Mean Signal

SBR = (5.3)

Mean Background

The SBR ratio is however regarded as an inadequate measure of sensitivity because it
does not account for signal variation or background variation [215]. It does not provide

a means of comparing between two instruments with different background variability.

2. SNR is regarded a better metric than the SBR and it is defined as:

SNR = Mean Signal — Mean Background

A4
Standard Deviation of Background (54)

The SNR is widely used for determining the integrity of signals. In contrast to the
SBR, SNR takes into account variations in the background. It takes into account that
the signal quantification integrity increases as the variation in the background signal

decreases.

5.3 Detector Design and Construction

A detector system based on an ensemble of NV centres in diamond was designed for the
purpose of characterizing the By field in a Halbach magnet configuration. It was required
that the proposed design fulfills the following requirements: (a) the detector is sensitive in
the mT range and has a sensitivity comparable to a confocal system of detection (b) the
illumination or scan area covers the diamond sample at the heart of the NV detector system

(c) the detector’s power consumption is minimal (d) detector is simple enough to be scalable.

Figure is a detailed schematic illustrating the system configuration incorporating optics,
RF, and the magnet system highlighted in purple, blue, and red boxes respectively. To
understand the design concept, we refer to the theory and role of each component shown in

Figure 5.1l and discuss the rationale for choosing each component in the following sections. A
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list of all components used in the experimental design with a detailed description of vendors

is found in Table 5.1l and Table 5.2

5.3.1 Optics

The optical components used in this setup are mainly commercial. Although similar confocal
systems have been described earlier in Refs. [216], 217, [94], our system differs because of its
simplicity and the presence of fewer optical components, thus eliminating optical redundancy.

Figure shows a photo of the laboratory set-up of this design.

Diamond

A (100) diamond plate (DNV-B1) of 3 x 3 x 0.5 mm3 (Element Six, Oxfordshire, OX, UK)
laser-cut with +/-3° misorientation was placed in the bore of the magnet. The concentrations
of NV centres in the crystal as measured by the manufacturer was 300 ppb with a T time of
about 1 ps, and a Ty value of 100 ps. The NV centres were homogeneously distributed over
the diamond sample and randomly oriented along one of the four crystallographic axes of
the SCD diamond lattice. It was assumed that the coherent properties of the diamond sam-
ple are sufficient for this application, hence no further annealing or chemical treatment was
carried out on the sample to improve its properties. A silicon wafer was placed underneath
conductive double-sided tape and the diamond sample was placed over the configuration -
the same tape was used to transmit the microwave line. Silicon wafer was used because it
absorbs approximately 70% of the incident green light, and does not emit red fluorescence.
Contrary to the idea of a confocal laser illumination system where a small spot on the surface
of the diamond sample is illuminated, the goal of this design was to illuminate the entire
sample. The area of the illuminated spot depends on the wavelength of the laser light and
the specifications of the beam expander (BE) used to obtain a larger output beam diameter.
Since an objective lens was not included in this design, the diffraction-limited spatial resolu-
tion was proportional to the excitation wavelength, and the numerical aperture of the object
illumination source. The requirement for a diffraction-limited resolution is never fulfilled in

this design because every optical component has some imperfection or misalignment associ-
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Figure 5.2: Photograph of the experimental design set-up on an optical bench from
a top-down view. In the upper left of the image, a zoomed photograph of the dichroic
filter at 45° focusing on the diamond sample mounted on a copper line delivering the
microwave for NV spin manipulation is shown.
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ated with it. Essentially, it was required that the entire (001) diamond plane is uniformly

illuminated.

Laser

An ensemble of NV centres was diamond sample is then illuminated with a compact col-
limated laser-diode-pumped (DPSS), 532 nm laser module (Thorlabs Inc., Montpellier St.
Laurent, QC, CA). The laser had a nominal power of about 4.5 mW and was surrounded by
a P11 mm housing case. A 5 VDC regulated power supply, with a 6 ft cable and a 2.5 mm
phono plug extending from the body of the power supply was used to power the laser. The
ODMR technique utilized in this thesis is dependent on detecting relatively small changes in
the fluorescence intensity [94], it is therefore required that the excitation laser was sufficiently

stable at least during the period of measurement (< 3 % RMS).

Beam Expander

The laser interfaces the BE (Edmund Optics Inc., Barrington, NJ, USA ) which increases
the diameter of the input beam into a larger output beamE]. Modern-day laser BEs are
afocal systems, meaning object rays enter parallel to the optical axis and exit parallel to
them. The use of the BE is of importance in this design because they reduce beam power
density and irradiance (diverging beam over large areas other than concentrating at a point);
such reduction can increase the lifetime of laser components, and most importantly reduce
laser-induced damage. A fixed magnification BE with 3X expansion power in the wavelength
range between 500 - 570 nm with an entrance aperture of 10 mm, and an exit aperture of 23
mm was used in this design. To calculate the beam diameter at a distance L, the following
Equation [218] was used:

20
D; = (Mp + D]) + L - tan (—1) (55)
Mp

IThe author acknowledges Doug Miller for the discussion on the use of the BE.
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Table 5.2: Detector components with a list of vendors and websites.

Component Vendor URL

Laser Thorlabs www.thorlabs.com

DC power supply Thorlabs www . thorlabs.com

Dichroic Mirror Thorlabs www.thorlabs.com

Optical Filter Iridian Spectral Technologies www.iridian.ca

Beam Expander Edmund Optics www.edmundoptics.ji
Microwave Source CROWDSUPPLY www.limemicro. com—_
Power Amplifier RFBay www.rfbayinc. comi

CCD Camera FLIR www.flir.ca

Imaging Lens Edmund Optics www . edmundoptics. comi
DC Power Supply - WWW.amazon. ca ]

where L is the working distance, 6; is the input beam divergence, Mp is the beam expander
magnifying power, and Dy is the input beam diameter. All working distances and diameters
here are measured in mm, while the input beam divergence is measured in radians. For the
DPSS laser used, the input beam diameter was less than 2 mm and the input beam diver-
gence was less than 1 mrad. The output beam diameter obtained was approximately 4.50 mm

at an optimized distance L, thus satisfying the 3 mm X 3 mm sample area illumination needed.

Dichroic Mirror and Long Pass Filter

The long pass dichroic mirror (DMLP567) with a cut-on wavelength of 567 nm (Thorlabs
Inc., Montpellier St. Laurent, QC, CA) placed at 45° reflects green light and transmits red.
As shown in Figure [5.3] the mirror has a guaranteed transmission band from 584 - 800 nm;
in this band, the average transmittance of the mirror is Tgyy > 90%. Also, the mirror has
a guaranteed reflectance band in the range 380 - 550 nm with an average reflectance value
Raog > 95%. Emitted red fluorescence from the diamond sample passes through the dichroic

mirror and was filtered by a bandpass filter (Iridian Spectral Technologies, Ottawa, ON, CA)

98


www.thorlabs.com
www.thorlabs.com
www.thorlabs.com
www.iridian.ca
www.edmundoptics.com
www.limemicro.com
www.rfbayinc.com
www.flir.ca
www.edmundoptics.com
www.amazon.ca

in the wavelength range 595 - 800 nm. Every optical component in the detection path causes
some form of intensity loss in the system. In particular, filters used in the optical system
result in the largest intensity losses [219]. Filters are of three types: (i) interference filters
made from transparent optics coated with several dielectric layers, (ii) hybrids made from
absorbing optical flats coated with dielectric layers, and (iii) those from absorbing/coloured
glass [220]. The dichroic filters used in this design are of the interference type. Specifications
of the most suitable filter depend on the laser line used. Ideally, a dichroic filter incident at
459 with up to 80% transmission is required. For the bandpass filter, a transmission efficiency

of 50 - 90% is highly desired - this requirement is met with the optical filters chosen.

Transmission
Reflectance

80- /\/\/\/\ N\
‘\W/ \/

100

60

%

40

20 :}M\ ~
| MAVAY

0 500 1000 1500 2000 2500
Wavelength (nm)

Figure 5.3: A graph showing the transmission and reflectance band in % of a
DMLP567 dichroic mirror. The mirror has a transmission band from 584 - 800 nm
and a reflectance band in the range 380 - 550 nm. The data plotted was adapted from
www.thorlabs.com

Charged Coupled Device (CCD) and Imaging Lens

The emitted fluorescence is afterwards collected with a 3MP coloured Chameleon USB 2.0

camera (FLIR, Vancouver, BC, CA) with an imaging lens in the collection path. The design
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employs a flat (2D) charge-coupled device (CCD) detector which gives a focus when the tar-
get falls within the depth of field of the lens. The sensor of the camera is a Sony 1CX445, 1/3”
CCD with 1296 x 964 resolution and a maximum frame rate of 18 frames per second (FPS).
Although the camera has an exposure range of 0.01 ms to 10 seconds, it will be seen later
that the exposure time also depends on the memory capacity of the computer used for read-

out. The custom image settings used for fluorescence frame collection are shown in Figure[5.4

Camera Settings Custom Video Modes

standard video Modes Mode Image Information
_ Mode: Maximum image size: 1296x964
Pixel Format Image size units: B(H), 2(V)
Camera Information Pixel Farmat: Image offset units: 2(H). 20)

Camera Registers Pre coler processing subsampling:
Image MN/&

Left: | 250 E” \Width: | 664 E" Post color processing subsampling:
Advanced Camera Settings T e IR MIA

Start: (290,192) End:(954,832) Top: | 1+ Height | S Standard binning: Unknown

Dimensions: 664 x 640 Max | Si
Cursor: (NfA) | Center ROI || o maas El

Trigger { Strobe

High Dynamic Range

Bayer binning: Unknown
Cols: VA Rows: NiA

- = Bandwidth Information
IR

Horizontal Vertical Image Size: 424 KB

System Information . Estimated Bandwidth: 3 MBis
Packet Size

BusTopology
128 D

Look Up Table

Frame Buffer Binning (GigE Only)

Data Flash

Help [ Support

Packet Size: 1280 EI

Packet Delay
Min

Packet Delay:

Figure 5.4: Custom image settings on the camera for collecting fluorescence frames.
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In selecting an imaging lens for the CCD camera, several factors including the optical work-
ing distance, FOV, and cost were considered. Of the three metrics mentioned, the FOV
is important to maximize the potential spatial resolution of the detector setup. Table 5.3
presents details of camera lenses considered with a FOV vs. price tradeoff table. The imaging
lens chosen for this design had a focal length of 8.50 mm and a working distance of 100 -
co mm. With a 1/3” CCD sensor format, the horizontal, vertical, and diagonal FOV were
59.1 mm, 43.4 mm, and 76 mm respectively. Although 3D information cannot be obtained
from this configuration, the blurred out-of-field target depth still contributes to the intensity
obtained from the detector. Another difference between the proposed system and a confocal
system is the ability of a confocal system to obtain 3D information by sacrificing the area
of view. By collecting signals exclusively from a single illuminated point at a time, lateral
and axial resolution is enhanced in the confocal system compared to the system described
here. The efficiency in the illumination and detection path is often not of great importance
in this design, as lost emission can be easily compensated for by shortening the collection
path (L) and increasing the detector’s integration time. To improve the detection efficiency,
our proposed system has few optical elements in the detection path to avoid losses due to
reflection or absorption [221]. Annular apertures were also avoided in this setup because
they obscure large fractions of fluorescence light and reduces detectability limits by increas-

ing Poisson noise [222], 223].

5.3.2 Microwave -+ Electronics

For manipulating NV spins in the diamond sample and recording ODMR spectra, microwave
frequency in the GHz range was transmitted using a low-cost SDR operated in transmit (TX)
mode driven with open-source GNU Radio software. The SDR was a LimeSDR (CROWD-
SUPPLY, Guildford, Surrey, UK) operated in a continuous frequency range 100 kHz — 3.8
GHz with a bandwidth of 61.44 MHz. To take advantage of the wide-area illumination on
the diamond sample, a feasible idea was to deliver the microwave line using a double-sided
copper tape soldered to an SMA connector attached to the back of the diamond sample. The

S11 parameter obtained from using this approach was about 3.88 dB which means about
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50% power is reflected and 50% power entered the antenna. To detect By fields using the
ODMR approach, a microwave frequency sweep from 2.70 GHz through about 3.10 GHz is
required depending on the strength of the field to be detected. The transmit power of the
LimeSDR within this range was < 2.31 dBm and was insufficient to fully resolve an ODMR
spectrum. One problem using the LimeSDR as a microwave generator was that the transmit
power at the frequency of interest was barely sufficient for microwave manipulation. Typical
microwave power needed for adequate excitation is > 10 dBm [224, 217, 225]. To bump up
the power, an amplifier is needed. In choosing an amplifier, the P1 power is considered; this is
defined as the output level at which the power has deviated from true linearity by 1 dB [226].
All classes of amplifiers have a P1 point as it is the most useful reference to output power
and can be measured directly. Beyond the P1 point, an amplifier goes into compression as
input power is increased. Therefore, if the desired power of about 30 - 35 dBm is needed, an
amplifier having a P1 point of 10 dBm or more is needed. For amplification, an MPA series
+30 dBm RF power amplifier (RFBAY Inc., Gaithersburg, MD, USA) in the frequency range
2000 - 6000 MHz with a gain of 33 dB was used. The amplifier was powered with a generic
Gophert, 0- 60 V, 0-3 A, and 110 V/220 V adjustable DC power supper supply. By using

this amplifier for power boost, a 30% increase in the S11 parameter was obtained.

To transmit microwave frequency using the LimeSDR, we employed the use of an open-
source GNU Radio software (www. gnuradio.org) interfaced with a simple python script (www.
python.org) by connecting modular signal processing components into a flow graph to ob-
tain frequency sweep functionality. Primarily, SDRs typically comprise analog-to-digital and
digital-to-analog converters, signal down and upconverters, field-programmable gate array
(FPGA), and a USB interface [227]. Figure shows the software architecture and im-
plementation package consisting of a python script and several C++ based GNU Radio
flowgraph elements of the CW microwave transmitter. A GNU Radio flowgraph consists of
a signal generator, signal processing, input and output blocks connected by virtual wires.
Wires conduct signals in the direction indicated by the arrows. The flow graph in Figure

comprises a cosine waveform sent out in packets at a 10% sample rate with random noise
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generated in the mix. The addition of the signal and noise source generated were then passed
onto the LimeSDR for output. A python module containing a script to automate the mi-
crowave frequency sweep is included in the flow graph. In addition, a function probe with
a poll rate of 1 Hz was introduced into the architecture to generate an exact timing for the

microwave sweep.

5.4 Methods

Fluorescence maps obtained from the optical design were processed sequentially as diagram-
matically shown in Figure [5.6] Optical excitation is first achieved using a 532 nm laser set
to wide-area illumination with the aid of a BE as shown in Figure [p.6[a). The resulting
two-dimensional fluorescence is projected onto a 1296 x 964 pixel CCD camera detecting the
entire image with an integration time of 100 ms. For each laser illumination power, camera
frames were appended to the computer memory to form a 3D volume of data giving the
value of luminescence for each pixel (x,y) of the camera at each laser power (P) as shown in
Figure (b) Subsequently, the CCD fluorescence frames obtained were corrected for dark
current, bias, and sensitivity-related errors as shown in Figure[5.6(c),(d), and (e). In an ideal
situation, the number of electrons collected in a pixel during exposure is proportional to the
number of photons emitted from the NV diamond sensor. However, in practice, the number

is impacted by thermal agitation in the pixel amidst other factors.

Furthermore, the number of electrons produced by the NV photons is dependent on the sen-
sitivity of the camera’s pixel to incident photons - mostly due to the efficiency of the optical
system to deliver photons to various locations on the camera’s chip. Depending on the tem-
perature of the CCD chip, dark current fills each pixel with electrons at a steady rate. The
total number of electrons contributed by the dark current depends on the temperature of the
chip and the integration time. By standard practice, dark current is corrected by subtracting
an image that contains only the dark current contribution to the main image (taken with
the camera’s shutter closed). The image to be subtracted is captured at the same CCD

temperature, and integration time as the main image.
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When a camera reads the data on a sensor, it generates a small amount of noise added to the
value of the image recorded. Bias correction removes grid noise generated by the camera as it
hits the pixel when photons hit the sensor. Correcting for bias error is made by subtracting
a separate dark image taken at the fastest exposure time of the camera. Lastly, the CCD
chips are not equally sensitive to light across the surface, flat field corrections account for the
sensitivity variations across the chip. A flat field is taken with the camera surface exposed

to a flat equally illuminated view in the linear exposure range of the camera.

To characterize the fluorescence emission performance of the new system described in this
chapter, the SNR of the system was analyzed and compared with a traditional confocal

2 on the diamond

system schematically shown in Figure . A spot size of about 6 mm
sample is illuminated with the aid of an aspheric lens L2, (Thorlabs Inc., Montpellier St.
Laurent, QC, CA). The same lens collects and directs red fluorescence obtained from the
sample to a convex lens L1 placed in the optical path to suppress background fluorescence
from the green light. The lens L1 is also used in this setup to focus collected light onto
the camera. For averaging, each fluorescence intensity was obtained 5 times from the set-
ups. The camera frames were again passed through the same processing cycle in Figure [5.5]

It must be mentioned that the setup described in Figure is common in the NV centre

community.

5.5 Results and discussion

5.5.1 Performance comparison

As highlighted in the design requirement section of this chapter, detection efficiency and emis-
sion light performance are metrics influencing the sensitivity of the new NV sensor system.
Results obtained from optical systems including ours must pass through high-resolution in-
formation and fluorescence intensity evaluation. For resolution measurements, it is standard
to measure the FWHM of bright and well-separated fluorescent point sources. An alternative

is by using two rather dim sources (Rayleigh criterion [228] 229]). Nevertheless, since the
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system here was not yet intended for a magnetic imaging application, it was essential to
confirm that the output of the sensor is sensitive enough for an eventual imaging application
(having a reasonable signal that is suitably distinguishable from noise i.e high SNR). Having
SNR information of a detector give valuable information on the sensitivity of the system.
Central elements in the optical path contributing to SNR are the optical laser source and
the detector. The laser source because it accounts for the fluorescence intensity emitted from
the NV centre and the detector as it places a fundamental limit on the SNR. Additionally,
for the given signal within a specific region-of-interest (ROI) to be detectable it needs to
be greater in intensity than the background, hence the SBR. Work by Ferrand et al. 2019
[230] extensively analyzed the image quality in a confocal microscope setting using NoiSee
workflow. A different approach was taken in this chapter by using the SBR/SNR metric to
compare the emission light performance of our design and the confocal set-up under different

optical excitation conditions.

First, it is necessary to identify the different optical power regimes for the optical system.
The saturation regime (the region where the NV detector starts to give a non-linear response)
was distinguished from the undersaturated regime (regions of low laser power that minimizes
photobleaching of the NV centres) by carrying out a comparative power-dependent excita-
tion. The fluorescence saturation curves in CW laser excitation were collected to characterize
the influence of laser power on the spontaneous emission rate of the fluorescence NV centre
as shown in Figure The excitation power was varied with the use of a neutral density
(ND) filters of varying optical densities. Using ND filters of optical densities 0.3, 0.5, 0.8,
1.0, and 2.0, laser powers of approximately 2.25 mW, 1.44 mW, 0.72 mW, 0.45 mW, and 45
uW were obtained respectively. The fluorescence intensity was obtained from both setups
in the presence and absence of backgrounds. Larger fluorescence intensities were obtained
when background signals weren’t subtracted. In addition, an increase in the fluorescence
intensity was observed in the confocal microscope set-up indicating the likelihood for a bet-
ter SNR when compared to new the set-up. Saturation effects take place with increasing

optical power. The approximate optical saturation power for both designs is about 2.1 + 0.3
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Figure 5.8: Fluorescence saturation plot comparison (a) saturation plot obtained by
integrating fluorescence in the red region for our new design (b) saturation plot obtained
by integrating fluorescence in the red region for the confocal system set-up. In both
designs, optical saturation power is approximately 2.1 + 0.3 mW.

mW. This result indicates that optical excitation below the 2.1 + 0.3 mW range is in the

undersaturation regime while optical excitation above is in the saturation region.

To have comparable performance measurements between the optical designs, several param-
eters needed to be set. First, the diamond NV sensor needed to be illuminated with fixed
laser power and in the same area. This was achieved in the new design by completely illumi-
nating the entire diamond sample with the unwanted background signal being suppressed by
a bandpass filter. In the confocal system, emitted fluorescence was collected with an aspheric
lens used for excitation. All emissions were collected then the entire region-of-interest (ROI)
corresponding to the approximate area where the fluorescence is dispersed on the sample
for analysis was selected on the CCD image - it should be mentioned that the method isn’t
an ideal confocal set-up but it allows for fair comparison. Further, the camera exposure,
integration time, and collection path must be kept constant between the two set-ups. In ad-
dition to all these, the frame size in the CCD software was kept constant for comparability.
In the measurement of SBR, background/dark current variability may exist, for this reason,

20 different dark current averages were collected to ensure we have a good account of the
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background variability.

Emission light performance was compared at four varying optical powers corresponding to
the saturation and undersaturation laser regions. Figure [5.9] shows the fluorescence maps
acquired for both design set-ups. It is important to mention that maps presented for com-
parison were acquired using the same conditions - laser optical power, integration time, and
collection distance (L). Fluorescence maps were collected at different optical excitation pow-
ers to ensure the capability of the sensor was tested under different CCD detection ranges,
thus maps were collected at saturation and just below saturation. Figure (a,b,c,d) repre-
sents fluorescence maps obtained from our design, while Figure (e,f,g,h) are fluorescence
maps obtained from the confocal system set-up (only a selected ROI was considered here).
A trusted comparison metric for an optical sensor of this kind is the SNR/SBR and these
calculations were carried out with a macro developed in Fiji software. At varying laser power,

5 repeated measurements were made to allow for averaging.

Table summarizes the results obtained from the two different sensor designs at varying
optical power. From the table, it is evident that the conventional confocal set-up outper-
forms our new design in terms of SNR at both saturation and undersaturation optical power
regions. This is in agreement with what was observed earlier in the intensity vs. optical
power curve in Figure [5.8] The higher SNR of the confocal system was expected and comes
as a result of the extra background noise suppression mechanism employed [231]. In a con-
focal setting, most of the out-of-focus light is obstructed using a pin-hole, thus limiting the
intensity of the background. In the optical power saturation region, the SNR and SBR of
both designs are comparable, while in the undersaturation power region, the confocal system
greatly outperforms the new design in terms of SNR and SBR. The confocal system shows
higher SBR in the undersaturation excitation region when compared to our newly designed
system. This is partly because low background intensity hence lower noise value is obtained
in the undersaturation region, therefore, resulting in a higher SBR.. In the new design, a slight

decrease in the SBR value is observed as the laser intensity increases - the result is expected
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New Design Maps Confocal Maps

Decreasing Optical Power

Figure 5.9: Fluorescence maps as a function of decreasing laser power from top to
bottom. Figure (a,b,c,d) represents fluorescence maps obtained from our design.
Figure (e,f,g,h) are fluorescence maps obtained from the confocal system set-up.
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because there are no means for additional background suppression other than the bandpass
filter used. Results from background analysis reveal a slight difference in the background
averages of both methods implying that both designs were at least optimized for background
noise. The high value of the standard deviation of the background may indicate a mechanical
or electronic defect on the CCD detection side [230]. In contrast to the mean SBR of the
confocal system which increases at decreasing optical power, the SBR. of our design decreases
with a decrease in optical power. In the low optical power region, our proposed design shows
almost the same changes in the background intensity as the confocal system. Further, the
mean signal in the confocal system is about 1.5 times that of our set-up, as a consequence
resulting in a better SNR for the confocal system. The implication of these results is that
the utmost performance of our system is guaranteed in the undersaturation region (region of

low power excitation) and thus our design system excitation is best utilized in this region.

To ensure the repeatability of measurements in Table[5.4, Measurements were again collected
at two minute intervals while varying the optical power of the laser. For each measurement,
four different frames were collected. T'wo minutes was considered an appropriate interval in
order to avoid long spacing in measurements and to avoid photobleaching and a reduction
in laser intensity. Figure shows the result of the measurement. For the given time in-
terval there was no significant difference between the measurements made both for SBR and
SNR hence validating the repeatability of the measurements under the same conditions. In
the new design proposed, SNRs were generally constant when compared to their SBR. On
the contrary, the confocal system exhibits a fairly constant SBR and SNR indicating that
there were no changes in the background which constitute about 2% of the overall intensity
measured from the system [230]. Slight fluctuations in the intensity measurement can be

attributed to laser power fluctuations - this is a topic for discussion in chapter [6]

5.5.2 Power consumption

An analysis of the total power consumption in the new system is presented in Figure [5.11}

this was done to ensure that the system meets the required power specification. From the
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Figure 5.10: Repeated measurements showing reliability of the adopted method. The
distribution of SBR and SNR under varying optical power is shown in a box and whiskers
plot. (a),(b) SBR comparison of the two designs under different optical powers (2.25
mW in black, 1.44 mW in red, 0.72 mW in green, and 0.45 mW in blue) collected with
a 2 minute interval between each measurement. (c),(d) SNR comparison of the two
designs under different optical powers (2.25 mW in black, 1.44 mW in red, 0.72 mW in
green, and 0.45 mW in blue ) collected in 2 minutes interval between each measurement.
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graphical representation in Figure [5.11] the total power consumption of the system is esti-
mated as 107 dBm. 30 dBm of the power consumed is attributed to the microwave source
used in driving the circuit, 16.5 dBm is from the laser source, 26.5 dBm is due to the CCD
camera used, and the rest due to the power consumed by electronic circuits. All electronic
components not powered by a DC supply were USB powered. Most computer USB ports
supply 5 V of electricity with a maximum current of 0.5 A bringing the overall maximum
power output for the electronics to about 33 dBm. The total power consumption seems to be
in a fair range of what is obtainable in an optics laboratory setting. Nonetheless, for compact
applications, there is a need to reduce power consumption requirements. Power requirement
is mostly limited by available resources and technology. Essentially, we seek minimal power
requirements at the expense of the design’s sensitivity. For this reason, a further miniaturized
model of the design presented in this chapter with a lesser power consumption requirement
is proposed. The proposed conceptual scalable design will make use of cheaper off-the-shelf

optical and 3D printed components.

A schematic overview of the proposed sensor is shown in Figure[5.11} We anticipate the total
construction volume of the 3D model to be about 88 ¢cm?, as a result, it is possible for the
device to be handheld. All components are arranged in a multilayer design in a cylindri-
cal like structure shown in Figure [5.11] The main elements in the design are the LED (A)
functioning as the green light source, glass lens double concave mirror acting as a BE (D),
a distributed Bragg reflector (E) placed between the BE and the diamond sample to reflect
fluorescence red light. The diamond sample is placed on a red glass (G) serving as a sample
stage and also allowing transmitted fluorescence to be collected on the photo-detector (H).
B is the casing of the hand held detector, C and C* are the inside lining material of the
detector. Lastly, F is the diamond sample containing NV centres to be excited. It must be
mentioned that the present design uses an external power supply and microwave manipulation
source. Possibilities for expansion also exist, for example, the stage can accommodate more
than one diamond sample and the double concave lens can be combined in situations where

multi-sensors (multiple diamond samples) need to be excited. Although the light emission
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Figure 5.11: Power consumption of the new sensor. Total power consumption is
estimated as 107 dBm. Approximately 28% of the total power is estimated to be used
by the microwave source used in driving the circuit, 15.4% is due to the laser source
used for optical excitation, 24.8% from the camera source used for detection, and the
remaining 32% from the electronics used in driving-related circuits.

117




performance of the proposed scalable NV sensors hasn’t been tested, the sensor may better
our cost, excitation, and power requirements application in different magnetic field detection

environments.

B

Figure 5.12: A cross-sectional schematic of the proposed miniaturized NV detector
including components labelled from A to H. External power is supplied to the microwave
circuit, LED, and photo-detector.

5.6 Conclusion

In this chapter, a NV sensor with a different light excitation and collection method was
conceptualized and designed for magnetic field sensing applications - we call this sensor the
"Sparrow NV sensor”. The main aspect of the design including the design parameters, op-
tics, microwave engineering, and electronics was detailed. Optical excitation was achieved
using a 532 nm laser set to wide-area illumination with the aid of a BE. The resulting two-
dimensional fluorescence was projected onto a CCD camera detecting the entire image of
the diamond. The CCD fluorescence frames obtained were corrected for dark current, bias,
and sensitivity-related errors. To characterize the emission light performance of the new
system, the SBR/SNR of the system was analyzed and compared with a traditional confo-
cal system under different optical excitation conditions corresponding to the saturation and
undersaturation laser regions. Results obtained from performance metrics indicates that the
conventional confocal set-up outperforms our new design in terms of their SNR at both sat-

uration and undersaturation optical power regions. In the optical power saturation region,

118



the SNR and SBR of both designs are comparable, while in the undersaturation power re-
gion, the confocal system greatly outperforms the new design in terms of SNR and SBR.
In the low optical power region, our proposed design shows almost the same changes in the
background intensity as the confocal system. The implication of these a result is that the
utmost performance of both systems is guaranteed in the undersaturation region (region of

low power excitation) and thus our new system excitation performance is best in this region.

While the SBR can be controlled during fluorescence testing by using better NV sensor
mounts and minimizing background noise, the SNR is inherent in the fluorescence detection
process. Aside from the excitation laser power having an influence on the SNR, the detecting
element contributes largely to the SNR, thus CCD detectors with highly effective QE are
desired for an optimized detection scheme. The new system has a total power consumption
of 107 dBm, nonetheless, we seek minimal power requirements. For this reason, a further
miniaturized model of the design presented in this chapter with a lesser power consumption
requirement is proposed. Although the sensitivity of the proposed scalable NV sensors hasn’t
been tested, it speculated confirmed that the miniaturized sensor meets our cost, excitation,
and power requirement need for several magnetic sensing applications. Lastly, the quanti-
tative results obtained for SNR and SBR represents the emission light performance of our
system and contributes to a better understanding of the contrast of the ODMR spectrum

obtained in following chapter as contrast is influenced by both SNR and SBR [230), 232].
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CHAPTER 6

MAGNETIC FIELD DETECTION POTENTIAL AND SEN-

SITIVITY OF THE SPARROW NV SENSOR.

“The mind is a magnetic field. When it a attract good thoughts, it will produce good
deeds.”

— Lailah Gifty Akita

Some part of this chapter is based on the manuscripts:

Ejalonibu, H., Sarty, G., & Bradley, M. (2021). Towards the design and operation of a
uniformly illuminated NV detector for magnetic field mapping application. (to appear in the

Journal of Measurement Science and Technology, 1OP).

6.1 Introduction

Research aimed at engineering sensors for the detection, imaging, and quantification of mag-
netic fields will continue to gain wide interest owing to their numerous applications. For
example, magnetic field sensors are enabling instruments for the fundamental studies of
magnetism and symmetries [4, 5], spin dynamics [6], mechanical motions [7, 8], and neuronal
activities in biological systems [233]. Furthermore, magnetic field sensors have applications
in medical imaging devices, current and position sensing, as well as in motor diagnostics
devices [I], 2] B]. Over the years, several methods have been developed to sense and image

magnetic fields with a majority of these methods further integrated with medical imaging
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modalities operated at low fields e.g., MRIs. One common but classical method of detection
will make use of the inductive coils operated based on Faraday’s law of induction. SQUIDs
and AVMs have also been used for detection in the past. Interested readers are referred to the
following literature: Dabek et al., 2012 [28], Zotev et al., 2007 [29], Clarke et al., 2005 [30],
and Savukov et al., 2013 [37] to mention a few. However, the significant drawbacks of the

SQUIDs and the AVMs explained earlier in chapter [I} limit their use for everyday detection.

Magnetometers based on NV centres in diamond render an alternative with the potential to
replace other detection protocols and with a sensitivity well above the classical limit. The
NV centres in diamond have numerous properties making it a sought after candidate for
magnetic field sensing applications. Its long spin coherence time at room temperature and
efficient method of initialization and optical readout of electronic spins make it an ideal can-
didate for magnetometry. Above all, NV-based sensors can be operated over a wide range of
temperatures with high spatial resolution. Since NV centres have not gained much popularity
for magnetic field detection in medical imaging devices, it is the main purpose of this part
of the thesis to detect the By field at the magnet bore of a Halbach magnet of a prototype
compact MRI at the Space MRI Laboratory, University of Saskatchewan. The aim is to
detect magnetic fields by measuring the NV fluorescence which depends on the magnitude
and orientation of the By field with respect to the NV axis. Here, the measurement principle
of a quantum magnetic field sensor will be described and the experimental demonstration of
the detection of the magnetic field in the bore of a Halbach magnet configuration with an
ensemble of NV centres in diamond will be shown. Several works of literature have demon-
strated this principle in other magnet configurations using a confocal detector setup. Our
method in this chapter differs in the sense that a non-confocal system designed in chapter
was used, hence making it possible to define wide-area magnetic field detection. The detector
designed in chapter [5| called the ”Sparrow NV sensor” here is tested for its magnetic field

detection potential using the continuous wave ODMR sensing protocol.
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6.2 Theory

Probing static fields in low-field MRIs is becoming an important characterization technique
most especially for MRIs developed with non-uniform By fields, for example in Ref. [212].
Two common protocols exist for detecting static magnetic fields, these are the continuous
wave optically detected magnetic resonance (CW-ODMR) and the Ramsey sequence. The
CW-ODMR technique being a commonly used technique is an easy method because optical
excitation, microwave manipulation and optical read-out are carried out simultaneously. In
this technique, a 532 nm laser continuously excites the NV~ spins into the darker excited state.
If the "N hyperfine interaction is not considered, the fluorescence intensity of Lorentzian

CW-ODMR spectrum when written as a function of the microwave frequency f,, is given as:

(Av/2)? )]

160 =b |1~ (o o

(6.1)
where I, is the fluorescence intensity when the spins are off-resonant, F is the spectral line
shape, C, is the spectral line contrast, and Av is the full width at half maximum (FWHM).
Consider a situation where the NV~ centre is coupled to a substitutional nitrogen centre
(P1), we account for the P1 spin-flip rate, Ap; into the formula of Av. In the work of Jensen

et al. [234], Apy is expressed as:

f2

Ap, = yfR2/(1 + —’;) (6.2)
sat

where fg is the Rabi frequency (measured in MHz), fi,; is the saturated Rabi frequency,

and y is the fit parameter. Both f;;; and y are determined by laser power from CW-ODMR

measurements. In the weak laser excitation regime, Av can be expressed as:

ff eff\2
425 fR2 N A5
Al + )Lp + )Lpl ’

Av = rinh +

(6.3)

T
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where I}, is the inhomogeneous linewidth, Agf F= As+1/Ap, A1 is the longitudinal relaxation
time, Ag is the transverse relaxation, and Ap is the polarization rate. From Equation the

CW-ODMR contrast C, can then be re-written as:

Co = — 2 (2nfe)” (6.4)

(=M +2p [(2n )2+ 297 (21 + Ap)|

€ in Equation is the difference in fluorescence intensity. The derived Equation repre-
sents the contrast C, of the CW-ODMR technique.

Next, we derive the minimum sensitivity of an NV magnetometer using the CW-ODMR
approach to measure DC magnetic fields by considering a typical ODMR spectrum in Figure
6.1, where the intensity of the profile is given by Equation [6.4]

The line width v is limited by the dephasing time T, which in turn is characterized by the
inhomogenieties in the environment of the NV ensemble. The fluorescence intensity I is most

sensitive to tiny changes in the magnetic field at the point of maximum slope:

oI

ov

Co

max = —
OVF

(6.5)

The numerical parameter F is related to the specific profile of the NV resonance and always
fixed between 0.7 and 0.77 for a Gaussian and Lorentzian shape of the resonance [235] [150]. If
a measurement of duration t,, is considered, the fluorescence count collected per measurement
C = Cotm, and its corresponding photon shot noise is given by §C ~ v/Cotn, hence the shot-
noise-limited detectable field n for the measurement can be calculated from the photon-shot

noise at the point of maximum slope in Figure

oC N VCotm

sce| ~ 5Co
max |5 tmmax‘ Sy

n= (6.6)

Substituting Equation [6.5] into Equation [6.6], we obtain the value of the optimized minimum

magnetic field sensitivity of NV detection protocol as:
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Figure 6.1: Intensity profile of an NV ODMR spectrum used to derive the sensitivity
of a DC magnetic field measurement.
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oA
p=R— 2 (6.7)

91 \[NCoT;

from Equation it is clear that the sensitivity of an NV detection protocol largely depends
on Cp, Av, and the NV spin dephasing time T;. These parameters are not independent of
each other; for example the resonance contrast Cy may be increased by increasing the power
of microwave excitation line but at the expense of increasing Av due to power broadening

[236, 237, 238).

6.3 Experimental

6.3.1 Material

The sample used for this experiment is a bulk diamond (Element Six, Oxfordshire, OX, UK)
of dimension 3 x 3 x 0.5 mm? grown via the CVD technique. The ensemble of NV centres
in the diamond crystal has a T% time of about 1 s, and a T value of 100 ps as measured by
the manufacturer. The NV centres in the SCD sample are randomly oriented along one of
the four crystallographic axes of the diamond lattice. The four NV centre crystallographic
orientation in an ensemble of NV centres can be exploited for the vectorial reconstruction of

the static magnetic field.

6.3.2 Optical System

Figure is a photograph of the laboratory setup of the magnetic field detection system.
The detection system harnessed here has been well studied for its emission light performance
in chapter[5] The detector element is a diamond with an ensemble of NV centres placed in the
bore of the magnet. The diamond sample was illuminated with a compact collimated laser-
diode-pumped (DPSS), 532 nm laser module (Thorlabs Inc., Montpellier St. Laurent, QC,
CA) with a power of 4.5 mW. The laser interfaces the BE (Edmund Optics Inc., Barrington,
NJ, USA ) increases its diameter. A long pass dichroic mirror with a cut-on wavelength of

567 nm (Thorlabs Inc., Montpellier St. Laurent, QC, CA) placed 45° reflects green light and
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transmits red. Emitted red fluorescence from the diamond sample then passes through the
dichroic mirror and is filtered by a bandpass filter (Iridian Spectral Technologies, Ottawa, ON,
CA) in the wavelength range 595 - 800 nm. The emitted fluorescence is afterwards collected
with a 3MP coloured Chameleon USB 2.0 camera (FLIR, Vancouver, BC, CA) with a 8
mm C-series fixed focal length imaging lens (Edmund Optics Inc., Barrington, NJ, USA)
in the collection path. Finally, microwave frequency was delivered to the diamond sample
by using a double-sided copper tape soldered to an SMA connector attached to the back of
the diamond sample. The antenna shape has been chosen to provide a uniform microwave
magnetic field over the FOV of the camera. The main characteristics of the experimental

setup are summarized in Table [6.1]

-

Figure 6.2: Photograph of the experimental detection system. The diamond sample
placed on a microwave line is stationed in the bore of the Halbach magnet. At the top
left corner is an expanded view of the diamond sample on the microwave line in the
bore of the magnet.
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Table 6.1: Main characteristics of the optical beam, and the imaging system used for
the experiment.

Parameter Value
Laser wavelength 532 nm
Laser power 4.5 mW
Exposure length 1 sec
Size of CCD pixel (integrated bunch of pixel) 1/3”
Microwave resolution 10 MHz
Camera resolution 1296 x964
Line width (Av) 20 MHz
Total acquisition time (T) 30 secs
Contrast of ODMR (Cp) 0.24

6.3.3 Data Acquisition and Processing

Before every data acquisition, the stability of the illumination source was checked. A rough
estimate of the laser power is measured with a home-built photometer. The photometer
detected the approximate variability in the intensity of the laser light source. Since the laser
was not equipped with a constant current source, random fluctuations in the laser intensity
was observed. Fluorescence frames were obtained from the optical design simultaneously
as the microwave frequency is swept. The camera frames were appended to the computer
memory to form a 3D volume of data giving the value of luminescence for each pixel (x,y) of
the camera at different frequency sweep value (v). Software triggers incorporated with the
camera enabled synchronization of the microwave source swept from 2.60 GHz - 3.00 GHz
in steps of 10 MHZEI The total acquisition time is about 30 secs. Although the frequency
spectrum was only collected from 2.70 GHz to about 3.0 GHz in this experiment, frequency
sweeps were started at 2.60 GHz to remove spurious oscillations associated with the use of

the LimeSDR [239]. Subsequently, the CCD fluorescence frames obtained were corrected for

'Frequency steps of 61.44 MHz were obtainable on the LimeSDR, however, the limit was pushed to 10
MHz in our design.
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dark current, bias, and sensitivity-related errors as explained in chapter The processed
3D data volume was later used to reconstruct an ODMR spectrum with each image frame
representing a microwave frequency point. To improve sensitivity, it was necessary to repeat

measurements at least twice and then average because the sensitivity is proportional to 1/VN.

6.4 Results

Figure [6.3| shows the measured ODMR spectrum in the absence of an applied magnetic field
Bo = 0. The recorded ODMR fitted with a sum of Lorentzian exhibits two dips corresponding
to the my = 0 — m, = +1 transition due to the intrinsic properties of the host diamond
material. This separation results from transitions occurring from lifting of spin degeneracy
[43, 240]. The ODMR dips have a linewidth Av with FWHM of approximately 1.77 MHz.
The strain parameter measured from the spectrum in Figure [6.3|is approximately 3.17 + 0.2
MHz and because of its value, this splitting cannot be attributed to the earth’s magnetic
field. The earth’s magnetic field mostly induces a splitting less than 2 MHz [241]. The strain
parameter largely depends on the temperature and intrinsic properties of the NV defect. The
strain value can range from a few KHz to MHz depending on the purity and nature of the NV
hosting diamond. The zero-field splitting parameter which is the average of both resonance

dips is 2.871 GHz, nonetheless, in general, E < D is always satisfied [242].

Figure shows the distribution of the different NV centres in the diamond sensor. A ran-
domly oriented magnetic field generated by a Halbach magnet configuration was measured
using the ODMR technique. The measured spectra in Figure [6.4] clearly exhibit four reso-
nance dips in contrast to the eight resonance dips obtained when the magnetic field is not
aligned with any of the four NV centres. The applied magnetic field in the bore of the magnet
can be deduced by solving the eigenvalue of the spin Hamiltonian in Equation According
to the separation of the dip profiles observed, each NV centre experiences static magnetic
field in the range 2.14 - 6.07 mT of the Halbach magnet. It should be noted that the value

of the magnet field detected here is approximate due to the frequency resolution limitations
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Figure 6.3: Optically detected magnetic resonance (ODMR) spectrum measured at
room temperature showing the fluorescence signal of an ensemble of NV~ in the absence
of applied magnetic field By.

of the microwave generator in this experiment.

The magnetic field sensitivity of the Sparrow detector was then evaluated. The sensitivity was
calculated using Equation with required parameters extracted from the ODMR spectrum
in Figure and in Table . The value of 5 is estimated to be approximately 0.2 yT/VHz.

6.5 Discussion

The magnetic field detection potential and sensitivity of the Sparrow NV sensor were tested
and reported in this chapter. Measurement uncertainties related to the use of this technique

are partly related to the miscut of the diamond (orientation) and misalignment in the optical
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Figure 6.4: ODMR spectra measured at ambient temperature with a magnetic field By
showing the experimental data fitted with a sum of Lorentzian. The raw data obtained
from data frames are composed of a full ODMR spectrum for each pixel. Under the
static magnetic field of a permanent magnet, four NV orientations produced visible dips
based on the Zeeman effect.

setup. In Figure|6.4] eight resonance line dips were expected in theory, nonetheless, four dips
were resolvable. This is accounted for by the resolution of the ODMR spectrum. The ODMR
resolution of the technique here was limited by the frequency resolution of the microwave
source and the stability of the laser line used. Typically, microwave frequency resolutions in
the kHz range as demonstrated in Ref. [243] 241] are desired. Earlier work on the character-
ization of By in the Sparrow MRI in Ref. [244] measured approximately 8 mT in the bore of
the magnet. However, during the time this experiment was set up, the Halbach magnet was
reassembled resulting in the variation of the magnetic field observed. A Hall probe sensor
was used to confirm our result and it was found that the By in the bore of the re-assembled

magnet is around 6 mT.
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The magnetic field sensitivity of the Sparrow NV sensor was estimated to be approximately
0.2 uT/VHz - this result is in agreement with the work of Lee et al. [245] stating that
the magnetic field sensitivity of the CW-ESR method is limited to about 1uT/ VHz. The
value of the minimum detectable magnetic field sensitivity is dependent on Cp, Av, and the
NV spin dephasing time T;. The line width, Av observed in this experiment is large (20
MHz). This is due to the power broadening resulting from continuous laser pumping. Using
pulsed ODMR measurement protocols [246] can help avoid the broadening effect and result
in sharper ODMR linewidth. In a similar vein, line broadening can also result from the
high quantity of nitrogen atoms that are not converted into NV centres. The manufacturer’s
specifications guide indicates that the nitrogen concentration in the diamond sample used
for this experiment is about 800 ppb before treatment. Increasing the yield of nitrogen to
NV centre conversion will help decrease the line broadening effect. In particular, using an
isotopically enriched diamond is an adequate approach to eliminate the effect of the nuclear

spin bath due to 3C present in natural diamond [243].

In general, enhanced magnetic field sensitivity can be achieved using different methods. For
example, sophisticated pulse sequences [247, 248, [131], 236] have proven effective in improving
sensitivity of the NV sensing protocol. It is not untrue that the sensitivity of magnetometers
using colour centres is limited by poor photon collection and detection efficiency, therefore
methods designed for efficient excitation and collection of light from a dense ensemble of NV
centres are also needed for ramping up the sensitivity of detection. An example is the light-
trapping diamond waveguide (LTDW) geometry developed by Clevenson et al. [249] which
was used to realize more than 3 orders of magnitude improvement in the ODMR signal in com-
parison to single-pass geometry. Following the work of Clevenson et al. [249] on LTDW, Ma
et al. [250] presented an optical-frequency modulated microwave collection method achiev-
ing unprecedented sensitivity for static magnetic-field detection. Their proposed collection
technique enables a fluorescence collection of over 40% and an efficient pump absorption. By

applying a frequency modulated (FM) microwave followed by a lock-in technique on the reso-
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nance frequency point, a magnetic field sensitivity of approximately 14 nT /VHz was achieved.

6.6 Conclusion

In this chapter, the magnetic field detection potential and sensitivity of the Sparrow NV
sensor were tested using a homebuilt Halbach magnet configuration. Fluorescence frames
were obtained from the optical design simultaneously as the microwave frequency was swept.
The camera frames were appended to the computer memory to form a 3D volume of data
giving the value of luminescence for each pixel (x,y) of the camera at different frequency sweep
(v) with a total acquisition time of about 30 secs. ODMR measurement was carried out both
in the presence and absence of an applied magnetic field Byg. The measured spectra in the
presence of a magnetic field exhibit four resonance dips in contrast to the eight resonance dip
obtained when the magnetic field is not aligned with any of the four NV centres. According
to the dip profiles observed, each NV centre experiences a static magnetic field in the range
2.14 - 6.07 mT of the Halbach magnet. The sensitivity was estimated and found to be
approximately 0.2 pT/ VHz. These results pave way for the development of scalable NV

sensors using the excitation and collection methods adopted in this thesis.
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CHAPTER 7

CONCLUSION

“There 1s no real ending. It’s just the place where you stop the story”

— Frank Herbert

7.1 Summary

The overall aim of this dissertation was to address specific problems in the material science,
microwave engineering, and magnetometry aspect of the NV centre discipline. Additionally,
it also establishes the feasibility of this approach in the characterization of low-magnetic
field experimental MRIs. In particular, the aim was (i) to fabricate NV sensors based on
nitrogen-vacancy (NV) centres in polycrystalline diamonds (PCDs) for magnetic field sensing
applications, and (ii) design, construct and test the performance of an NV detector using a
different excitation scheme from the traditionally well known confocal system of measure-

ment.

To realize the above-listed goals, the parameter space(s) for the fabrication of negatively
charged NV centres in PCDs was first explored. In this part of the study, we investigated the
effect of nitrogen flow rate on the morphology, optical, and photoluminescence (PL) prop-
erties of PCDs deposited at low-pressure conditions. This study not only offers a standard
recipe to grow inexpensive diamonds with NV centres over large areas, but also revealed in-

teresting findings on the effect of nitrogen flow rates on the morphology, physical properties,
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and optical properties of PCDs deposited at low-pressure conditions. The study was crucial
in benchmarking optimal parameters space for the growth of nitrogen-doped polycrystalline
diamonds suitable for sensing applications. Once a growth parameter space was identified, it
was essential to study the influence of a step-wise surface nitrogen doping process on PCDs
and this was used to explain the dominance of neutral charged NV (NV?) centres in PCDs de-
posited at low pressure using the chemical vapour deposition (CVD) technique. This aspect
of our study helps to give a better understanding of the formation of negatively charged NV
centres (NV™) in PCDs deposited at low pressure. By using a step-wise doping technique, it
was possible to explain the formation of NV centres at low pressure. At the end of chapteifd]
we identified issues relating to NV centre orientations and the poor sensitivities in PCDs and

made recommendations for future research.

Furthermore, we designed, constructed, and tested the performance of a scalable NV-based
detector for magnetic sensing applications. In this part of the dissertation, an NV centre
optical detector was conceptualized and designed for magnetic field detection. The instru-
mentation and automation of the setup were detailed. The system status and proposed
performance for sensitivity were accessed in terms of signal-to-noise ratio (SNR) and signal-
to-background ratio (SBR). The study established a metric to compare the newly designed
detection system to the conventional confocal system of detection. For magnetometry appli-
cations, it is important to design an optical setup for detection. The magnetic field detection
potential and sensitivity of the Sparrow NV sensor built was tested using a homebuilt Hal-
bach magnet configuration. According to the ODMR dip profiles observed, each NV centre
experienced a static magnetic field in the range 2.14 - 6.07 mT of the Halbach magnet. The
sensitivity was estimated and found to be approximately 0.2 yT/VHz. These results pave
way for the development of scalable NV sensors using the excitation and collection methods

adopted in this thesis.
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7.2 Future Directions

Our work in this thesis is mostly limited by time and the availability of resources. Although
several areas including fabrication to the application of NV sensors were touched, future

directions to this work are stated below:

1. Orientation of NV centres: Preferential orientation of NV centres in diamond films
is targeted at limiting unwanted background noise, increasing sensitivity, and simpli-
fying device operations [I11]. The preferential orientation of NV centres has been
achieved in SCDs [I17, [I18], this result however remains a nightmare in PCDs because
of the random orientation of grains. While it is not experimentally feasible to engineer
perfectly preferentially oriented NV centres in PCDs, it is possible to have approxi-
mately 70% of the grains containing NV centres aligned in the same crystal direction.
This can be achieved via careful deposition parameter(s) tuning as demonstrated in

chapter [3

2. Stabilizing surface charge state: In most cases, NV centres located within a few
nanometers from the diamond surface are found in their neutral charged states [90].
This becomes a critical problem in PCDs because of the presence of grain boundaries
and nanocrystalline diamonds at the surface harbouring a huge amount of graphitic
impurities. Certainly, there is a need to understand the mechanism of charge state
conversion in both SCDs and PCDs. Commonly studied is the mechanism of NV
centre formation and charge state conversions in SCDs. However, to date, there have

been no studies explicitly detailing the same in PCDs.

3. Detecting dynamic magnetic field (B; in MRI): Aside from detecting static and
slowly varying magnetic fields, the NV centre can also be used to detect dynamic fields.
The large bandwidth sensing capability (up to GHz) of NV centres is important in the
study of the spin dynamics in solid-state and biological samples [245], for example,
nuclear spins precession in bio-samples occurs in the MHz regime. This is the ultimate

goal as we envisage the use of this method to improve the SNR in low-field MRIs -
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research aimed at this will be pursued in the future. The detection of dynamic magnetic

fields needs to be carried out using a spin Hahn-echo sequence.

. Improving sensitivity: Aside from the methods used in obtaining better sensitivities
discussed in chapter [6] superb sensitivities for NV magnetometers require a low-noise
mode of operation at cryogenic temperatures, thus constituting an obstacle for our
proposed room temperature low-field MRI application. For every magnetic field sens-
ing protocol, the precision of the phase ¢ is usually improved by repeating the spin
measurement procedure. However, accumulated readout overhead remarkably reduces
the sensitivity of NV magnetometers [251) 252] 253]. The increase in total sensing time
due to repeated measurements and the time is taken to prepare experiments decreases
the sensitivity of the NV sensing scheme. Therefore, there is a need to explore machine
learning algorithms applied to NV sensors detection at room temperature, maybe in
the end we might be able to obtain sensitivities that scale as the Heisenberg limit and

surpass the classical standard measurement sensitivity.
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