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Abstract

At the University of Nottingham, two research groups fabricate atom chips and
hexagonal boron-nitride (h-BN) devices. These prototypes require characterisa-
tion to provide information about their functionality to the researchers. Elec-
troluminescence and photoluminescence data is required of h-BN devices, atom
chips and spintronic devices require measurement of their magnetic field strength.

An instrument capable of performing this would be similar in design to a
nitrogen-vacancy (NV−) magnetometer. The requirements of this instrument
that differ from others are that it should accept larger samples, scan over a larger
range, function in ambient conditions and be highly flexible with regards to the
types of measurements it can perform.

The aim of my studies was to construct such an instrument, capable of imag-
ing the surface of samples whilst measuring reflectance, photoluminescent and
electroluminescent emission and measuring the surface topography with an AFM
probe, whilst probing the sample with microwaves and a DC magnetic field. The
resultant instrument should also be suitable to convert into an NV− magnetome-
ter.

This thesis describes the equipment selected and the construction. Function-
ality is demonstrated by performing tests on samples of nanodiamonds and h-BN
devices. The tests provide information about the electroluminescent and photo-
luminescent properties of these devices which has added to the understanding of
how they work.

A photoluminescence source was located on one h-BN device, coupled with the
knowledge of how it was fabricated, this demonstrates that photoluminescence is
also observed in samples of very high purity. Electroluminescence was detected
and located on a different device, the instrument confirmed the origin of the
emission, in a region of overlap between two thin flakes of h-BN. It also showed
that heat generated by the tunnelling current caused deformation of the layers,
resulting in a bulge on the surface.

The instrument investigated thin flakes of h-BN, to use the information in
conjunction with data taken with an imaging ellipsometer. This ellipsometer is
unique in its ability to probe samples with 6.5 eV photons, it is used to measure
h-BN at and above its band gap. A model is fitted to the data, which gives the
refractive indices of h-BN. The results indicate a birefringence of ∆n=2.2 at 6
eV, making h-BN one of the most birefringent materials recorded.

To summarise, the instrument has been proven to be functional and flexible.
It is suitable to be used as an NV− magnetometer when an appropriate nanodia-
mond is located and it has provided information on the h-BN devices and aided
in the discovery of new information about h-BN as a material.
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Chapter 1

Introduction

This project was funded by the UK National Quantum Technologies Programme
(referred to as the National Quantum Technology Hub for Sensing and Metrology,
or simply the QT Hub). The Hub is a group of departments from Universities
of Birmingham, Glasgow, Nottingham, Southampton, Strathclyde and Sussex.
The long term ambition of this consortium is to find practical applications for
ultra-cold atoms experiments.

The Ultra-cold atoms group in the University of Nottingham focuses on the
design and production of measuring devices which allow measurements to be
performed at far greater precision than using classical techniques.

It is currently possible to create the experimental setups to cool atoms and
make measurements on a lab-sized scale. In order to make more practical quan-
tum sensors however, it is important to make the atom cooling devices far smaller
in order for them to be portable. At Nottingham, techniques are being devel-
oped to create miniature versions of the optical and magnetic components of the
cooling setup, with the devices contained on one 4 cm2 chip. The fabrication of
these microfabricated chips is not only tricky, but it is also time-consuming, and
characterising performance is also difficult outside of the cold atom experiment
itself.

The goal of this project is to design and build an instrument which will mea-
sure the microfabricated atom chips built within the department. It will scan
the surface of the chip to observe the topography, whilst simultaneously measur-
ing the strength and direction of the magnetic field generated by the chip using
defects in nanodiamonds known as NV-centres. After only several hours of scan-
ning, the required information will be obtained and can be immediately fed back
to the chip microfabrication team, greatly improving the efficiency of the process.

The functionality of measuring small magnetic fields above a surface with
high spatial precision would also be useful for investigating spintronics devices in
order to investigate their magnetic characteristics. The spintronics group at the
University of Nottingham has expressed interest in using such an instrument to
map the magnetic domains of antiferromagnetic materials [1].

In projects of this nature, where the instrument takes several years to design
and build, the goal can become slightly fluid as designs are adapted and equipment
or samples vary over the course of the research. In my final year of this project,
we began a collaboration with Professor Beton’s group who were making devices
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1.1. STATEMENT OF CONTRIBUTIONS Vanhouse

from exfoliated flakes of hexagonal boron nitride (h-BN). In the initial stages of
fabrication of the devices, it was noticed that the pure layers of h-BN emitted light
when a current was passed through the flake (i.e. it displays electroluminescence),
an unexpected result. The mechanism behind this is unknown and whilst Prof.
Beton’s group were able to use a spectrometer to identify the wavelengths emitted,
the NV magnetometer was ideal to identify the precise location of emission. For
this reason, we extended the measurement capabilities of the NV-magnetometer
to include electroluminescence.

The resultant instrument is a multipurpose measuring device which has Atomic
Force Microscopy (AFM) imaging capabilities as well as a confocal microscope
with constituent parts working interchangeably with each other, allowing a study
of both NV− centres in nano-diamonds, as well as an investigation into the be-
haviour and properties of h-BN.

For clarity, from hereon in the combined AFM / confocal microscope being
described in this thesis shall be referred to as ”the instrument”.

The thesis will progress as follows. The motivation for the construction of
this instrument is explained before the physical construction process is described.
This begins with the theory, construction and testing of the AFM. Then the
theory behind confocal microscopy, the integration of the setup into the AFM
and testing. Followed by NV-magnetometer theory and how the setup is modified
and added to in order to allow magnetometry using NV− defect. Experiments on
nanodiamonds are described and discussed with a view to converting the system
to perform magnetometry. The theory of h-BN is reviewed and the instrument is
used to investigate luminescent properties of h-BN devices as well as imaging the
surface of the devices. The ellipsometer is then used to perform further study on
h-BN in general before our instrument is used to investigate these flakes of h-BN.
A conclusion and ideas for future investigation will form the end of the thesis.

1.1 Statement of contributions

I started my research and the construction of this machine in October 2015. In
October 2016 a second postgraduate student, Ashley Tyler, joined the project.
I had already begun the process of setting up the AFM so he began designing
the confocal microscope, the construction of the optics was very much a joint
effort. Later on, he focused on making Qudi produce output signals via a Na-
tional Instruments DAC card whilst I focused on procedures required to make
the different elements work together. The h-BN devices and flake samples were
fabricated and kindly provided by Dr James Kerfoot. All data presented is my
own unless otherwise stated.
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Chapter 2

Motivation

The purpose of this instrument is to provide a method of collecting pertinent and
useful information about atom chips, hexagonal boron nitride structures or other
samples, with similar properties, that we choose to image.

2.1 Miniaturisation of cold atoms devices

The motivation behind the atom chips is to miniaturise existing cold atoms ma-
chines and add greater functionality [2]. Miniaturising a system from the size
of an optical bench to the size of an atom chip would allow an array of such
systems to be used in conjunction with one another to provide directional and
positional information of the quantity being measured e.g. gravity sensors could
be used together to make a gravity gradiometer [3]. Atom chips have the poten-
tial to perform the optical tasks as well as the magnetic ones required in cooling
and trapping atoms, they can generate the appropriate magnetic fields as well
as split laser beams and guide them in the right directions. The only additional
requirements to the final atom chip product would be an external power supply,
a light source and an ultra-high vacuum environment; everything else would be
contained, solid-state on the chip [4] [5].

The development of these chips and the microfabrication processes require
reliable and comprehensive ways of imaging the chip and examining its properties.
The developers must receive feedback on the physical size of the features they
are growing e.g. has the correct thickness of metal been deposited as expected,
are the edges of the features smooth or has the fabrication process led to some
roughness around the edges and finally do the wires function correctly? The
wires on an atom chip are designed to produce a magnetic trapping field; so the
current density along the wire, via the measurement of the generated magnetic
field, should be measured and fed-back to the developers.

One can test these chips by attempting to use them for their intended purpose,
trapping atoms and seeing the potential well generated by the wires. However,
this requires insertion into an ultra-high vacuum chamber and performing a cold
atoms experiment that even with ideally functioning equipment can take several
weeks. It would, therefore, be highly advantageous to test these chips in ambient
conditions, which would make the process significantly faster as well as provide
highly precise spatial and magnetic information about the chip.

3



2.2. SPINTRONICS DEVICES Vanhouse

Once the magnetic fields have been imaged the current densities producing
them can be inferred using reconstruction algorithms [6]. This can provide more
information on how well the growth of the gold wires occurred and information
on the homogeneity of the evaporated metal.

2.2 Spintronics devices

The spintronics group at the University of Nottingham is focused on produc-
ing antiferromagnetic devices with a long term view to investigating their use
in commercially viable items, particularly as a replacement for current computer
memory devices. The ability to manipulate the magnetic spin would allow the
storage of data, with much faster theoretical read/write speeds than traditional
capacitor-based memory [1]. Once a device has been manufactured, an instrument
such as ours would provide detailed information on the shape of the magnetic do-
mains, the behaviour at the interface of neighbouring domains, and information
on physical structure and shape of the device. Spintronic materials such as cop-
per manganese arsenide (CuMnAs) have antiferromagnetic domains which are
submicron in size and have weak magnetic field strengths. This means that any
instrument capable of measuring them must have a high spatial resolution as well
as high magnetic sensitivity.

2.3 h-BN

The hexagonal boron nitride devices being made in Nottingham, are designed to
hold molecules which would emit light when a voltage is applied and a current is
passed [7]. h-BN is a wide bandgap semiconductor (bandgap = 6eV ) and there is
great interest in using this type of material, to form ultra-violet emitting diodes
with much higher efficiency than is currently possible. Doped h-BN layers are
expected to have improved quantum efficiency compared to silicon-based LEDs,
and this would reduce the energy converted into waste heat [8] making it an
attractive prospect for future research due to the potential commercial viability
of such devices.

In order to develop devices such as this, which still have a very experimental
build process and by which a great variety of device structures are produced, it is
important to be able to inspect both the physical properties of the device as well
as those of the light emitted from the device. In the case of these devices which
produce light by an unknown mechanism, the location of emission and being able
to place that on a physical map of the device is of great interest.

Some samples of hexagonal boron nitride are known to fluoresce when probed
with green light [9], it would also be of interest to know whether this occurs at
the same location as the electroluminescence.

The instrument is therefore required to scan across the sample and build up
a map of data. It should be able to produce a visible-light image of the sample, a
photo-luminescence map and an electroluminescence map. As our instrument is
built around an AFM it will also be able to generate a surface topography map
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of the h-BN sample. All of these maps can then be overlaid to allow for a clear
comparison and to create a fuller image of the properties of the device.

2.4 2-D materials

Magnetic field measurements above the surface of 2-D conducting materials such
as graphene [10], and above 2-D semiconductors such as h-BN flakes, can also be
inserted into the current reconstruction algorithm [6]. This could provide further
information about how the current flows through these 2-D materials, and/or on
the internal structure of them. This is a method which has not been extensively
explored thus far.

2.4.1 EP4 Ellipsometer

The arrival of an Accurion EP4 imaging ellipsometer provided the opportunity
for further investigation of the h-BN samples. Mono-layer or multi-layer sam-
ples created with different methods by different groups do not necessarily have
the same properties. This ellipsometer is able to produce probe light down to
a wavelength of 190 nm and therefore can probe the 6 eV (206 nm) bandgap
of h-BN. This will provide information about the dielectric function, including
the birefringence in these particular samples. Ellipsometry of h-BN at bandgap
wavelengths has not been widely researched before, so this may provide useful
information regarding the behaviour of the h-BN devices. In this thesis we study
exfoliated h-BN flakes, these results can then be compared to the already known
values of MBE grown h-BN samples [11].

2.5 Further uses

By design, our instrument has the capability to apply DC external magnetic fields
and microwave frequency magnetic fields to samples. This is included specifically
to image NV− defects in nanodiamond samples, however, this can be applied to
any sample to investigate microwave dependency of emission (ODMR/ESR) or
indeed to investigate the magnetic response of a sample. The system is extremely
flexible and capabilities can be turned off or removed as required, a small com-
ponent can be added and it is also possible to provide an AC magnetic field of
any frequency up to 20 GHz to the sample (the upper limit of our microwave
generator).

2.6 Conclusion

The requirements at the beginning of the project led us to design and build
an instrument with a wide array of different imaging capabilities, allowing fast
consecutive measurements in each mode and as each imaging method operates
over the same area of the sample, the data is directly comparable.

Most of the samples we shall measure are opaque, the instrument must there-
fore probe, detect and perform AFM from the same side of the sample. There
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must be a range of motion of tens of µm in all three axes in order to measure the
wires on an atom chip and the field strength at trapping height above the chip
whilst retaining lateral resolution in the 10 nm range. Magnetic field sensitivity
should be in the region of 100 µT to be able to see the fields generated by atom
chips to sufficient resolution, meaning that resolution of applied microwave field
should be as high as possible, and the coupling of the field to the NV defect
should be optimised for maximum contrast. Fast measurement speed is viewed
as an added bonus, however, the time taken to perform the alternative method
of testing atom chips is on the order of weeks, this instrument is expected to
complete the entire range of different measurements in less than one day.

The following thesis describes the construction and testing of the atomic force
microscope, then the confocal microscope, and then the first attempts to bring all
the parts together to make an NV− magnetometer. The tests on nanodiamonds
and h-BN sample will be demonstrated and evaluated.
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Chapter 3

Atomic Force Microscope

The NV− magnetometer instrument is based upon an Atomic Force Microscope
(AFM). In this section, the theory of how AFMs function will be explained fol-
lowed by a literature review of other AFMs used in NV− magnetometry as well
as some AFMs that represent the peak of modern scanning ability. The construc-
tion of our AFM will be described along with the methods of operation before it
is compared to some of those covered in the literature review. Characterisation
of the AFM will then be performed using standard calibration samples as well
as the derivation of some important values including the free space amplitude of
oscillation of the probe.

3.1 Theory

Intermittent contact and frequency modulation Atomic Force Microscopy (AFM)
are methods of imaging the surface of a sample with a spatial resolution much
higher than that of visual light microscopy. The probing of the sample is per-
formed by a sharp tip on the end of an oscillating cantilever (excited by a small
piezo-actuator) and as the tip comes into contact with the sample, the height of
the surface at that location is recorded. The tip interacts with the sample through
a variety of forces. As the electrons on the outside of the tip approach the elec-
trons of the sample, short distance repulsive forces are felt by the tip[12]. Van
der Waal’s (temporary dipole induced dipole) forces cause the tip to be pulled
towards the surface. When the tip approaches the sample from afar, covalent
forces attract the tip to the surface as the electrons attempt to form covalent
bonds[12]. If the sample is measured in air, then a thin water layer will form
on the surface and so capillary action will also cause an attractive force, pulling
the tip towards the sample[12]. This causes hysteresis in the displacement of the
tip as it is approached and retracted. These forces act at the same time and
affect the motion of the tip and cantilever. The overall interaction is displayed
in Fig.3.1.

A sharp tip is used to probe the sample, sharp enough that ideally, only one
atom is interacting with the surface of the sample in order to maximise spatial
resolution. This tip is attached to a cantilever which is then oscillated above
the sample, moving the tip vertically towards and away from the surface. The
cantilever has a resonant frequency, f0, and a quality factor, Q.

7
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Figure 3.1: Diagram showing the interaction force between the AFM tip and the
sample surface vs separation distance.

For small oscillation amplitudes, as the tip approaches the sample, the can-
tilever oscillation is sensitive to the force gradients and to extra dissipation of
energy into the sample. The force gradients cause oscillation frequency shifts,
and the dissipation decreases the Q-factor, decreasing the oscillation amplitude
of a cantilever driven with a constant drive force.

Initially, on approach, the resonant frequency of the cantilever decreases as
attractive force gradients dominate. When moved even closer, the repulsive forces
between the tip and the sample dominate, increasing the resonant frequency. For
a given drive amplitude, the oscillation amplitude is greatest at the resonant
frequency, so a shift away from resonant frequency will decrease the oscillation
amplitude of the tip. In general, Pauli repulsion forces, the strong repulsive
interaction between atomic orbitals, dominate over very smallest separations.
At several Å, attractive van der Waal’s and capillary forces dominate, the re-
sultant potential of these force acting together is known as the Lennard-Jones
potential[13].

The equation of motion of the tip of the cantilever can, for small oscillations,
be modelled as a driven, damped, simple harmonic oscillator,

z̈ =
F (z)

m
+
F (t)

m
− c

m
ż − k

m
z (3.1)

where ż and z̈ represent the first and second time derivatives of displacement, F
is the force exerted by the interaction between the tip and the sample, F (t) is
the driving force, typically a sinusoidal function, c is the coefficient of damping,
k is the effective stiffness of the cantilever and m is the effective mass of the
cantilever.

Rearranging for F and differentiating with respect to z gives,

dF

dz
= k (3.2)

where,

k = k0 + kts (3.3)
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k0 being the stiffness of the cantilever and kts is the change in stiffness due to the
tip-sample interaction. kts is given by

kts =
−∂Fts
∂z

=
∂2Vts
∂z2

(3.4)

For oscillation amplitudes, over which the force gradient, kts, is constant,

ω =

√
k

m
(3.5)

where ω is given by

ω = ω0 + δω (3.6)

can be used to infer (using the Taylor expansion approximation for a square root)
that

∆f =
f0

2k0

kts (3.7)

where f0 is the resonant frequency. As tip-sample separation varies, so does
the natural resonance of the cantilever, this shows that the change in resonant
frequency,

∆f ∝ dF

dz
(3.8)

i.e. the oscillation frequency shift is proportional to the force potential experi-
enced by the probe. This allows us to infer the force between the tip and the
sample from frequency shift, and therefore to calculate the tip-sample separation
from the force/separation graph [12].

AFMs use either the amplitude of oscillation or the frequency of oscillation
as the control parameter for the height of the tip. When surface tip separation
is constant, the frequency/amplitude will remain constant. When scanning a
sample to measure the surface topography, a change in surface-tip separation will
have an effect on the amplitude and frequency of oscillation. AFMs record either
the shift in frequency/amplitude or alter the height of the tip in order to return
the oscillation to the set value, recording the height change required to do this.
This process is known as feedback and the mechanism for this is described in
section 3.1.1. Imaging can be performed in constant height mode, where the tip
is held at a constant z-position relative to the lab frame and change is recorded.
This can be performed with the tip in contact with the surface (contact mode
AFM), or oscillating above the surface (non-contact AFM, NC-AFM), and is
used for extremely flat surfaces which produce very little cantilever deflection, or
where very fast scanning is necessary [14]. Alternatively, frequency or amplitude
locking can be performed, where the height is altered to negate the change in
frequency or oscillation amplitude.

The most basic form of AFM imaging is known as contact mode where the tip
is brought directly into contact with the sample, deep into the repulsive regime.
As scanning occurs, either a constant deflection of the cantilever is maintained by
adjusting the height, or the height is kept constant and the change in deflection

page 9 of 160



3.1. THEORY Vanhouse

is recorded. The downsides to this method include wearing of the tip and damage
to the sample as capillary forces can cause the tip to snap to contact with the
sample during approach. Problems can also occur when the sample is soft and
the tip penetrates the surface, meaning the surface topography is not correctly
recorded.

In ultra-high vacuum when measuring inorganic samples, dissipation is low
and so Q is very high. This means the oscillation amplitude is slow to respond to
changes in the force gradient or dissipation, meaning that it is hard to track the
amplitude. For this reason, the resonant frequency of the cantilever, and changes
in it, are tracked, whilst the excitation frequency is varied to match this using
a feedback loop and a phase-locked loop (PLL) (also described in section 3.1.1),
this is known as frequency modulated atomic force microscopy (FM-AFM). The
cantilever is driven either with a constant excitation force, or a second feedback
loop is used to maintain a constant oscillation amplitude.

To image a sample using the method described above, a parameter is chosen
to be kept constant, usually the resonant frequency of the cantilever, and this is
achieved by using a feedback loop to vary the height of the tip. This is, essentially,
imaging the force gradients above the sample. Constant drive excitation is most
commonly used as a second feedback loop can generate artefacts in the data.

NC-AFM can be performed in the repulsive regime or the attractive regime,
depending on the tip-sample separation and the force gradient experienced by the
tip. As the probe approaches the sample, it first experiences an attractive force to
the surface, which decreases the resonant frequency. Moving past the attractive
regime, the probe begins to experience a repulsive force which increases the reso-
nant frequency. The effect of these regimes can be seen in Fig.3.2, displaying the
frequency shift as the probe moves vertically above the sample surface. Operating
in the attractive regime means the probe is less likely to collide with the surface,
something which could cause damage to the probe and/or sample, however, this
can be harder to control and is typically only used in UHV environments. The
repulsive force can initiate a far larger frequency shift making the probe more
sensitive to smaller changes in height. NC-AFM means that tip-sample forces
are minimised, and the tip is less likely to sustain damage or collect debris from
the sample. The probe is oscillated at the cantilever resonant frequency. For
cantilevers with a very high Q-factor, or in a medium with very little resistance
e.g. ultra-high vacuum (UHV), it takes more time to dissipate kinetic energy,
therefore shifts in amplitude are slower to occur and slower to correct. Frequency
shifts, on the other hand, occur faster with a higher Q and can be tracked faster.
Factors like this can affect the potential speed of the scan. NC-AFM may also
be defeated by a liquid layer forming on the surface of the sample.

In ambient conditions, there is significantly more dissipation into the air,
resulting in a lower Q-factor. It is, however, still possible to perform the FM-
AFM method despite this [15]. Measuring the force gradients is information which
would not be achievable using the more commonly used (in ambient conditions)
using an intermittent contact method.

The third imaging mode is known as intermittent contact mode or ’tapping
mode’, which operates in the attractive region for the top part of the cycle and the
repulsive region of force at the bottom of the cycle. The cantilever is oscillated at
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Figure 3.2: Graph showing how dF, resonant frequency shift, varies as the AFM
probe is brought towards the surface. The red trace shows the approach, and the
green the withdrawal. This nicely demonstrates that adhesive forces close to the
sample keep pulling the tip in until it is stepped far enough back to escape this
region of attraction.

a fixed drive frequency, typically ∼10% below the free space resonant frequency
and with a fixed amplitude driving force. When it is brought towards the surface,
the tip makes contact towards the bottom of the oscillation. The repulsive force
from the sample surface increases the resonant frequency and more importantly
reduces the amplitude of oscillation through dissipation. The resultant amplitude
is measured and is maintained by adjusting the height of the cantilever as the
height of the sample varies with scanning. The magnitude of the change in
amplitude due to the tapping of the tip onto the surface is related to how much
energy is dissipated by the probe hitting the surface. If a small amplitude drop
is used as the locking parameter, then it is tapping more lightly and is less likely
to drag along the surface or damage a softer sample material. Tapping mode,
therefore, has elements of tip and sample preservation from NC-AFM and is
able to penetrate any liquid layers to the actual upper surface of the sample like
contact mode AFM. It is able to break the ’jump to contact’ seen in contact mode
with a soft cantilever in ambient conditions.

In most commercial AFMs the motion of the tip is measured by reflecting a
laser beam off the back of the cantilever and observing the motion of the reflected
spot. The laser beam reflected off the back of the cantilever is aimed onto the
centre point of a quadrant photodiode with each of the quadrants receiving some
proportion of the beam. The intensity seen by each diode allows the calculation
of the position of the centre of the spot. Cantilever designs vary widely as there
are many possible applications and different requirements for each of them. A
cantilever designed for use in tapping mode will have a moderate stiffness to have
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sufficient kinetic energy to escape the adhesive force potential between the tip and
the sample, and a high Q-factor for improved sensitivity. Low stiffness cantilevers
are required to image biological samples in water, high stiffness is required to
achieve atomic resolution in ultra-high vacuum. In frequency modulated AFM
(FM-AFM) and tapping (amplitude modulated / AM-AFM) mode, oscillation
frequencies tend to range from a few kHz to a few MHz [16] and oscillation
amplitudes from 1nm to 10nm [17]. Cantilever stiffnesses are dependent on the
dimensions of the cantilever as well as the material from which it is fabricated.
Cantilevers designed for soft samples have low stiffness ∼80 mNm−1 and high
scan speed cantilevers are the stiffest, typically > 80 Nm−1, cantilevers used for
intermittent contact AFM typically have stiffness on the order of 1 Nm−1 [16].
The length of a cantilever tends to be between 3 µm and 100 µm and the radius of
curvature of the probe tip from 30 nm to 10 nm for the highest lateral resolution.

3.1.1 Feedback loops

Of equal importance to the high quality cantilever/tip and the high precision 3-
axis stages on which the sample is mounted, is the feedback loop which controls
the measurement. A parameter, or several parameters, are chosen to be control
parameters and the feedback loops adjust other parameters, e.g. frequency, am-
plitude, drive voltage, or height, and varies these in order to lock to the chosen
value.

The phase relationship between the driving force and the oscillating cantilever
can best be explained when the analogy is made, comparing the system to a
mass on the end of a driven, vertical spring, a system which is to all intents and
purposes, almost entirely undamped, similar to the AFM cantilever oscillating
far from the surface. The motion of the mass can be compared to that of the
centre of momentum of the cantilever, and therefore the end of the probe, and
the driving force on the spring to that driving the AFM cantilever.

When driven significantly below resonant frequency, the spring compresses and
extends a minimal amount. The driving head, attached to the spring, therefore,
moves up and down in phase with the mass on the end of the spring. The phase
difference between the displacement of these is 0°as the separation between the
driver and the mass remains constant.

As the drive frequency is increased, the phase difference becomes non-zero and
increases. When the driving force has frequency equal to the resonant frequency
of the mass-spring system, the oscillation amplitude of the mass becomes large,
many times larger than the drive amplitude, depending on the Q-factor of the
spring, i.e. how quickly it dissipates the kinetic energy it receives from the driver.
The phase difference between the driver and mass displacements at this point is
90°. The mass moves upwards through the centre as the driver reaches its top
(retracted) position, and the mass reaches its top as the driver moves downwards
through its middle position. The displacement of the mass always trails the
displacement of the driver by π

2
of the cycle.

Increasing the drive frequency above resonance, the driver and mass displace-
ments will reach 180°phase difference. The two move in opposite directions to
each other and are out of phase.
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Feedback loops work by measuring the current position and comparing it to
a setpoint value. The difference between the present value and the setpoint, and
the integral of the error with respect to time, decide the strength and direction
of the signal which is sent back to the system to initiate movement towards the
setpoint value(s).

In FM-AFM for instance, A phase-locked loop (PLL) locks to the phase of the
oscillation by measuring the phase difference between the cantilever oscillation
and the driving force. The drive frequency is delayed or advanced to maintain
the 90°phase difference as the resonance of the cantilever changes due to changes
in the force gradient caused by changing tip-sample separation. A PID feedback
loop is used to adjust the tip-sample separation in order to keep the resonant
frequency constant and a further feedback loop can be used to modulate the
drive voltage if constant amplitude oscillation is required.

In AM-AFM, a feedback loop can be used to maintain a constant amplitude of
oscillation of the cantilever. The cantilever is stepped away from or towards the
sample in order to change the tip-sample force gradient, or to alter the damping
and therefore to keep a constant amplitude.

Data from the feedback loop operation is recorded and this contributes to the
sample topography data.

The PLL feedback loop operates about 10 × faster than the z control loop
which maintains constant height to maintain a constant oscillation frequency and
so a constant force gradient.

The most important component of a PLL is the phase detector or phase com-
parator. This is a piece of electronic circuitry which receives two input voltages,
(in the case of the instrument described in this thesis) the current from the AFM
probe representing the velocity of the tip, and the driving voltage driving the
oscillation of the cantilever, and calculates the phase difference between the two.
There are several slightly different methods by which the phase difference can
be calculated, however, the simplest and most common, when the incoming sig-
nals are expected to be sinusoidal, is by using an analogue multiplier. This is a
circuit, made up of several transistors, which receives the two input signals and
produces an output signal proportional to the product of the inputs[18]. Taking
the product of two sine waves, with a small phase difference, returns a constant
voltage, proportional to the phase difference, and an oscillating sine wave voltage
with the frequency being the sum of the frequencies of the inputs. The oscillating
voltage is filtered out using a low pass filter, leaving the constant voltage, from
which the phase difference is extracted.

The rest of the PLL contains a low pass filter, voltage amplifiers and the
voltage controlled oscillator. The filter is used to filter out other frequencies and
the voltage controlled oscillator to generate the oscillating voltage signal which
will be sent to drive the cantilever.

In the AFM controller used in this project, the PLL is entirely digital; the in-
coming voltages are passed through analogue to digital converters (ADCs) before
the software performs the function of the PLL.

The measured parameters are compared to the predefined setpoints, the dif-
ference between the two is known as the error, and feedback calculated based on
three measurables: (i) proportional feedback, the difference between the setpoint
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Figure 3.3: Simple diagram of a phase-locked loop. The reference signal is one
input and the drive voltage is the other. The phase difference between the two is
the output of the phase comparator.

and the current value, (ii) integral feedback, determined by integrating the size
error over the time for which it has persisted, and (iii) derivative feedback, the
rate at which the current value is moving away from the setpoint. Together the
three are known as proportional-integral-derivative (PID) feedback.

For the AFM described in this project, the measured status can be the res-
onant frequency of oscillation, the amplitude of oscillation or the deflection of
the cantilever. The feedback signal can be sent to a variety of effectors, altering
the drive voltage, the drive frequency, the height of the probe or possibly other
variables.

Typically, and in the case of the instrument described in this thesis, AFMs
use only proportional and integral (PI) feedback [19]. Using derivative feedback
loops tends to increase noise. The feedback loop is controlled by digital signal
processing hardware, requiring low noise conversion of the analogue detected
signal into digital form, and then the digital feedback into analogue signals.

In the case of tapping mode, the frequency is fixed at a value below the free
space resonant frequency and the amplitude is used as the setpoint. The cantilever
is first allowed to oscillate in free space at a pre-determined drive voltage, it will
then have a fixed amplitude of oscillation which can be measured by the AFM.
A target amplitude is then provided by the user and the tip-sample separation
is decreased, causing the probe to tap the surface with increasing force until the
amplitude is reduced to the setpoint value. If the tip-sample distance decreases,
the oscillation is damped more and the amplitude of the cantilever oscillation
decreases and the error signal to the feedback loop will cause the tip to withdraw
resulting in an increase in amplitude, and vice versa for an increase in tip-sample
separation.

In NC-AFM the frequency of oscillation is the primary set-point variable, often
specified as an offset from the free space resonant frequency of the cantilever
(typically −10 - +10 Hz). Once the setpoint is selected, the AFM controller
uses the PLL to compare the phase of the incoming measured oscillation to that
of a reference signal. The PLL demodulates the incoming signal and extracts
the phase information. A diagram of a basic phase-locked loop can be seen in
Fig.3.3. The PLL setpoint is defined as a particular phase between the signal
and reference and it tracks the resonant frequency by keeping the phase constant
[20]. The feedback loop then adjusts the tip-sample separation in order to keep
the resonant frequency constant.

The AFM control hardware used in our instrument, and in the commercial
AFM (Veeco Nanoscope V) in the lab use only proportional and integral feedback.
Practically, for a flat sample, most of the feedback can be best performed with
an integral feedback loop, especially for low scan speeds. For larger step sizes the

page 14 of 160



3.1. THEORY Vanhouse

Figure 3.4: Primary vibrational mode of the Akiyama probe tuning fork and
cantilever. It is possible to drive it at its first harmonic, but the returning current
signal is extremely small.

proportional feedback is of much greater importance to ensure accurate tracking
over large height steps.

3.1.2 Akiyama Probe

There are a large variety of probe types depending on the purpose for which
they are required, however, the vast majority of them work by having a reflective
upper surface to reflect a laser beam onto the quadrant photo-detector. In the
case of the NV− magnetometer, the nano-diamond will be on the top side of the
probe, and it is important that it is possible to collect all photons emitted from
the NV− centre when a green laser is shone onto it. It is important that any laser
used for beam reflection does not interfere with, or wash out, the red photons
which will provide the magnetic field information and that the green laser does
not interfere with cantilever beam deflection measurements.

A useful alternative, used in our instrument, is the Akiyama probe. This uses
a quartz tuning fork as the actuator and sensor, and a tip on a silicon cantilever
interacts with the sample surface, thus detecting the motion without the use of
light which could interfere with the fluorescence. The probe tip has a radius of
curvature of ∼15 nm providing excellent spatial resolution [21].

The primary vibrational mode of the quartz tuning fork is laterally, inwards
and outwards, much like a musical tuning fork. The silicon cantilever is split in
two and has two connection points, one on the end of each fork tine. As the tines
move inwards and outwards, so do the connection points on the cantilever, this is
visible in Fig.3.4, taken from the Akiyama probe guide [21]. Due to the surface
shape of the cantilever and the attachment to the tuning fork, this is translated
into a vertical up and down motion at the tip. This causes the probe to oscillate
up and down with the same frequency as the tuning fork, albeit with a different
amplitude.

The quartz tuning fork of an Akiyama probe is piezoelectric and therefore is
the actuator in the system. The drive voltage is applied directly to the crystal
via the metal contacts running along the surface, and the voltage causes stress
and deformation of the crystal structure, generating the flexure. This directly
results in the vertical movement of the probe tip.

The other tine of the tuning fork is electrically isolated from the first, but

page 15 of 160



3.1. THEORY Vanhouse

Figure 3.5: Optical microscope view of the Akiyama probe. The gold contacts
are visible as is the tuning fork, the cantilever is at the top of the image on the
end of the tuning fork. The tip of the probe is pointing upwards towards the
camera.

this also is covered in a metal contact, which is the measurement connection to
readout the motion of the probe. The piezoelectric effect in the quartz means
that the movement of the crystal generates a current which can be detected and
measured. The frequency and magnitude of the current directly relate to the
frequency and velocity of oscillation.

As the output current from the second tine corresponds directly to the velocity
of the tip, the current can be monitored to infer the displacement of the tip.
Increased damping and therefore dissipation reduces the amplitude of oscillation.
Changing effective stiffness of the cantilever, due to a change in force gradient,
changes the resonant frequency of the cantilever. Both of these effects can be
observed by measuring the output current from the second tine.

An Akiyama probe, visible in Fig.3.5, has the specifications displayed in Table
3.1 and its form can be seen in figure 3.5 (Close up images in figures 3.8 and 3.9).

The amplitude and phase response of one of our A-probes to a change in
frequency is visible in Fig.3.6.

The frequency change of the oscillation of the Akiyama probe was measured
with respect to displacement over a small region around the setpoint. The data
is visible in Fig. 3.2. The non-contact region, where df < 0 Hz, is around 30 nm
in size. This is significantly larger than other AFM cantilevers [12] and provides
a far greater chance of successfully operating the AFM with the probe in the
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Cantilever length 310 µm
Thickness 3.7 µm

Width 30 µm
Bulk resisitivity (n+ silicon) (0.01− 0.025 Ω.cm)

Tip radius < 15 nm
Tip height 28 µm

Force constant (Si cantilever) 5 N/m
Resonance frequency ∼ 50 kHz

Table 3.1: Table displaying the typical physical characteristics of an Akiyama
probe. Data from Nanosensors [21].

Figure 3.6: The top graph shows the amplitude of oscillation of the Akiyama
probe vs drive frequency. The second plot shows the phase of the probe oscillation
with reference to the drive signal. The zero degrees, in this case, is set to indicate
where the driving force is π/2 ahead of the oscillation of the cantilever, i.e. the
cantilever is being driven on resonance.
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Figure 3.7: Circuit schematic of the preamplification circuits that accompany the
Akiyama probe. Source: NanoSensors [21].

attractive regime. One possible reason for this extra-large non-contact region
is that the cantilever oscillates with such large amplitude and possible as the
Akiyama probe, a hybrid of a quartz tuning fork and silicon cantilever, has a
higher Q-factor than a standard silicon cantilever. A higher Q broadens the non-
contact regime (vs tip-sample separation) but reduces the magnitude of the ost
negative value of dF [22]. The main difficulty with this regime is that there are
two height values for a given negative frequency offset, meaning jumping between
the two locations is likely to occur whilst scanning. In the case of the Akiyama
probe, there is a much larger distance between two locations of equal frequency
offset, meaning jumping between the two is less likely.

This method is significantly more compact than a beam deflection sensor.
It requires the Akiyama probe and the ceramic plate to which it is attached
to be clipped onto a printed circuit board visible in Fig.3.7. On the PCB are
two pre-amplifiers, one which lowers the drive voltage to an appropriate level for
the tuning fork without altering the waveform and another which amplifies the
measured signal from the cantilever for processing in the controller. This frees up
significant space around the probe and the sample, most of which will be occupied
by the microscope objective lens which will be part of the confocal microscopy
setup of this machine. The geometry of the Akiyama probe is designed in such a
way that the probe extends away from the cantilever as well as down towards the
sample, meaning that when viewed from above, the upper surface of the tip is
visible. This is useful as on the final version of the NV-magnetometer, the nano-
diamond will be attached close to the tip on the top surface of the probe, allowing
emitted photons to be collected by the objective lens with greater efficiency. The
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Figure 3.8: Magnified optical microscope view of the tuning fork and cantilever.
Again, the probe tip is pointing towards the camera.

overriding reasons for using the Akiyama probe are its compact size providing
room above the probe and the compatibility with fluorescence experiments [23].

3.2 Construction and Methods

We began the construction of the NV− magnetometer by building an AFM and
then working around that. A combination of budget constraints, but mainly
the need for exceptional flexibility meant that the AFM was constructed from
separate components, rather than using a commercial AFM. An AFM can be
largely boiled down to three fundamental parts: the tip/cantilever, three-axis
motion to scan the sample and adjust tip-sample separation, and the feedback
loops and control systems.

The AFM controller chosen was the RHK R9, a scanning-probe microscope
controller, capable of driving an AFM or a scanning tunnelling microscope (STM).
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Figure 3.9: A side view of an Akiyama probe cantilever, viewed through an optical
microscope. The AFM tip is visible at left-hand end of the cantilever, itself on
the left-hand end of the tuning fork. The tip height is approx 30 µm and the
radius of curvature of the tip is ≤ 15 nm.

RHK Technology is a Michigan based company which specialises in SPM instru-
ments and other nano-scale applications. The R9 controller is capable of pro-
viding all of the control signals required for scanning, including the PLLs, probe
drive, scanning signals and data collection. The instrument comes with its own
proprietary software.

The software uses a system, referred to as an Iconic Hardware Description
Language (IHDL), to describe the physical and electronic setup of the current
system; in essence, every physical component, or group of electronics necessary
for scanning. Physical connections are represented by solid lines and internal,
electronic pathways within the control box are dotted lines. This method is
intended to provide a simplified, user-friendly way to set-up the controller. It is
in this software space that calibrations are provided for stages, to indicate what
voltages should be applied and the physical distance to which this corresponds.
It is also here where the feedback locking variable is specified, for instance, to
change between tapping and non-contact mode AFM.

Within the IHDL is an area known as the procedure space, where protocols
and algorithms can be created and named for automatic use during scanning or
for the user to call as required. Again this has been executed with the intention
of being user friendly, with block-based programming used instead of the usual
written scripts.

Programmed into the procedure space is the capability for multi-pass imag-
ining. This allows the user to set a number of repeat scans to be performed
consecutively. It is possible to repeat the scan in normal measurement mode,
however, more applicably to NV− magnetometry, the repeat measurements can
be performed at different heights. Either by scanning at a fixed height relative
to the surface which was just measured or by withdrawing the sample a fixed
distance and scanning over a horizontal plane. In both of these cases, dF and
PLL amplitude and other data are still collected, but this is particularly useful
for magnetometry as the magnetic field measurements can be carried out over a
volume above the sample.
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(a) Screenshot of the left-hand computer monitor displaying the RHK software con-
trolling the AFM during a scan.

(b) Screen shot of the right-hand computer monitor (listed anti-clockwise from bottom
left) is the oscilloscope plotting frequency shift and surface height vs time, a side view
and a top-down camera view of the sample scanning, the SmarAct probe stage GUI,
and information panels from the RHK displaying scanning stage positions, dF and PLL
drive voltage.

Figure 3.10
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3.2.1 Tip positioning

Whilst the tip is not moved during scanning, it has to be positioned in the centre of
the objective lens whilst confocal microscopy is performed, withdrawn sufficiently
far in order to remove or replace samples, and to be brought close to the sample
in coarse approach before scanning begins. For this reason, the AFM cantilever
and pre-amplifier are mounted onto a three-axis positioning stage manufactured
by SmarAct. The stages chosen are three SLC-1720 Linear Piezo stages, mounted
together to provide three axes of motion. They have a 12 mm range of motion and
sub-nm resolution. These are also closed-loop stages and constantly measure their
position to ensure accuracy. The motion is generated by piezo-electric slip-stick
motors, which ”shuffle” the stage around, this means that remaining stationary
requires no voltage to be maintained. The stage setup can be seen in Fig.3.11.

The motion can be controlled by transistor-transistor logic (TTL) pulses,
which could be provided from the R9. The downside of this is that a single
pulse is required for every step, and the step size (and, therefore, the speed of
motion) is not adjustable. Using an RS-232 cable from the PC allows the stage
to be controlled by ASCII encoding. This method allows a request for a certain
number of steps to be sent, along with step frequency and step size. This also
allows an emergency stop button to be programmed into a user interface. As the
tip never needs to move during scanning it is not necessary for this to be utilisable
by the R9, and it is sufficient to have a graphical user interface (GUI), written in
Python, for the operator to manually positioning the tip where required.

3.2.2 Sample scanning

In order for this AFM to be converted into an NV− magnetometer, it is required
that the NV− defect and the AFM probe which will carry it, remain stationary
in the centre of the microscope objective (MO) lens. The MO can move only
along the z-axis and is fixed in x-y, therefore the sample will be scanned across
underneath the stationary probe. In order to do this, motion stages for the sample
made by French company Piezoconcept were chosen, the stages are the LFHS2.50
for x/y and the Z-STAGE.50 in z. The x and z axes both have a range of 50 µm
and the y-axis 75 µm. These are three-axis flexure stages with motion controlled
by a single piezo stack for each axis. Due to the inherent variability of piezo-
electric crystals, the stages are calibrated directly after manufacture and each
stage is encoded so it works only with the correspondingly calibrated controller
unit. The piezo-crystals receive 0 V - 150 V from the controller and expand and
contract with voltage. The calibration removes any need for the user to deal
with the non-linearity of expansion of piezo-crystals, the stage controller is itself
provided with an input analogue control voltage, 0 V - 10 V in this case, with
0 V being fully contracted and 10 V equating to maximum extension. Change
in stage position is linear with this signal voltage. The stage controller receives
voltage signals from the analogue output of the R9.

The stages themselves are closed-loop systems, they constantly measure their
own position. This ensures that the stage has moved properly, as well as helps
to negate any drifting effects or changes in temperature. This, coupled with the
high precision voltage generator in the stage controller allow the stages to have
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a positional resolution of 0.05 nm, a noise floor of 5 pm, and the stages can
extend across their entire range and arrive back to within 0.1 nm of the same
point. The stages have a resonant frequency between 1.5 - 3 kHz which is far
away from the resonance of the cantilever and scanning frequency to ensure that
no issues arise [24]. These stages are highly suitable for AFM and therefore for
NV− magnetometry also. The R9 is capable of sending driving signals of up to
1V to the AFM probe. This is a generic voltage, as the R9 is designed to work
with custom microscope designs.

3.2.3 Coarse approach of the tip towards the sample

An extremely useful addition to the AFM set-up was a CMOS camera and a 12×
zoom lens with a focal length of 98 mm, both from ThorLabs. The camera is
positioned at the height of the sample stage so it has a view of the tip. This
provides a view of the tip approaching the surface at such resolution that 1 pixel
= 1 µm in the plane of the tip. This allows the tip to be brought to within a few
microns of the surface without the need for the standard ’sewing’ approach used
by most AFMs.

The sewing approach is a safe method of bringing the tip into contact with the
sample. Typically there are a coarse and fine adjustment approach motors. The
coarse stage is manually brought towards the surface until the user judges, by
their own eye, that it is as close as they can safely make it. The AFM controller
then takes over by moving the fine stage through its entire range of motion looking
for the contact point. If the fine adjustment stage does not bring the tip into
contact then it is fully withdrawn and the coarse stage takes one step of between
the half and the full range of motion of the fine stage. The process then repeats.
Therefore the manual approach usually brings the tip to 500 - 1000 µm from the
surface. The sewing method would then bring the tip into contact, a process that
usually takes several minutes.

Using the side view camera on our instrument allows the manual approach to
bring the tip well inside the 50 µm range of the fine adjustment motion stage,
meaning that once manually approached final approach is already completed and
scanning can begin immediately.

The high zoom and close focal length of the lens on the camera mean that the
numerical aperture is very small and that ambient room lighting is insufficient
to view the tip. An array of green LED’s is used, seven diodes each drawing 50
mA at 24 V. The LED array is positioned behind the probe pointing towards the
camera, slightly off the axis of the lens. This reflects sufficient light off the tuning
fork, cantilever and probe that it is clearly visible in the camera image.

This setup greatly improves efficiency in approaching and scanning a new
sample and also improves the ease with which the AFM is operated.

3.2.4 Probe pre-amplifier

The Akiyama probe comes with a specific tuning fork sensor controller (TFSC)
pre-amplifier, designed and manufactured by Nanosensors (Switzerland). The
controller contains electronics to reduce the input voltage by a factor of 10, in
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Figure 3.11: Overview of the scanning parts of the instrument. On the far left
is the Smaract SLC-1720 stage, used to position the AFM probe in the centre of
the MO and to bring the tip into contact range with the sample. The side view
camera which allows the tip to be brought so close to the surface is on the far
right of the image. Attached to the z-axis Smaract stage is a mount which holds
the Akiyama preamplifier, which receives the drive voltage, converts it to a safe
level for the A-probe, receives the induced current from the probe and converts it
to a voltage for it to be measured by the RHK R9. The mount ensures that the
A-probe, visible at the end of the preamplifier PCB extending into free space, is at
an angle of 11o above horizontal. This ensures that the probe contacts the sample
vertically and no other parts of the chip or preamplifier impinge on the sample.
On the bottom of the image is the PiezoConcept XYZ stage, used for scanning the
sample. The mount on top of the stage is holding a PCB which is used to apply a
voltage to h-BN chips. The mount is removable so the sample can be loaded and
the terminals aligned in a more spacious environment. The microscope objective
lens is visible entering from the top of the image. This provides the top down
view of the AFM scanning, focuses the laser onto the sample and collects light
emitted from samples. The MO is focussed on the sample surface, lens sample
separation is 3.4 mm. The Smaract stages and A-probe are rotated away from
the sample to provide a clearer image for this thesis. During normal operations
this system is rotated anti-clockwise and secured so the probe is in contact with
the sample and underneath the MO.
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Figure 3.12: View of the cantilever and sample surface as seen by the approach
camera with widest possible field of view.

(a) View of the tip and the sample surface,
with the side camera at maximum mag-
nification. Sample z-stage is in the fully
retracted position (z = 0 µm).

(b) Same view as in a), but the sample
z-stage is at full extension, 50 µm above
retracted position. The tip is just out of
contact with the sample.

Figure 3.13: The reflection of the cantilever off the surface aids a great deal
in seeing the tip-sample separation. The SmarAct probe stage can take sub-
nm steps, which is far greater precision than is required, making this a very
comfortable method of safely bringing the probe into contact.
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Figure 3.14: View of the AFM probe on the CMOS camera looking down the MO
lens. By reducing the height of the lens using the focusing stages, the focal plane
can be lowered, taking the probe out of focus and bringing the sample plane into
focus.

our case coming from the R9, and a transimpedance amplifier (22 V/µA) to
amplify the induced current in the oscillating tuning fork. On the output side,
there is an op-amp loop with gain 1, which acts as a buffer. Between the input
and output sides is a circuit containing a variable resistor, which can be manually
adjusted to correct for capacitance in the system. Capacitance can be present
between the electrodes on the quartz tuning fork. This correction is performed
whilst tuning the cantilever in order to make the resonance curve symmetric and
it is necessary to do this whenever a new cantilever is used. The schematic circuit
diagram is shown in Fig.3.7.

3.2.5 Scan view

The final piece of equipment required to perform AFM is a way of seeing where
the probe is going to scan on the sample. This is accomplished by using the
microscope objective lens, which forms part of the confocal microscopy set-up, and
another CMOS camera from Thorlabs. A variable intensity, green, LED projects
light onto the sample through the MO by being reflected into the camera’s view
by a beam splitter. The light reflects off the sample through the MO, a proportion
of it then transmits through the beam splitter and is focused by a pair of lenses
onto the camera sensor. This view can be seen in Fig. 3.14 and the setup diagram
in Fig.3.15.

The Piezoconcept fine control motion stages are mounted on a manual, mi-
crometer driven stage. This provides the coarse positioning in X and Y with 25
mm of range in both axes. This allows the area of interest on the sample to be
brought into view and centralised under the AFM probe before approach and
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Figure 3.15: Diagram showing the camera and beam splitter responsible for pro-
viding the view of the sample and cantilever through the objective lens. See figure
4.1 for information on the other parts of the system. The camera view and LED
illumination is achieved using the beam splitter nearest the sample.

scanning begins. The layout of the computer control system for the AFM can be
seen in Fig. 3.10.

3.3 Literature Review

Amin-Shahidi et al. describe a high-accuracy AFM head, designed to be used in
conjunction with the sub-Atomic measuring machine, a magnetically-suspended
scanning stage developed by a joint team from MIT and the University of North
Carolina at Charlotte[25]. It has an x-y range of 25 mm with a resolution of 0.1
nm [26]. The AFM head provides z-range of 20 µm. Scan speeds of 5− 10 µm/s
typically provide clear images, and depth measurement reliability is very high,
agreeing with measurements provided on a 25 nm AFM standard sample. The
scan range of this AFM is huge and is due to their use of an already existing
machine, previously built in-house. This provides a very large area over which to
image, however, at the maximum AFM scan speed, a 25 mm2 scan area would
take a very long time to cover. The z-range is larger than most commercial AFMs.

The Dimension FastScan AFM [27] has a maximum scan speed of 12 mm/s,
although the use of this speed would be highly dependent on cantilever proper-
ties. The system senses tip motion using deflection of a laser beam from the back
of the cantilever, and the scannable volume is 35×35×3 µm, and z-axis resolu-
tion is quoted as 40 pm. Due to the necessity of measuring oscillation by the
reflectance method, and the way in which the machine is encased in protective
panels, adaptation for other purposes is rendered difficult. It would require a lot
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of modification before this instrument could be modified for the purpose described
in this thesis. The z-range is significantly smaller than on our instrument and is
the same as that on the Dimension 3100 AFM in our lab, which is 20 years old.
The maximum scan speed is truly impressive, if the settings are defined correctly
then this would make taking an AFM measurement of 35×35 µm area just as fast
as optically viewing it.

Gaoliang Dai et al. based at Physikalisch-Technische Bundesanstalt, devel-
oped a high accuracy, high speed, long scan range AFM to avoid the issue of
drift during long-range scans [28]. The AFM scans a calibration grid attached to
the sample in order to allow their software to correct for distortions caused by
the scan speed. They show that scanning speeds of 100 µm/s and 500 µm/s are
possible and produce an accurate image of the sample surface when using this
real-time calibration technique. The sample is scannable over a 25×25×5 mm
range, this is achieved by having multiple stages stacked together. The maximum
scan speed is given as 1 mm/s, however, measurements at this speed are not pro-
vided. The range of motion of this is also huge, particularly that in the z-axis.
The fact that this is performed by having multiple stages, stacked together, for
each axis brings thermal and other types of stability into question. The necessity
of having a calibration grid attached to the sample being measured reduces the
adaptability and potentially the variety of samples which can be measured. The
use of the optical beam deflection from the cantilever would limit the applicability
of such an AFM in our area of application, however, an Akiyama probe could be
used and such a system could work well for us. Such a massive range in every
axis is not required in our application, samples are of a fixed size and features
on the surface also should not be so large on standard atom chips. Whilst extra
range can be useful, for us it would be unnecessary and would undoubtedly come
with compromises in other areas, such as ultimate resolution.

Isaac et al. [29] describe an instrument and series of protocols used to align a
probe and scan a sample on a magnetic resonance force microscope (MRFM). The
system is cryogenically cooled and is designed to measure gold current-carrying
wires in waveguides on silicon wafers. The range of motion of the system is 3×3×1
µm in XYZ axes and it provides a highly reproducible alignment technique. There
is no optical observation of the system, either top-down onto the sample or side
on to view tip-sample separation. The approach is performed with a visual coarse
approach and then the ’sewing method’, where larger vertical steps are taken with
the probe, then the sample stage scans vertically to see if the tip is near enough
to come into contact with the sample. The motion of the tip is detected using a
fibre-based laser interferometer. The lack of cameras viewing the sample would
make aligning our types of samples quite difficult, and the interferometer setup
used to detect the tip motion would be very hard to work around whilst adapting
the system. The dynamic range of this system has an accuracy of ∼1% of the
maximum range.

Chang and Degen at ETH Zurich [30] use a scanning AFM to perform NV−

magnetometry. Their home-built AFM has a scan range of 200x200x200 µm and
resolution of 1 nm. This is a large range and sufficient precision for carrying out
their research, measuring current density in microscale current-carrying devices.
Their AFM is used to perform magnetometry but does not image the topogra-
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phy of the sample, the AFM is purely used to scan the sample underneath the
diamond.

3.4 Tests and Results

A frequent problem with many forms of nanoscale scanning instruments is that of
drift. Fluctuations in temperature and voltage supply can cause the stage to move
its position slightly. If a stage is required to hold a fixed position for a long time,
the nature of piezoelectric crystals can mean that the stages drift slightly due to
creep. The Piezoconcept stages constantly measure their position and feedback
to the controller, this provides some degree of drift prevention. The system works
extremely well on these stages and drift is not an issue. High resolution 50 µm
FM-AFM scans were performed over the course of a weekend, each scan lasting
up to 7 hours for the slowest scans (1 µm/s); the sample did not drift and four
scans matched to within 200 nm.

Most FM-AFM scans are taken at speeds of 5 - 10 µm/s. Samples with much
smaller features require slower speeds, down to 1 µm/s. For an ideal sample
with correctly tuned feedback loops in tapping mode, a scan speed of 50 µm/s
produces clear scans, scanning faster than this has not produced useful data.

3.4.1 Oscillation Amplitude

To understand better what is happening as the probe senses the sample, one
must know the amplitude of oscillation of the tip. The drive voltage is set by the
computer software, and the return voltage is measured by the AFM controller
and is referred to as the PLL Amplitude, the voltage being used as the feedback
signal by the phase lock loop. The Akiyama preamplifier has known amplification
gains, there is a step-down voltage amplifier on the input and a current-voltage
amplifier on the output. This can be used to convert the ”drive voltage” and
”PLL Amplitude” into the actual voltage experienced by the tuning fork and the
current generated by it.

Plotting the PLL Amplitude against z-height can allow the inference of the
free space oscillation amplitude of the AFM probe.

Figure 3.16 shows the plot of PLL Amplitude, corrected to tuning fork current,
vs z-height whilst approaching and receding from the sample surface. The probe
was driven by 800 mV drive signal, which was stepped down to 80 mV at the
tuning fork. The best fit line is drawn over the linear region: 0 nA indicates
where the probe would have reached the sample surface. This data shows that
this Akiyama probe had free space oscillation amplitude of 822 nm ± 12 nm.
This is a large amplitude compared to other types of AFM probe [31], however,
this can be attributed to the way the tip is attached to the quartz cantilever.

3.4.2 AFM standard sample

AFM calibration standards are widely used to test AFMs across the world. The
ones we used were manufactured by Budget Sensors and come in 100 nm and 250
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Figure 3.16: Tuning fork current vs z-height. This data is averaged over several
approaches and retractions. The height is measured with respect to the initial
PLL set-point and is arbitrary; the surface would be at the height at which the
current would reach zero. Measuring this location is not possible and a fit of
the linear section is required to extract the position. From this, the free space
amplitude measured at 822 nm ± 12 nm. The blue points are averaged approach
data, the red are averaged retraction data, the yellow line is the best fit of the
linear section.
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nm step heights. The layout of such a sample is visible in Fig.3.17 which displays
the separation of the features as well as their heights.
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Figure 3.17: Diagram of the AFM calibration standard used to test the accuracy
of our AFM. Image taken from BudgetSensors website.

The calibration standard has an identical height for every feature, which have
high contrast colours when viewed optically, due to high and low reflectance
surface finishes. The features have sharp edges and are high or low, separated in
height by 113 nm ± 2 %, to provide high contrast on AFM scans.

Fig. 3.18 shows the camera view through the objective lens. This is the view
used to align the AFM probe over the sample in order to know which area of the
sample is being scanned. The confocal microscope can also be used to produce an
optical image of the sample which will match up very closely with the AFM data
as the same scan stages move the sample to perform the scan. Such an image
can be seen in Fig. 3.19.

Figure 3.20 shows a post-processing image of the topography data set collected
when measuring the surface of the sample with the instrument. Small errors in
the sample mount can cause a slope across the sample which can be removed by
data processing. This was a 15 µm × 15 µm scan and height data was collected
over a 200 nm range.
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Figure 3.18: The top-down camera view of the AFM standard sample, viewed
through the 100× magnification Olympus LMPLFLN100x microscope objective
lens.

Figure 3.19: A confocal reflectance scan of the AFM standard sample using the
confocal microscope to record relative intensity of the green laser light reflected
off the sample. Image taken with a resolution of 100 lines with 100 pixels per
line.
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Figure 3.20: An AFM topography scan of the 100 nm step height AFM standard

Data processing software allows a line across the sample to be selected and
the height data along that line to be displayed. This is the method used to test
the accuracy of the AFM height readings. Lines are selected along the direction
of measurement to allow for any drift between measurement passes. The step
heights are then measured and analysed to provide a height value with error, the
height of the sample is measured by the manufacturer and quoted on the sample
box as 113 nm ± 2%. The calculated value from the data taken by our AFM is
113± 1 nm.
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Figure 3.21: Topography profiles along lines drawn on the photo on the left.
Height values are plotted on the right. The sample measured was the 113 nm
AFM height standard.

Figure 3.22: 50 µm × 50 µm square AFM topography scan of the AFM standard
standard. Scan speed was set to 10 µm/s.

Figure 3.22 is a scan of the 250 nm high calibration standard from Budget-
Sensors. The spacing of the features is the same as in Fig.3.17 the only difference
being the feature height. This scan displays the ability of our AFM to accurately
measure, with low noise, across a 50 µm× 50 µm range. A small mark of dirt is
clearly visible in the middle of the image, rising half a micron above the surface,
demonstrating the ability of this AFM to image with clear definition even small,
sharply rising features.

3.4.3 Comparison to AFMs in the literature

One property in common with the AFMs discussed in the literature review, and
indeed many others I came across, is the necessity to use the sewing-style approach
to bring the tip into contact with the surface. This can take up twenty minutes
and may make the user less willing to switch samples as frequently as they might
if the approach procedure was less time consuming; it increases the complexity
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of operation. With the side camera on our system, the sample can be changed
and the tip brought safely back into contact in around two minutes. There is a
large variety in scan ranges, with a couple of very large ones, and most smaller
than ours (50×75×50 µm - XYZ, with 50 pm resolution). It was convenient
for us to have a scan range which could measure samples that are as high as
they are wide, this means that we are unlikely to encounter atom chips, h-BN or
spintronics devices which we are unable to image with the instrument. The z-
axis resolution is limited by the noise in stage position which is around 1 - 2 nm.
Whilst measuring thin flakes of hexagonal boron-nitride, step heights of 4 nm
were resolved, showing that this AFM is fit for the purpose required of it. This
setup provides the ability to measure surface topography and then repeat the
scans either at a constant height or at a fixed distance from the sample surface,
this is an imperative functionality for magnetic field measurements using an NV−

centre.

3.5 Summary

This AFM does not have the finest spatial resolution or highest scan speed of any
AFM, either custom-built or available commercially. However, it has a large scan
area, suitable for measuring atom chips, the height sensing is accurate and can
sample a line across the sample in 5 s at normal operating speed. Depending on
the resolution requested, this means that a reasonably detailed scan containing
256 lines of 256 samples over a 50×50 µm area would take less than half an hour.
The approach method also significantly reduces the time taken to load a sample
and begin measuring the surface.

The next chapter will concern the confocal microscope. A system which is
built above the AFM in order to probe samples on the AFM stage after they
have been scanned by the AFM.
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Chapter 4

Confocal Microscope

Construction of the confocal microscope began whilst the AFM was still in devel-
opment. Whilst I constructed the AFM, the lead on the confocal microscopy side
of the project was taken by Ashley Tyler. He reviewed different, specific types of
confocal microscope and chose the majority of the components required to build
ours, the laser, the galvanometer scanner and the photon detectors having already
been chosen, ordered and received by myself. Assembly of the components and
the extensive process required to align the system and position the components
correctly was a joint effort and involved many hours of work on both our parts,
independently as well as together.

This section will cover the theory of confocal microscope, explain its purpose
in this instrument, and review and compare other confocal microscopes used for
similar purposes. Occasionally, references to nitrogen-vacancy defects will be
made in order to put the information into context. A full description of NV−

centres and their behaviour can be found in Chapter 5. Construction and initial
testing of the device will then be explained by, again, using an AFM standard
calibration sample.

4.1 Theory

Confocal microscopy has, for over fifty years [32], been used to image both bi-
ological and material samples in higher resolution than with traditional optical
microscopes. It strictly controls the location from which light is received and so
light coming from areas other than the area of interest is not collected. The word
confocal refers to the fact that light in focus on the sample is focused at a pinhole
in front of the final detector. There are various types of confocal microscopy
used in research, in this project we have built a laser scanning/sample scanning
instrument. A diagram of this basic version of the instrument can be seen in
Fig.4.1.

A point on the sample is illuminated with focused light from a single coherent
point source and the reflected light observed by a detector. The point is scanned
across the sample to build up an image.

The source light is formed using spatial filtering techniques, whereby the light
is passed through two convergent lenses, separated by the sum of their focal
lengths. At the focal point between the two lenses, a pinhole is used to select
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Figure 4.1: The basic components required to perform confocal microscopy.
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only the most tightly focused light, allowing the transmission into the system of
a very clean, Gaussian in profile, highly spatially coherent beam of light. The
light is then passed through the system and focused onto the sample using an
objective lens at a finely adjustable distance from the sample.

Light collected from the sample is selectively observed using the principles of
Fraunhofer diffraction and spatial filtering. When an object is placed in front of
a converging lens, the Fraunhofer diffraction pattern of the image will be formed
at the focal distance behind the lens. If the image is placed at the focal distance
from the lens, then the Fraunhofer diffraction pattern (at focal distance) is the
spatial Fourier transform of the initial image. If this light is then passed through
another converging lens, also focal distance away, then this lens will focus the
light back into the original image.

In the case of confocal microscopy, a pinhole is used to accept only a very
narrow band of light at the centre of the image in the Fourier plane. This light is
the light originating from the focal point of the first lens, light originating from
any other point, either to the side or in front or behind the focal point, is blocked
by the pinhole. This technique is useful because the image formed by collecting
the light after it passes through the pinhole is that of a very specific volume of
space, known to the user and calculated by knowing the size of the first focal spot
and the depth of field of the lens.

To make this technique more efficient at observing only the desired volume,
as opposed to light from the entire stack of material on the optical axis of the
observation lens, the sample is illuminated by a laser, which is directed via a
beam splitter through a microscope and exits the objective lens onto the sample.
The laser light is passed through a pinhole to ensure a very coherent beam is
produced, the beam is then reduced in diameter and focused onto the sample by
the microscope. The intensity of the beam is, therefore, highest at the focal point
and so the majority of the light is reflected from this point. That coupled with
the system only collecting light from the focal point improves the filtering and
selects light only originating from the desired spatial volume.

In summary, the light leaves the laser and passes through a pinhole, is reflected
by a beam splitter into the microscope lenses where it is focused into a spot on the
sample, reflected back up the objective lens and transmitted through the beam
splitter, passed through a pinhole in the Fourier plane and then detected by any
of a variety of detectors, the type used being dependent on the purpose.

For the purpose of detecting single quantum emitters, like NV− centres, it
is important to have a small collection spot, to be able to scan it across the
surface of a sample and to have a good view of such small objects. A high
magnification microscope objective lens is therefore frequently used in order to
focus the illuminating beam tightly to ensure only a small part of the sample is
illuminated at a time and to ensure maximum light collection efficiency. Some
method of scanning light across the sample is also required to build up an image
from the pinpoints of light. Typically there is a system of two tilting mirrors,
perpendicular to each other, between the beam splitter and the microscope. With
the inclusion of a scan lens in the microscope to correct for changes in beam
direction, it is possible to use the mirrors to change the angle at which light
enters the objective, thereby scanning it across the surface of the sample whilst
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Figure 4.2: A galvanometer was added to setup to provide the ability to scan the
focused laser beam/collection spot across the sample.

maintaining the focus of the light in the plane of the sample.
Recording the intensity of light at each point builds up a picture of the sample

pixel by pixel. As the focus is changed, further layers of the sample can be
measured, providing the illumination is able to penetrate and return successfully,
and therefore a three-dimensional picture can be developed.

As well as applications such as ours, looking for light emitted from materials,
confocal microscopes also have applications in life sciences [33]. As they are non-
invasive and non-destructive they can be used to image biological materials which
naturally fluoresce, or marker/dye molecules can be implanted into the sample
which will photoluminesce and be observed by a confocal microscope [34]. This
can be used on a cellular level and dye molecules can be chosen so they will only
travel to specific locations, for example, ion streams through cells can be imaged.

4.2 Design and Construction

The confocal microscopy apparatus is based on the diagram in the previous chap-
ter, which shows the main components. The microscope objective lens (MO) has
already been referred to in the AFM section where it is used to observe the loca-
tion of the AFM probe on the sample. It is an Olympus LMPLFLN100x, with
100× magnification, numerical aperture, NA=0.8, and a working distance of 3.4
mm. This was chosen as the large magnification provides a good view of the
sample/diamond, the large aperture will allow efficient collection of the PL pho-
tons whilst the very long working distance means the diamond can be brought
into focus without the housing of the lens fouling upon the AFM probe support
system. The theoretical limit of resolution is,

Resolution =
λ

2NA
(4.1)

where lambda is the wavelength of light and NA is the numerical aperture of the
lens [35]. In our case, this gives a minimum resolvable size of 321 nm.

To make the system work with our instrument, a few alterations are required.
The first is an extra beam splitter to provide the top-down camera with a view of
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Figure 4.3: Diagram showing positioning and purposes of the scan lens and the
ITL. The scanning mirror referred to in the diagram is the galvanometer scanner
in our setup. Varying the angle of entry into the back of the MO results in
lateral translation of the focal spot across the focal plane. Diagram adapted from
ThorLabs. Red rays indicate an alternative path taken by the excitation and
returning fluorescent light due to the change in angle of the scan lens.

the sample. This is placed above the microscope objective and below the infinity-
corrected tube lens, to reflect the illumination LED towards the sample, and
reflecting some of the light returning from the sample towards the camera. This
is particularly useful for confirming the location of the laser spot on the sample
before scanning begins. The position of this camera can be seen in Fig.3.15.

In scanning confocal microscopy instruments, a pair of orthogonal galvanome-
ters with attached mirrors are used to scan the beam across the sample. The
galvanometers rotate about a pivot, the angle rotated varies linearly with cur-
rent. A very stable current supply is therefore required to reduce noise in angular
position whilst the mirrors are being held at a fixed angle. A scan lens and an
infinity-corrected tube lens (ITL) form part of the magnification apparatus of
the confocal microscope, as well as allowing the beam to scan whilst still hitting
the back of the microscope objective at the same point. The angle at which the
light enters the objective dictates the lateral translation of the focal spot of the
objective lens. The galvanometers translate the beam across the scan lens, this
is also a translation across the ITL, the light then leaves the ITL at a different
angle but still enters the MO at the same point. This is visible in figure 4.3.

The galvanometers are provided current by dedicated electronics, which in
turn are instructed on the level of current to apply by a voltage from a digital
to analogue converter (DAC) controlled by the confocal microscopy software. On
construction of the setup and during test imaging, it became clear that scanning
the laser across the back of the lens would not work in our case. There was
difficulty aligning the system so the light could scan the full range of the back
of the objective lens without clipping on other components, in addition to this,
transmission and reflection were not uniform across the entire area. When pushed
to the extremities of the range, the intensity of the returning light dropped off
significantly, giving any collected data a large skew.

To avoid the clipping and light capture issues, it became apparent that a better
mode of operation used the galvanometers to aim the beam directly through
the middle of the objective lens and fixing it there, before scanning the sample
under the microscope objective using the sample stages from the AFM side of
the instrument. The beam is directed to the point of maximum transmission and
reflection, and so by moving the sample, variances in the lens do not affect the
data.
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Figure 4.4: Confocal microscope setup including the scan lens and tube lens to
provide the ability to scan the probe beam across the sample using the galvanome-
ter scan mirrors. Optical fibres are used as pinholes in the setup, these have a
core diameter of 25 µm which is the ideal size, matching the size of the focal spot
when the magnification of the system is taken into account. They also provide the
useful functionality of moving the laser beam around the instrument, allowing for
compact design, efficient use of space and for the direction of detected lumines-
cence into the light-tight detector box. For clarity, some components have been
omitted.

Figure 4.5: Transmission/Absorption percentage vs photon wavelength of the
dichroic beam splitter. Its purpose is to reflect the green laser towards the sam-
ple and then to remove the returning green light, allowing emitted red straight
through to the detectors [36].
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Figure 4.6: Transmission spectrum of the notch filter [37].

Figure 4.7: Transmission spectrum of the LP filter [38].

The splitter used to separate the green laser light from the red fluorescent light
is a dichroic beam splitter made by Semrock (Di02-R514-25x36). The transmis-
sion and reflectance spectra are visible in figure 4.5. Whilst it reflects green
light, it is not 100% reflective at 514 nm and so some illuminating light passes
through onto the detectors. During photoluminescence scanning, this is reduced
to a level comparable to the base noise level of the detectors by using a notch
filter (Semrock Stopline 514 nm, NF03-514E-25) and a long pass (LP) filter (593
nm blocking edge BrightLine long-pass filter FF01-593/LP-25). Transmission of
the notch filter can be seen in Figure 4.6 and that of the LP filter in Fig. 4.7.
The combined effect of the three filtering optical elements is an optical density
(O.D.) of ∼ 14 at the wavelength of the probing laser and an O.D. of ∼ 0.1 at
630 nm.

If these two are removed, then with a laser power of 1 mW, enough green pho-
tons are produced and transmitted through the dichroic splitter that a reflectance
scan image can be made. This provides an image, very similar to that visible on
the inline CMOS camera. Scanning to generate this image has the added benefit
of quantifying the reflectance at each point on the sample whilst also providing
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higher spatial resolution than the camera and a higher fidelity image due to the
narrower line width of the illuminating light.

After being filtered and before the light is passed to the detectors for photon
counting, one more element is required. The pinhole before the detector ensures
that only light from the focal plane is counted. The light emitted from the sample
passes through the objective and the scan lenses, magnifying the image. After this
microscope, the beam is collimated and it propagates through the galvanometers,
splitters and filters without diverging or converging. A converging lens then
focuses the light collected by the MO such that the focal point occurs on the end
of a multi-mode fibre. The fibre core is 25 µm and this is sufficiently narrow to
act as the pinhole of the confocal microscope. The fibre is also necessary as the
photon detectors are housed inside a light-tight box, the fibre passes through the
walls of the box and is the only route by which light can enter.

When performing experiments on NV− centres, which will be described in
chapter 5, it is, in some instances, necessary to measure a single emitter. It is
also the case with the h-BN devices, which will be described in chapter 6, that we
might need to test whether an emitter is by itself or whether a cluster of defects
is producing the light. The detection of the number of emitters is done by test-
ing for anti-bunching, a phenomenon described in the next section. To perform
anti-bunching detection experiments, high-speed photon counting detectors and
a time-tagger are required. Time tagging involves recording the arrival of a pho-
ton, and the time at which it arrived, with sub-nanosecond precision, this allows
the software to calculate the time differences between the arrival of consecutive
photons and plot the correlation graph. A representation of this graph can be
seen in the next section in Fig. 5.4.

The light exits the fibre, is re-collimated and then is randomly divided in
two by a 50/50 beam splitter in order to test for correlation. If there is a single
quantum emitter, there will be no occasions where two photons arrive at both
detectors at the same time.

The single photon avalanche diodes (SPADs) used are two SPCM-AQRH-
TR made by Excelitas, they are most sensitive to red photons, with a quantum
efficiency of 75% at 650 nm [39] and have timing resolution of 250 ps. The SPADs
generate a 3.3 V pulse for every photon detected, these pass to the time tagger,
in this case, the PicoHarp 300 made by PicoQuant is used. The PicoHarp accepts
signals of 0 V - -800 mV, therefore the signals are passed through attenuating
invertors before entering the counter. The counter has a time-tagging resolution
of 4 ps and can accept count rates up to 107 cps [40], this is due to the 10 ns
dead time, the time it takes to recharge the capacitors in the detection system.
The data is collected inside the PicoHarp and transferred to PC via USB and
displayed on QuCoa software, also developed and marketed by PicoHarp. Single
NV− centres are expected to emit up to 1 Mcps (mega-counts per second). This,
split between two detectors, is many times lower than the maximum count rate.
The detectors are cooled by internal Peltier cooling to reduce dark counts, which
is specified at 250 cps. In our experiment, one detector has a dark count of ∼ 140
cps and the other has a dark count of ∼30 cps.

Whilst performing initial ODMR of the NV− defects (this process and the
reason behind it are explained in Chapter 5), a continuous wave (CW) laser is
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used to continuously excite the defect whilst scanning the microwave frequency
and observing the fluorescent emission dip at particular microwave frequencies
in order to detect magnetic field strength. Further accuracy can be obtained
by applying NMR-style pulse sequences. It is possible to do this using a CW
laser and an electro-optic or acousto-optic modulator to rapidly deflect the laser
to create a laser pulse at the sample. It was decided that the system would be
neater and more easily operated if a laser that could do this itself was used. The
chosen laser is the Vortran Stradus 514-60, which produces light of 514 nm and
has a maximum power of 60 mW, most NV− magnetometry uses around 1 mW
of excitation power, therefore this laser is operated at a power that produces a
beam with a clean profile and narrow linewidth and then neutral density (ND)
filters are used to reduce the intensity of incident light. The laser can be operated
in stand-alone mode or via PC control. Whilst being digitally modulated, the
flashing can be performed as rapidly as 200 MHz, due to the rise time of <2 ns
and fall time also of 2 ns [41]. This ability to produce laser pulses means that the
laser will be useful for pulsed measurements as well as the CW NV experiments
performed during the initial evaluation of the instrument.

Details of NV− centres and experiments that use them are provided in the next
chapter. The SPADs are an integral part of the confocal microscopy instrument
and during simple scanning, the counts are summed, or the data from the quieter
counter is used, this is why their presence has been described at this stage.

4.3 Confocal Microscopy in NV− centre and h-

BN experiments

In her thesis, Childress [42] describes using an AOM to pulse the laser, producing
a rise time of 25 ns. Again an oil immersion lens (100× magnification, N.A. 1.3))
was used to improve collection efficiency, and the lens was focused using a piezo-
electric stage to which the lens was mounted. The Hanbury Brown and Twiss
(HBT) interferometer was formed using a fibre splitter which also acted as the
pinhole for the confocal microscope to perform background de-selection. The laser
was scanned across the sample using a galvanometer in the confocal microscope,
this provided a field of view of 100×100 µm. The use of a fibre splitter improves
the simplicity of a confocal microscopy setup, taking the place of the pinhole,
the splitter also provides a way to isolate the detectors from background light.
However fibre splitters are not as accurate as beam splitters in dividing the light
50-50, there is usually a greater imbalance and no possibility for adjustment. A
fibre splitter also reduces flexibility; a beam splitter cube can just be removed
if only one detector is required or operational. Scanning the laser beam and
collection spot across the sample using the galvanometers provides a very large
scan area. We found, however, that it is difficult for the MO to transmit light
evenly across such a large area. This method clearly provides excellent range
and images in this case, but for our instrument, this could not be replicated.
An oil immersion lens has the benefit that the numerical aperture is maximised
(compared to a lens in air), and so more light is collected from the diamond
and channelled into the MO. Additionally, due to the decreased refractive index
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difference between the diamond and the outside medium, more photoluminescent
light will exit the diamond and be detected. This method is an excellent way to
improve collection efficiency, which in turn would improve the accuracy of data
collected. Oil-immersion is not utilisable in our case due to the AFM, which
would not work inside an oil droplet.

The observation system described by Togan in his thesis [43] employs a con-
tinuous wave (CW) laser and is pulsed using an AOM. The microwave setup is
more sophisticated than ours and can provide two microwave frequencies to the
sample at once in order to simultaneously probe both transitions. The AOM
leads to a laser rise time of 20 ns which is sufficient for initial tests but may begin
to limit progress as faster pulse sequences are required. The instrument mea-
sures field strength experienced by the NV− defect and its reaction to probing
microwaves. This is not a scanning setup but with some sample-scanning stages
could be converted into a device to spatially record the field strength of samples.

Arai in his thesis [44] also describes the use of an AOM to pulse the laser
and has the capability to scan, in three dimensions, the sample to position the
diamonds under the objective. An oil-immersion microscope objective is used to
collect light emitted from the sample. This is another example of an AOM, an
EOM could be used to produce a shorter rise time, however, it would operate at
a lower pulse frequency.

Öckinghaus et al. were able to use new laser diodes (Nichia NDG1116) [45]
to perform state lifetime measurements on NV− defects in nanodiamonds. The
laser used in their confocal microscopy setup was driven by a simple diode driver
and a MOSFET (metal-oxide-semiconductor field-effect transistor) to control the
current (laser power), this system could switch the laser on with a rise time of
800 ps. This is a very fast rise time, outperforming AOMs, EOMs and indeed
our pulsed laser which has a 4 ns rise time. The entire system as described
also costs significantly less than our laser, however, this diode produces light
that is less monochromatic, the bandwidth is significantly wider than ours, and
the profile of emitted light is less clear and would require more cleaning up, as
would the polarisation of the emitted light. Our laser emits light in a tight linear
polarisation, which can be manipulated if desired to improve the interaction with
our samples.

Toan Trong Tran et al. carried out experiments on hBN using a confocal
microscopy setup to measure the photoluminescence characteristics of the sample
[46]. A 532 nm laser was used with a power output capability of up to 2 W.
Detection was performed by two Excelitas SPADs, feeding into a PicoHarp and
supplied by a fibre beam splitter. Scanning stages have ranges 100× 100× 100
nm in XYZ and 0.4 nm spatial resolution. The power output of the GEM532
laser is huge (50 mW - 2000 mW) [47]. Whilst extra power can be useful and can
be reduced using N.D. filters, powers this large are unnecessary for any of our
purposes: NV− centre and hBN emitters both saturate at around 1 mW surface
incidence in a diffraction-limited spot.

Every experiment designed to perform confocal microscopy on NV− defects
uses very similar microscope objective lenses, either Nikon or Olympus that have
minimal change in focal length between green and near infra-red wavelengths.
They all have a magnification of 100× in order to obtain a good view of the
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Figure 4.8: A confocal reflectance scan of the same scan area and sample as in
Fig.3.19, but increased sampling resolution, 300 pixels per line over 300 lines.
Note this does not change the size of the sampled area at each point, only an
increase in the number of sampling points, a decrease in spacing between them
and an increase in oversampling.

sample and reduce the difficulty in isolating emitters. An aperture of 0.9 or
larger is also common, allowing high collection efficiency. A wide acceptance
angle means more emitted photons are likely to be collected and detected. There
is variation as to whether the MOs require immersion in oil or can be used in air;
both options have positives and negative aspects. Oil immersion is not possible
with many of our samples.

4.4 Testing of the confocal microscope

Figures 3.19 and 4.8 are reflectance scans taken of the AFM height calibration
standard. These are taken using the confocal microscope by measuring the inten-
sity of the green laser light reflected from the sample. Actual intensity values are
not important unless the normal reflectance of 514 nm light is a desired parame-
ter. The relative intensity, however, allows a clear and uniform optical image of
the sample to be formed without any error obtained from differences in optical
path. The scans show the difference caused by increasing samples per line. The
300 pixel scan took 9 times as long to complete as the 100 pixel scan, but the
slight oversampling reduces the effect of electronic detector noise on the image.

Figure 3.17 shows a diagram of the standard height calibration sample and
the measurements associated with it. This allows verification that the confocal
microscopy software and the motion stages are correctly calibrated. Testing of the
confocal microscope in fluorescent conditions requires a sample which fluoresces.
This will be covered in the next chapter, concerning nano-diamonds.

The 100× magnification lens provides a narrow focal plane. This is visible in
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Figure 4.9: Intensity vs z-height of sample. This shows the intensity peaking
sharply at focal distance, depth of focus is about 1 µm.

Fig. 4.9, which shows the fluorescence intensity of an NV− centre vs focal height.
From the figure, it is visible that intensity is halved at a distance of 1 µm away
from the focal plane and intensity falls to one-quarter of the maximum value at
1.5 µm away from focus. This tight focus is important as it assists in selecting
light emitted only from the target region.

In order to test the X-Y resolution of the instrument, a known sample is
required. This is work for the future as such a sample would probably need
to be produced on an electron beam lithography machine at the University of
Nottingham.

4.5 Summary

The scanning is generated by the AFM scan stages rather than the galvanometers,
this provides a 50 µm scan range with high spatial resolution and avoids the
transmission variance caused by the light hitting the MO at different angles.
This is not the largest scan range of any of the confocal microscopes reviewed,
however, it is a very reliable system and sufficient for scanning the h-BN samples
and samples of nanodiamonds. The SPADs have a dark count of ∼100 cps and
therefore can detect emitted light with greater intensity. When the integration
time is reduced then the dark count rises to a maximum of 500 cps at 2 ms
measurement time, this allows much faster scanning for brighter samples. It is
very simple to switch between PL and reflectance mode by inserting and removing
the notch/LP and ND filters. Testing PL intensity at different wavelengths would
be possible as the system is easily adaptable. The laser could be replaced with one
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of a different wavelength, as the laser light is inserted into the system via a fibre
then the fibre could simply be connected to a different laser. The dichroic splitter
could also be swapped out for one which operates at appropriate wavelengths,
lending the system to studying many other types of photoluminescent samples.
The system has also been adapted for electroluminescence and the wavelength
changes could be made with relative ease. The flexibility of this system greatly
increases the potential for use in other investigations on different materials.

The next chapter will cover NV− centres in diamond and their application to
perform magnetometry.
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Chapter 5

Scanning NV− microscope

This chapter covers the theory of NV− centres, the construction of our instrument
and compares it to similar NV− magnetometers. Some experiments are then
carried out on nanodiamonds and the results are reviewed at the end of this
chapter.

5.1 The NV− centre

Carbon occurs naturally in only two allotropes, graphite and diamond [48]. In
graphite, each carbon atom is covalently bonded its three nearest neighbours,
forming flat sheets in a hexagonal lattice which in non-layer form is called graphene.
These sheets layer on top of each other, with the fourth electron in the outer
shell forming van der Waals bonds between the layers holding them together. In
diamond, each carbon atom covalently bonds with its four nearest neighbours,
forming a diamond cubic lattice. Bonding is an extremely complex topic and to
go into more detail than this would consume significant time and space without
adding greatly to this thesis.

Whilst pure diamond would be a material made entirely of carbon atoms, in
nature it is found to contain many defects and non-carbon elements within the
structure [49]. Indeed even when fabricating diamond under laboratory condi-
tions, it requires a lot of effort to prevent impurities from entering the lattice from
the surrounding atmosphere [50]. Of specific interest to the instrument described
during this thesis, is a naturally occurring, magnetically sensitive, diamond defect
known as a negatively charged nitrogen-vacancy centre.

Nitrogen-vacancy centres have either a neutral or negative charge equal to
that of a single electron. These are referred to as NV− centres [51]. The neutrally
charged NV0 defect is more difficult to interact with than the negatively charged
one [52] and is outside the scope of this thesis. I shall, therefore, be referring to
the negative NV − defect as simply the NV centre. The defect is formed when two
adjacent carbon atoms are instead replaced by a nitrogen atom and a vacancy -
an absence of an atom.

Whilst carbon atoms contain four electrons in their valence shells, nitrogen
contains five. In an NV defect, three of these electrons bond with the three
surrounding carbon atoms and the other two are referred to as a lone pair. At
the vacancy site, there are three electrons from the three surrounding carbon
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Figure 5.1: Energy level diagrams of an NV− defect in a stress-free diamond lat-
tice. A green laser excites the system up into the vibrational continuum above
the energy level. Phonons are radiated away and the state de-excites emitting a
photon, possibly to the continuum above the ground state, where more phonons
would be emitted, before returning to the de-excited state. Microwave spin po-
larisation puts the electrons into non-zero spin states which when excited decay
preferentially via the two singlet states. This decay emits a photon in the near
infra-red which is not detected if the experimental system is correctly configured.
This gives rise to the distinctive troughs in the ESR spectral graph (visible in
Figs. 5.2 and 5.3) [58].

atoms, two of these form a pair and the third forms a pair with an additional
electron (probably from the lattice according to [53, p.146]) which is only present
in the NV − defect. The two lone pairs form a dipole which can be manipulated
with magnetic fields and observed by measuring their magnetic field [54] [55].

The energy level diagram of an NV− centre (see Fig. 5.1) has been mapped out
using a combination of optical and magnetic techniques [56] [57]. These defects
display the interesting property of fluorescing, emitting red light when excited by
green photons.

There are two radiative excitation/de-excitation modes. Between 3A2 and
3E, with a bandgap of 1.945 eV (637 nm) and between 1E and 1A1 of 1.190 eV
(1042 nm) [59]; red photon and infra-red (IR) emissions respectively. 3A2 is the
ground state for this system, electrons can be excited from this state if they
absorb photons of energy greater than 1.945 eV, they are excited to the 3E level
or beyond into a continuum of levels where they can have non-discrete energy
values.

The aBc notation is used to denote the energy levels in the system. The a

describes the degeneracy of the state, a = 1 describes a singlet state and a = 3
describes a triplet state with ms = 0,+1,−1 spin states. For a single electron
system, the B would be lower case, in this case, the system is multi-electron in
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nature and therefore is described by an upper case A or E, these letters refer to
the symmetry of the excitation state.

The system can in fact be excited by photons of any wavelength between
480 nm and 636 nm [53, p.146]. After a few nanoseconds [60], these excited
electrons de-excite radiatively back to the ground state. They emit either a
photon of wavelength equivalent to the gap between the states (637 nm), this
is known as the zero-phonon line emission, or they emit some phonons into the
diamond lattice and then emit a photon of longer wavelength. The emitted
photons are of wavelength 637 nm or longer.

The second possible radiative decay, between 1E and 1A1, is only accessible if
the electron decays from 3E to 1A1. Angular momentum, and therefore electron
spin, must be conserved during such transitions, therefore the 1A1 state is only
likely to be occupied if the electrons are already in a state with non-zero ms. If
such is the case that the 3A2 is occupied with ms = ±1, then electrons hit by
pumping photons are excited to 3E with spin= ±1 which then will decay to the
1A1 state, before radiatively decaying to 1E, emitting an infra-red (IR) photon
of 1042 nm, and then back to the ground state. It is also possible to access this
decay by giving electrons already in the 3E a non-zero spin, and then letting them
decay by the preferable route. It is less preferable energetically, and therefore far
less likely, for an electron to gain or lose spin during an energy level transition.

It is possible to perform spin polarisation on the electron in the NV− defect
using microwaves. This is carried out by applying a microwave field at the reso-
nant frequency of a particular state. To spin polarise electrons in the 3A2 ground
state a microwave field of 2.88 GHz [61] is applied, and 1.42 GHz [62] does the
same for electrons in the 3E state.

5.1.1 Electron Spin Resonance

Electron Spin Resonance (ESR) or Electron Paramagnetic Resonance (EPR) is a
measurement technique which involves looking at the spins of unpaired electrons
within the sample material by aligning the electron spins with an external field
and observing their behaviour. In the case of NV− centres, this is performed by
exciting the electrons (often with a green laser) and observing the fluorescent light
emitted. The intensity of the fluorescence is measured selectively, only counting
photons with wavelength between 637 nm and 850 nm, ensuring that the light is
being generated only by the 3A2 to 3E transition.

During ESR, the NV− centre is pumped by a laser of wavelength ≤ 637 nm
and the intensity of emitted light is recorded. Simultaneously a microwave field is
applied to the sample and scanned through a range of frequencies, the resultant
data can be plotted on a graph of emission intensity vs microwave frequency. For
the majority of the time, electrons are in ms = 0 states and light of wavelength
> 637 nm is collected. If the frequency passes through 2.88 GHz or 1.42 GHz
during the scan, the electrons are spin polarised into ms = ±1 state, causing them
to decay via a different decay pathway. This decay emits light λ ≥ 1042 nm, and
will be filtered out and not detected resulting in a drop in intensity, visible as a
dip in the intensity vs microwave frequency plot Fig. 5.2.

The final physical characteristic which makes NV− centres relevant to mag-
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Figure 5.2: Depiction of the ODMR graph of an NV− centre experiencing zero
external magnetic field, showing the resonances at 1.42GHz and 2.87GHz [63].
Plo of photoluminescence in arbitrary units vs microwave frequency.

Figure 5.3: Depiction of the ODMR graph of an NV− centre, showing the Zeeman
splitting due to the presence of an external magnetic field. The peaks from Fig.5.2
have separated into two and move apart linearly with magnetic field strength, up
to ∼ 100 mT [64].

netometry is the presence of hyperfine energy level splitting. In a region of zero
magnetic field, spin states of ±1 have higher energy than that of spin = 0 state,
but same energy as each other; i.e. E(sz = −1) = E(sz = +1). However, when
a magnetic field is applied to the system, the two states have different energies.
This is due to one being parallel to the field, the other anti-parallel in a higher
energy state. When the microwave frequency is scanned and the fluorescence
intensity recorded, two dips appear on the plot where one did before as there
are now two frequencies at which the IR emission decay route is more common,
Fig.5.3.

It is noticeable that these two dips are symmetrical about the frequency of
the resonance at zero magnetic field (B-field). The separation of these dips, ω, is
given by the equation,

∆ω =
2γB

~
(5.1)

where γ is the electron magnetic moment. It is linear for magnetic fields up
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to 60 G and has a value of 28 MHz/mT [65]. γ and ~ are known constants, and
the separation, ∆ω, is observable, allowing B to be inferred.

If the microwave can be scanned with sufficient precision and the lumines-
cence intensity measured appropriately, then very small changes in magnetic field
strength can be measured to high accuracy. As the NV− centre is on an atomic
size scale, the spatial resolution of the magnetic field measurement can be very
high, if a single NV− defect is used.

The spin Hamiltonian of the system is given by eqn.5.2,

H
~
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(5.2)

where the z-axis is the vector from the nitrogen atom to the centre of the vacancy
site. Equation 5.2 [66] shows several components of the Hamiltonian. The term
beginning with D is known as the zero field splitting (zfs), the B term refers to the
magnetic interaction, and the final three Ei terms describe the interaction with
electric fields and strain in the crystal. These components become significant
when there is significant stress or strain in the crystal lattice which can cause
large shifts in the ESR. For magnetic field measurements, crystals with minimal
lattice stress are used in order to set the ’E’ terms to zero.

Zero field splitting is the dominant spin interaction in the weak magnetic field
(<< 100 mT) region. An applied magnetic field causes there to be two spin
resonances, as explained in the section above. This is due to the magnetic term
where there are two values for ms depending on the spin; for the positive spin
state, ms = +1, the energy is greater and for negative lower. The Hamiltonian
in Equation 5.2 describes only spin states. Further terms are required if lattice
stress is taken into account.

In the case of NV− magnetometry, only ideal samples are used, and the spin
Hamiltonian of the ground state takes the form of eqn. 5.3 where S is the spin
operator along the N-V axis.

H
~

= DS2 + γB.S (5.3)

Using NV− centres contained within nano-sized diamond particles to measure
magnetic fields is an attractive prospect due, in part, to the physical attributes of
the system. Due to the innate strength of the carbon lattice, the NV− centre is
very resilient to external forces. Other physical systems used in photo-fluorescence
applications alter their behaviour when heat or excess photon intensity is applied.
NV− centres are extremely thermally stable and have remained reliable up to
600 K [67]. In fluorescence experiments, marker molecules can be susceptible
to bleaching, a process during which the marker becomes less luminescent as
it receives high photon flux. Eventually, an emitter may become permanently
bleached and no longer photoluminesce. Bleaching of NV− centres is rare with
very few occurrences reported, they tend to be able to withstand many hours
of photon bombardment with little or no reduction of emitted photons. The
bleaching occurs when the temperature of the defect is raised to a level sufficient
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for the extra electron to escape, leaving behind an NV0 defect which does not
fluoresce.

The photoluminescence exhibited by NV− centres makes them suitable for use
as fluorescent markers in biological applications; diamond is non-toxic to cellular
life and has very little interaction with organic organisms. This means that NV−

magnetometry is compatible with the imaging of biological samples [68].
Whether a single defect or a cluster of defects is required, it is preferable

to have a diamond of minimum possible size for magnetometry; it is important
for the sample to be as close as possible to the defect/s with minimal matter
between the emitter and detectors. The diamonds containing the defects are
typically around 20 nm in size, they are therefore referred to as nano-diamonds.
These can be fabricated by two methods. Chemical vapour deposition (CVD) is
capable of producing layers of nano-diamond [69] and can control the occurrence
of certain defects in order to create ideal diamond material. A layer of the CVD
grown diamonds is separated from the substrate and mechanically ground into
powder-like nanodiamonds. The more common method of production is known as
the detonation method [70]. Detonation nano-diamonds are produced by packing
either a synthetic (CVD) or a natural diamond in trinitrotoluene and detonating
in an environment devoid of oxygen. The product is then heated in an autoclave
for several hours to remove the unwanted products of the explosion. Diamonds
produced by this method tend to be 5 - 10 nm in diameter [71]. The nanodia-
monds are then observed using confocal microscopy in order to find how many if
any, and what type of defects are present.

A nanodiamond for the purpose of NV magnetometry will ideally have the
NV− defect near the surface to provide a greater probability of the emitted pho-
tons leaving the diamond in the direction of the observation device. It is possible,
once a diamond with an appropriate defect is selected, to alter the surface shape,
often to form a hemispherical dome around the defect, in order to maximise emis-
sion [72]. This means that emitted photons are more likely to intersect the surface
of the diamond at angles close to the normal, greatly reducing the chance to total
internal reflectance occurring.

The proximity of the diamond surface to the defect does, however, cause more
lossy interactions between the defect spin and the surface bonds. This causes
further spin de-phasing and reduces ESR coherence time [73].

The tetrahedral nature of diamond lattices means that the NV− centres are
aligned along four possible axes. The Zeeman splitting occurs proportionally to
the component of the applied external magnetic field, parallel to the defect axis.
In a bulk diamond containing many NV− defects, the ESR spectrum contains
many dips due to the four different defect orientations and the different magnetic
field magnitudes experienced, due to the difference in the location of each. To
extract absolute data about the external magnetic field, the orientation of each
defect must be known. In the case of a nanodiamond containing a single defect,
only the component of the external magnetic field in the direction of the NV centre
axis is measurable. In bulk diamond with three or more non-parallel defects, the
direction and the magnitude of the external field can be measured, this is a vector
magnetometer [74].
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5.2 NV− magnetometry theory

The starting aim of my PhD research was to construct a Nitrogen-Vacancy Mag-
netometer, in order to image samples up to 50 mm in diameter under ambient
conditions. The system requires the ability to perform magnetometry using the
NV− centre / confocal microscopy method, which requires scanning across the
sample and maintaining a known distance between the sample and the NV− cen-
tre. It follows that the most straight forward way to achieve this is to make an
atomic force microscope and combine it with a confocal microscopy system.

With this arrangement, it is possible to take a topographical image of a surface
whilst simultaneously taking magnetic field strength measurements. This would
require the AFM to operate normally, whilst producing a trigger signal to call
the laser system to excite the NV− centre and the microwave field to scan, every
time the nano-diamond (on the AFM tip) was at a particular position relative to
the sample. At present, this high speed synchronisation is several improvement
steps away, the process for using the magnetometer would be to run an AFM
and then repeat the path travelled over the sample at a fixed height (using the
AFM multi-pass mode) whilst performing confocal microscopy and scanning the
microwave field to determine the magnetic field strength being experienced by
the defect at each location. This re-scanning can be repeated several times with
relative ease, allowing the collection of magnetic field data at several different
heights, forming a data set of magnetic field strength over a volume of space
above the sample surface. A single ODMR scan takes on the order of seconds,
with accuracy improving proportionally to the square root of the number of scans
taken.

Several adjustments have to be made to a standard confocal microscopy setup
in order to use NV− defects to detect field strength. Any excitation laser light
reflected back up the objective lens must be separated from photons emitted
by the diamond, as this is the only information signal. This issue is particularly
noticeable as the laser is many orders of magnitude brighter than the light emitted
from a single NV− centre [75]. Whilst excitation can be performed with red light,
it is preferable to use a wavelength further away from that of emission, in the case
of this instrument a 514 nm pump laser is used. This allows the beam splitter in
the confocal microscope to be replaced with a dichroic beam splitter. This has the
same shape as a non-discriminatory splitter, but the reflective face is covered with
a dichroic coating which has different transmission and reflection coefficients for
different wavelengths of light. This allows the green light to be reflected, firstly
down towards the microscope and objective lens, then any returning green light is
reflected again away from the photo-detectors. The red light of the wavelengths
which NV− centres are capable of emitting is transmitted through this splitter
and towards the detectors. This provides an efficient way of separating the two
wavelengths and counting the small number of photons emitted from a fluorescing
NV− defect. As explained in chapter 4, a further long pass filter is used to filter
out the remaining green photons.

Attaching the nano-diamond to the tip of the probe is made difficult by the
short ranges and the variety of forces acting between the two. If the nano-diamond
is sufficiently far away from others like it then there is less chance of picking up
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the wrong one. The outer surface of a diamond lattice tends to make bonds with
hydroxyl (OH−) molecules which form the outer coating [76]. A convenient way
of ”glueing” a diamond to the tip involves coating the probe in Poly-L-lysine, a
positively charged polymer which will form an ionic bond with the surface of the
diamond and hold it in place [30]. It has also been suggested that attaching the
diamond to the tip may be possible using an ultraviolet-curable glue [77].

In naturally occurring diamond, the number and grouping of defects within
the lattice is quite random. Only diamonds containing NV− defects are of any
interest for magnetometry. The diamonds are confocally scanned and checked for
photoluminescence. There are different benefits to having large clusters of defects
or single NV− centres. A single defect will allow for greater spatial resolution of
the generated image. The size of a single defect is very small (<< 1 nm) and
therefore the B-field only from that region is measured. A larger cluster of defects
has a larger measurement area, lowering the spatial resolution of such a measure-
ment, however, more defects increase the sensitivity to B-field. As the defects
are likely to be at different orientations, the PL vs microwave frequency graph
will have more features which all move with a varying field, allowing the field
strength to be determined more accurately. Nanodiamonds with up to 100 NV−

centres have been successfully used for high sensitivity measurements, achieving
sensitivity of 100 pT/

√
Hz [78]. Single defect magnetometry has achieved spatial

resolution of 1 nm [79] and magnetic field sensitivity 10 nT/
√

Hz [80].
When performing microscopy with a single NV− centre, it is important to

know the orientation of the dipole which is always perpendicular to the N-V axis.
The N-V axis is defined as the vector going from the nitrogen atom into the centre
of the adjacent vacancy, this is along the 〈111〉 crystal axis [81] and is known as the
major symmetry axis. This can point in one of four directions, parallel to the four
possible orientations of bonds in the diamond lattice, the minor symmetry axis
is orthogonal to the major symmetry axis and points from the major axis to one
of the three carbon atoms nearest the vacancy [59]. The electron spin resonance
effect is most visible when maximum Zeeman splitting occurs, this happens when
the magnetic field is parallel to the N-V axis and the defect experiences maximum
magnetic field strength [82]. Without this knowledge, the splitting and ESR can
only provide information on the strength of the magnetic field projected along
the defect axis and not the absolute strength of the field. This effect can be
counteracted by knowing the orientation of the defect axis. The direction of
the magnetic field can then be determined by taking further measurements at
differing angles to the sample [59].

5.2.1 Photon Anti-bunching

When performing high spatial resolution magnetometry, the number of defects
within the nanodiamond must be known, and a single defect diamond chosen.
The number of defects can be calculated to a particular statistical certainty by
observing the photoluminescence with two single photon counters. In our partic-
ular instrument, Single Photon Avalanche Photodiodes (SPADs) are used. These
instruments are able to count single photons every few nanoseconds and coupled
with the appropriate counter this makes it possible to detect a photon and assign
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a time of arrival to it inside the software.
To be certain of having a single defect, a single photon emitter, the collected

luminescent light is passed through a 50-50 beam splitter and then directed into
two SPADs, one on each output of the splitter. The counting and time-tagging
is then performed. The software then plots the time between consecutive photon
arrivals, and if a single photon emitter is producing light, then there will be
no instances where two photons arrive at both detectors at the same time. A
single quantum emitter will, like the SPADs, also have a refresh rate of a few
nanoseconds, making it impossible for a single defect to emit two photons at
once. The optical set-up is that of the Hanbury Brown-Twiss experiment [83].

The phenomenon of photons never being emitted simultaneously is known as
photon anti-bunching. The software plots the time between photons (τ) vs the
second order correlation (g(2)(τ)). This refers to the intensity of the incoming
beam and the temporal separation, it is given by equation 5.4 [84, .p.60],

g(2)(r1t1, r2t2; r2t2, r1t1) =
〈E∗(r1t1)E∗(r2t2)E(r2t2)E(r1t1)〉

〈|E(r1t1)|2〉〈|E(r2t2)|2〉
(5.4)

where r is the spatial location of the wave and is constant and the same in all
instances above as the measurement is taking place at a single, fixed location;
r1 = r2. t1 and t2 are the arrival times of the two photons which are being tested
for correlation. In the case that photons arrive at the same instant, t1 = t2 = 0
and g(2)(r1t1, r2t2; r2t2, r1t1) = 0. In the case that g(2)(0) > 1 the light is described
as bunched, for g(2)(0) = 1, the light is coherent, when g(2)(0) < 1 then the light
is anti-bunched. In reality the correlation graph for an anti-bunched emission
source would have a finite probability of photons arriving with τ > 0, and the
function would descend to a probability of zero for τ = 0 symmetrically from
the positive and negative direction. (See figure 5.4). The physical setup for the
correlation counting can be viewed in the diagram in Fig.5.5.

5.3 Atom Chip theory

Clouds of ultra-cold atoms can be cooled to temperatures only a few nano-kelvin
above absolute zero. At these temperatures they exhibit strange behaviours,
groups of atoms with integer spins form a Bose-Einstein Condensate (BEC) [86].
This can be viewed as another state-of-matter, akin to solid or liquid, in which
all of the atoms occupy the same quantum state, the lowest energy level. Exper-
iments can be performed on BEC that test the validity of the current physical
theories at the quantum level to see whether any breakdown occurs. Ultra-cold
caesium atoms are currently used in the highest standard atomic clock, capable
of keeping accuracy to around 1 part in 1015 [87] and are used to maintain the
official stable, continuous timescale, International Atomic Time, on which global
communications and satellite geo-location are totally dependent. Atoms at nano-
kelvin temperatures are easily measured and observed using current techniques,
therefore highly accurate sensors can be made using knowledge of quantum effects
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Figure 5.4: Example graph showing antibunching. The probability of two photons
being detected zero seconds apart is very low; the value is non-zero as measure-
ment resolution has a minimum limit [85].

Figure 5.5: Confocal microscope setup including HBT interferometer with which
to perform correlation counting/antibunching experiments on the photon emit-
ters.
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to extract data about local gravitational field strength, or to make gyroscopes or
magnetic field-strength sensors [88].

Atom cooling is performed using a combination of techniques. Doppler cool-
ing reduces the temperature of the group by aiming six laser beams into the
centre of the sample. In the laboratory reference frame, the photon wavelength is
Doppler shifted, so only when the atoms are moving towards the beams does the
wavelength match an atomic transition of the atom. The photons are therefore
absorbed only when moving in the opposite direction to the atom, allowing the
kinetic energy of the atom to be absorbed and the momentum reduced. When
the photon is absorbed the atom is in an excited state, spontaneous emission
causes the photon to be emitted in a random direction, so on average over many
cycles, the atom is slowed down. When the kinetic energy of every atom in the
cloud is reduced, the temperature of the cloud is reduced. The atoms are con-
tained by a magnetic field, and the combination of Doppler cooling reducing the
energy, and the magnetic field preventing the escape of the atoms is referred to
as a Magneto-Optical Trap (MOT). This type of cooling takes many thousands
of photon absorptions per atom, and has a lower temperature limit; the energy
of a single atom may not become lower than that of a single photon when cooling
by this method. The minimum limit has actually been found to be higher than
this due to the non-zero linewidth of the atomic transitions used for cooling, it
typically has a value of ∼ 100 µK [89].

The Doppler limit can be beaten by using circularly polarised laser beams to
absorb the kinetic energy of an atom as it moves against the polarisation gradient.
This is called Optical Molasses for neutral atoms, or Sisyphus cooling. Minimum
temperatures are experienced in the region of ∼ µK, dependant on which atoms
are being cooled [90].

The final method of reducing temperature is known as evaporative cooling.
Simply by reducing the field strength used to magnetically trap the atoms, the
hotter atoms with more kinetic energy escape, leaving behind the cooler ones,
reducing the temperature of the cloud. By this method, the temperature can be
lowered to ∼nK.

These techniques are used in combination with each other, in order to cool
atoms, however, every setup requires equipment to produce three pairs of orthog-
onal laser beams, magnetic trapping fields, and this takes place inside ultra-high
vacuum (UHV) in order to eliminate the presence of any other atoms.

This equipment tends to take up a large percentage of the volume of a reason-
ably sized laboratory and is therefore not very portable. Methods of miniaturising
the experiments are of great interest to those investing in quantum metrology.

One interesting idea is that of atom chips, that are fabricated on dielectric
or semiconducting wafers. These could take one laser beam as the input and,
through a series of splitters and mirrors built into the surface, generate the six
overlapping beams with which to cool the atoms. Also etched onto the chip are
current carrying nano-wires which will be shaped so that as current flows through
them, the correctly shaped electric and magnetic fields are produced to confine a
cloud of cooled atoms a fewµm above the surface [91].

The wires generating the local fields tend to be 2 µm thick thermally evap-
orated gold, are 5 - 10 µm wide and are separated from other wires by 5 - 10
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Figure 5.6: A current carrying wire on an atom chip generates a cylindrical
magnetic field (in this case, current travels into the page). Lines on which all
points have equal field strength are visible emanating radially from the wire (in
the centre of the plot). An external magnetic field is applied at a distance,
providing a uniform field strength across the region surrounding the wire, with
little field curvature. The field strengths are adjusted so the field appears as in
this figure, the trapping region, in this case, is just below the wire, if the current
was reversed the trap would be just above the wire.

µm. Atoms can be trapped in the magnetic potential well 40 µm above the wire
[2, p.385] formed from the local fields and a uniform magnetic field. Maximum
magnetic fields generated are typically no more than 10 mT. Magnetic sensitiv-
ity of 0.1 mT is therefore required to image these fields with useful spatial and
magnetic resolution.

At Nottingham, the focus is on developing the chips with gold wires on the
surface. These wires can take several forms but they are often based on a very
simple arrangement. A single wire, with a current passing through it, will gener-
ate a cylindrical magnetic field centred on the wire. If an external field is applied
at a large distance, this magnetic field has a much larger radius of curvature than
the field from the wire, the field vectors add together forming a field with a local
minimum in a line along the wire but some distance above. This can be seen in
Fig.5.6 and Fig.5.7 [2, p.40].

Field generating wires come in increasing complexity and increasing effective-
ness. For example, ”H”, ”Z”, and ”U” traps form two maximum magnetic fields
either side of a minimum (see Fig.5.8), allowing trapping without the need for an
external field. [2]
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Figure 5.7: A plot of the field generated in Fig. 5.6 focusing on the trap region.
The trap is saddle shaped and runs into the page, parallel to the axis of the
wire, along its length. The solid lines mark lines of equal magnetic field strength
generated by the current carrying wire on the atom chip.
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Figure 5.8: Diagram of H and Z traps, taken from [2, p.43]. (a) shows the wires
and path taken by the current, (b) and (c) show the resultant fields, for each trap
in two orthogonal planes.

Rotating traps can also be used, creating a simple magnetic potential well from
an arrangement of wires. Two such arrangements are placed perpendicular to
each other and powered one at a time sequentially. As the frequency of powering
on and off is increased, this gives the effect of a rotating potential well, so the
charged atoms remain in the middle at the lowest point of the potential and can
never fall out the sides [2, p.44].

5.3.1 Fabrication

Atom chips have to be constructed in a clean-room environment and each stage
of the process can take between several minutes and several hours.

The wires are deposited onto the surface of the chip by first patterning a thick
photoresist and then evaporating 2 µm of gold onto the chip. When gold evap-
oration is complete the chip is cleaned with a solvent to remove the photoresist
and any gold attached to it, leaving behind only the pattern of gold wires.

Microstructure within the wire can cause spatial variations in the current
density and so the magnetic field minima. This is where the necessity for an NV−

magnetometer arises. To test a chip designed to produce magnetic fields, one can
attempt to use it, to align cooling lasers above the surface in a vacuum, power
the chip, and try to cool atoms. This, however, is a difficult process even when
the chip is perfectly formed. The NV− magnetometer would provide a method
of measuring the surface topography of the chip as well as the magnetic field
strength and direction in the space above the sample under ambient conditions
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within 24 hours of fabrication.
The nano-wires are typically in the region of 300 µm wide and ∼10 µm deep.

An AFM image of the surface would provide useful information on how the wires
have formed. Often the edges of the wires are not perfectly clean and straight,
this can affect the shape of the magnetic potential above the wires and could be
reflected in the magnetic field [92].

This, coupled with the imaging of the magnetic field generated, would provide
far more rapid feedback to those growing the chips and allow the process of
perfecting the chips to take place more efficiently.

5.4 NV− centre microscopes

Maletinsky et al. describe the use of machined diamond nano-pillars to hold
an NV− centre close to a sample in order to measure magnetic field strength
[93]. The surface sensing is performed by an AFM built in-house, mainly from
Attocube components, the fine motion range is 40×40×4.5 µm with sub-nm reso-
lution at room temperature. The microwave field was applied to the sample using
a 25 µm diameter gold wire, placed within 50 µm of the defect on the surface of
the diamond. Machining the diamond to bring the defect closer to the surface
improves photon detection (and therefore magnetic field sensitivity) by making it
easier for emitted light to leave the diamond. Requiring electron-beam lithogra-
phy equipment and the specialist knowledge necessary to operate it successfully
is an added barrier to functionality, but could be a useful way of improving our
instrument in the future. The scan range of this magnetometer is significantly
smaller than ours, particularly in the vertical axis. Delivering microwaves by a
straight wire on top of the sample works, but is an inefficient way of generating
a microwave field.

Rondin et al. combined an AFM with a confocal microscope to produce a
scanning NV− magnetometer [85]. Although the scan range is not specified, the
largest scan referred to is a 5×5 µm scan and the tallest features measured in the
paper are several hundred nm high. An Akiyama probe is used as the cantilever, a
50 µm pinhole selects the emitted light for measurement and a 100×magnification
microscope objective with a working distance of 1 mm is used. Helmholz coils are
used to apply a DC magnetic field up to a maximum value of 15 mT to determine
the orientation of the defect. Whilst the magnetometer is very effective, the
scan range is not very large and our instrument improves upon this. We found
that using a microscope objective lens with a 1 mm working distance caused the
housing of the lens to collide with the Akiyama probe preamplifier, the only way
to avoid this would be to tilt the Akiyama tuning fork until it was horizontal,
less than the required 11o angle necessary to ensure the AFM probe contacts the
sample at 90o to the surface.

In his thesis [94], Kevin Kai Chang describes the design and build of an NV−

magnetometer, during which he, at first, attached nanodiamonds to the tip of
an AFM probe, and subsequently fabricated pillars of diamond containing NV−

centres in order to use them as probes for an NV magnetometer. The XYZ range
of motion of the sample stages is 20×20×6.6 µm, each with a resolution of 0.6
nm, the cantilever motion is detected by the reflectance of a laser beam and the
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system is in an inverted configuration with the cantilever and NV− defect above
the sample and the microscope objective probing and observing from underneath.
The laser is pulsed using an AOM which produces a rise time of 30 ns, a microwave
synthesiser produces the microwaves and has a range of 200 MHz - 20 GHz and
a resolution of 1 mHz. A 30 µm pinhole is used in the telescope to deselect
background light and placed before band-pass and long-pass filters. The inverted
nature of this microscope means that samples can only be imaged if they are
transparent and the PL light can pass through it. The relatively slow rise time
of the AOM means that faster pulse sequencing would be difficult, for instance,
Rabi oscillations with reasonably strong microwave fields would be difficult to
measure.

Schloss et al. at MIT use a nanodiamond containing several N-V centres to
measure the magnitude and direction of sample magnetic fields [74]. The system
is inverted, the emitted light is collected by a MO but the pump laser beam is
applied from outside and has to arrive at a large angle of incidence to get past the
lens, therefore this is not a confocal setup. The microwaves are applied by a small
coil on the opposite side of the sample to the microscope lens. The microwave
system is extremely complex, allowing four different microwave frequencies to be
applied to the sample simultaneously. There are no scanning stages, the magnetic
field is measured at a fixed location, but can be measured in real-time to observe
changing fields. Such a complex microwave system would be unnecessary to basic
perform NV magnetometry, where continuously swept frequencies or pulsing at
a single frequency is sufficient, however, elements of the microwave setup could
be incorporated into ours. The lack of scanning stages means that extensive
modification to this system would be required to provide scanning magnetometry
capability.

Stürner et al. used nitrogen-vacancy defects in diamond to devise a compact
magnetic field sensor of 2.9 cm3 volume [95]. This device is extremely compact,
very portable, requiring a power supply of only 1.5 W to power the pumping LED,
the Hamamatsu photodiode and the microwave source. Photon shot noise is not
the limiting factor on magnetic sensitivity, however, a reasonable sensitivity of 31
nT/
√
Hz is achieved. This is a fantastic exercise in miniaturisation and reveals

the huge scope for using these sensors in greater numbers in far more portable
instruments. Within the setup there is no AFM and little room for expansion
of capabilities or adaptability to other tasks, there is no ability to scan a sample
with any great precision.

Webb et al. constructed a similar device to Stürner [96], a solid-state, com-
pact, NV magnetometer, designed for low power consumption and portability.
This also has no AFM and no scan function. The microwave antenna is affixed
to the top surface of the diamond, the wavelength filter and the photodiode to
the bottom surface. This device is larger, however, it has a better sensitivity of
10 nT/

√
Hz.

NV magnetometers have to scan microwave frequency in order to view the
ESR data. In most cases, microwaves are projected at the sample by passing the
oscillating current through a very thin copper wire affixed to the surface of the
sample, positioned as closely as possible to the diamond, with maximum power
(typically 1 W) passing through the wire. By this method, a sufficiently strong
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magnetic field is generated in the region close to the wire that ODMR is visible. In
a few cases, the microwave antennae are formed into spring-like coils and placed
at a distance from the diamond, designed to project the microwaves along the
axis of the coil directly towards the defect. Recently more groups have started to
follow the example of Sasak et al. [97] in producing tuned flat coils on top of which
the sample is mounted. Due to the improved efficiency in converting electrical
current into a microwave field, this is the method used in our instrument.

Reviewing the literature from the preceding three chapters, it is obvious that
whilst there are instruments with similar and in some cases better specifications
than the one described in this thesis, none of them have the wide expanse of
abilities that this instrument does. Our instrument will perform large range
AFM scans before imaging a sample in reflectance, observing photoluminescence
and/or electroluminescence, and then repeat any of these scans whilst applying
a microwave field to the sample. The probe positioning, the spatial scanning of
the sample, the scanning of frequency, and the photon flux count is all performed
with high precision due to the high resolution of the equipment employed.

5.5 Nanodiamond observation methods

We received our nano-diamonds, which were generated using the detonation
method, from Diasense. Once the diamond has been detonated, the resultant
powder is filtered to try and reduce the concentration of graphite made during
the explosion, and then suspended in a methanol solution or high-purity water.
This sample appeared to be highly contaminated, this is visible in the results
section.

We also used another sample of nanodiamonds, suspended in methanol, from
The University of Warwick. These diamonds were grown by Element6, implanted
with nitrogen and annealed by Warwick and then thinned and ground up using
silicon balls in Cardiff.

The nano-diamonds are spread onto a substrate, in this case, a silicon wafer,
in a thin layer to minimise the piling up of the particles. This should allow any
single-defect diamonds to be visible and separate from others. The first method of
application attempted was to simply place a droplet of the methanol suspension
from Diasense onto the substrate and wait for the methanol to evaporate.

The result of this can be seen in the results section of this chapter and it is
apparent that as the methanol evaporated, it did so from the outside inwards.
During this process, surface tension caused the nano-diamonds to be dragged
along with the receding edge of the methanol, resulting in the clustering of the
samples. This is called the ’coffee ring effect’ as the shapes produced is charac-
teristic of the ring left by spilt coffee.

In Fig. 5.19, clusters of defects are visible, none of which exhibit anti-bunching
characteristics. Also in the image is a dried-on layer, this could be some remaining
methanol or other solvent. This also fluoresces slightly as the light returning is
brighter than any reflected green would be after the splitter and filters. Many
solvents fluoresce, so this is not unexpected.

It has been shown that nano-diamonds in suspension are best dispersed onto
a substrate after being treated with ultrasound [98]. Initially, the suspension
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Figure 5.9: Side view of a single coil of the Helmholtz pair (indicated by the
black line), and field produced in z-y plane through the centre of each coil (x=0).
Vector direction of field is represented by the arrows, and magnitude of the field
strength by the length of the arrows.

should be vibrated in an ultrasonic bath for several hours to break up the larger
clusters of nano-diamonds which tend to clump together. A droplet of this can
then be loaded into an applicator, for which most groups now use a nebuliser.
In our case, we use an Omron MicroAIR U100 Portable Nebuliser, which uses
ultrasound to separate the liquid suspension into a mist which then distributes
much more uniformly over the sample.

Once the nano-diamond has been selected and attached to the upper side
of the AFM probe using Poly-L-lysine, the orientation of the NV− defect must
be determined in order to be able to use it to measure the strength of external
magnetic fields. In order to find the orientation, NV magnetometry must be
performed using known magnetic fields.

5.5.1 Magnetic field generation

Initially, the decision was made to use Helmholtz coils to generate a variable,
known field strength at a defined angle, with three pairs of coils so that a field
could be generated in any direction.

Helmholtz coils (HH coils) are pairs of electrical coils on the same axis, pro-
ducing parallel magnetic fields, separated at such a distance that the magnetic
field over a region at the centre is fairly uniform.

This property is necessary and a single coil is more difficult to use, as the
position of the NV− centre relative to the coils is only measurable to a certain
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Figure 5.10: A pair of square Helmholtz coils at optimum separation. Field
strength and direction are shown in the x=0 plane. The region in the middle,
close to the symmetry axis of the coils has arrows pointing along the same vector
with very similar lengths. This demonstrates how the coils generate a region of
uniform field in their centre, allowing an NV− defect to be probed for changes
in field strength and reducing the importance of its spatial position on the mea-
surement. In the case of the observation of a cluster of defects, the larger region
of uniformity of magnetic field increases T2 relaxation time, reducing spin de-
phasing, by applying a more similar field to all the defects.
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level of accuracy. A pair of coils can generate a B-field which varies only 0.1%
over a 10 mm range at the centre, meaning the NV− defect is experiencing a
well-known field; however, such a large area of uniformity is only possible if the
coils are separated by the correct distance [99].

For circular coils, the separation required for maximum central uniformity is
given by [100],

x =
R

2
(5.5)

where x is the axial separation of the coils and R is the radius of the coil.
Square coils provide an almost identical effect in the centre, however, they are

often used preferentially over circular coils as they are easier to manufacture and
support and they provide a larger internal volume giving more space for other
experimental components.

For square coils, the optimum separation distance is given by,

x = 0.5445 ∗ L (5.6)

where L is the length of the side of a coil [101].
The biggest constraint for our NV magnetometer is the lack of available space

due to the expected size of the atom chips (50 × 50 mm). A B-field strength of
1 mT would provide sufficient field strength for easily visible splitting; given HH
coils are often used for cancelling the magnetic field of the Earth typically 250 µT
- 650 µT [102], this is a strong field to generate. As coils get larger so does the
distance between the centre of the coils and the origin of the B-field, and also the
resistance of the wire increases. This means the magnetic field strength decreases
in a square relationship with coil radius/side-length.

The nano-diamond must be in the centre of the HH coils, this is connected
to the Akiyama pre-amplifier and the Smaract stage. The diamond must also
be in the focal point of the objective lens which is only 3.4 mm away, vertically
upwards. Nanometers underneath the probe is the sample, requirements of the
instrument instruct that sample of up to 50 mm diameter must be loadable and
scannable.

One of the biggest constraints was the vertical space, the nano-diamond is only
to be ∼35 mm above the Piezoconcept x-y stage. This led us to propose that
rectangular HH coils would provide the ability to load sufficiently large samples
whilst keeping the coil separation and resistance of the wires to a minimum.

The coil separation distance for rectangular coils is less well known and there
is little literature on the subject. There are some instances where researchers
used the same separation ratio as for square coils picking either the longer or
shorter edge to multiply by 0.5445 to find the separation. I wrote a Matlab script
to model the magnetic field strength along the coil axis for rectangular coils to
determine the separation required to provide a maximal uniform region in the
centre. The script modelled each coil as four finite, current-carrying wires. An
infinite current-carrying wire produces a magnetic field,
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B =
µ0I

2πR
(5.7)

where B is the magnetic field strength, µ0 is the permeability of free space, I
is the current passing the wire and R is the distance between the location of
measurement and the closest point of the wire.

The wires in the coil are, of course, of finite length, not infinite and therefore
the B-field contribution from a finite wire is given by,

B =
µ0I

4πR
(cos θ1 + cos θ2) (5.8)

where θ1 and θ2 are the angles between the wire and the vector from the left end
of the wire to the measurement point, and from the right end of the wire to the
measurement point respectively.

The code calculated only the magnetic field along the coil axis, therefore
θ1 = θ2 and the equation simplifies to,

B =
µ0I

2πR
(2 cos θ) (5.9)

The code simulates four finite wires for every turn of the coil and calculates
their distances from the centre. It adjusts for the fact that wires are wound so
they stack in layers alternating between 10 turns wide and 9 turns wide in order
to optimise packing. The calculation is then performed for the second coil and
the magnetic field strength plotted vs distance along the coil axis. Coil separation
is varied until maximum central uniformity is achieved and this value is plotted
against the length of the long side and the length of the short side of the coil.

As more data is collected, this forms a 3-D plot and the data occupies a surface.
The data were fitted using a least-squares regression method. The simulation was
only run between 20 mm and 200 mm side length as the coils had to be within
this size range, therefore the best-fit equation should not be expected to be valid
outside of these limits.

The data surface had a gentle curve and x-y symmetry, but no overwhelmingly
obvious shape, the best fit was achieved with a 3rd order polynomial expression
relating side lengths to separation. This allows the ideal coil size and separation
to be selected.

The best-fit plane was found to be,

s =0.1947 + 0.7229x+ 0.04508y − 0.04425x2 + 0.0535xy − 0.01434y2

− 0.001566x3 + 0.00425x2y − 0.003202xy2 + 0.0006486y3 (5.10)
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Figure 5.11: Graph of coil dimensions vs ideal coil separation for maximum field
uniformity at the centre of the coils. Circles denote values obtained using Matlab
model, surface is the best fit solution displayed in eqn.5.10

where s is the idea coil separation, x is the width of the coil and y is the height
of the coil. The sum of squares due to error was 0.3142, and the R-square value
was 0.9996 for this fit.

The frames for the coils were manufactured and the coils wound upon these.
Testing revealed that coils of this size require significant power. To produce even
0.1 mT, the coils were not able to dissipate generated heat sufficiently well to
prevent overheating. The coils were provided with 30 V initially, producing a
current of around 10 A, although resistance increased with heat and the power
supply could not provide enough power causing the current to rapidly decrease.
It took a period of two hours for the coils to reach a stable temperature and
therefore resistance and current. It was at this point that the magnetic field
strength stopped decreasing and became stable. The coil surface temperature
reached over 100 ℃ and the epoxy holding the coil in the mount began to melt.
This temperature would be very unsuitable in the set-up as it would affect the
resonance of the AFM cantilever, and if the MO were to become differentially
heated then it may affect the alignment of the optics. There was no possibility
for air cooling with a fan due to the effect this would have on the AFM tip or
possibly on the stability of the sample.

The result was that the coils were unsuitable for use in this setup and another
method was required to generate a known magnetic field across the sample.

The alternative method of applying a known field to the nano-diamond is
by using a strong permanent magnet. Neodymium magnets can have extremely
strong magnetic fields, sometimes ∼0.1 T on their surfaces, the field strength
decreases in an inverse squared relationship with distance from the surface. The
larger the magnet is, the stronger the field both on the surface and at a distance.
It would, therefore, be possible to characterise a neodymium magnet, to measure
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the field strength along the axis extending from the pole of the magnet, and
then use this as the magnetic field with known strength and direction vector to
probe the NV− centre. Using a stronger magnet allows the magnet to be further
from the sample than a smaller one whilst still producing the same field strength,
however, being further from the surface of the magnet means that the magnetic
field gradient across the region of the diamond will be shallower. This results in
a reduced change in B-field strength across the diamond; allowing us to know the
magnitude of the B-field with improved accuracy.

The magnet must be moved around the sample, a minimum of three mea-
surements over two or more different planes must be taken in order to determine
the dipole vector. The magnetic field strength experienced by the defect must
be known, and the simplest way to do this is by maintaining a constant separa-
tion between the magnet and the defect and by keeping the pole of the magnet
pointing directly at the defect. This can be performed by mounting the magnet
on two, orthogonal, rotating stages, whose axis of rotation both point directly
at the NV− centre. This allows the magnet to be moved around the sample by
adjusting the azimuthal and polar angles. A linear motion stage could be used
to bring the magnet closer or further from the centre, this would vary the field
strength experienced by the nano-diamond. Stages used are made by Smaract,
the same company as made the probe positioning stages, the controller can be at-
tached to the existing frame for that of the other stages. The stage is not able to
complete a full 360o rotation due to space constraints, particularly the Akiyama
pre-amplifier and motion stages will prevent the stage from passing on one side,
however, this will not prevent the necessary measurements from being made.

This setup is currently not yet operational and integrated into the instrument
but a CAD drawing is visible in Fig. 5.12. For the time being, the permanent
magnet is manually placed at a known distance from the nanodiamond sample
in order to provide a magnetic field. A distance of 100 mm provides a field of 2
mT and is theoretically strong enough to view Zeeman splitting in the ODMR
spectrum.

5.5.2 Microwave generation

To apply the microwave field in order to measure ODMR, the signal must be
generated, amplified and emitted using an antenna.

For initial tests, a simple configuration was used. The signal generator used is
the Model 845 from Berkeley Nucleonics, which can generate 100 kHz - 20 GHz
with 1 mHz resolution [103]. It is capable of performing frequency sweeps. In
order to enable fast pulsing, an RF switch is used which is controlled by a 5 V
TTL pulse, where a high pulse enables transmission of the signal through to the
amplifiers. The rise time of the switch is around 10 ns. This switch is triggered
by the Pulse Streamer 8/2 made by Swabian [104]. This receives a pulse from
the Qudi software and it then sends TTL outputs to the microwave switch, the
microwave generator to initiate output and/or frequency scanning, the laser to
flash the laser on for the duration of the high pulse and to the SPADs, causing
them to count photons for the duration of the pulse. It is simple to program
the Pulse Streamer using a Python script and this is how ODMR scanning is
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Figure 5.12: CAD (AutoDesk Inventor) drawing of the stage system which will
rotate a permanent magnet around the nanodiamond. The rotation stage will be
affixed around the MO so it rotates about the centre axis of the MO. One linear
stage is used to adjust the second rotation axis to ensure it is aligned exactly
with the diamond sample, the second linear stage is attached to the magnet and
provides some degree of field strength control by moving the magnet nearer and
further away from the sample.
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Figure 5.13: Component diagram of the microwave circuit. Microwave generator
produces the waveform at the correct frequency, which is then amplified and fed
into the microwave coil.

performed, and how other laser and/or microwave pulsing experiments will be
performed.

A diagram of the circuit described below is visible in Fig. 5.13, the positioning
of the switch is visible in Fig. 5.14. The system used in this instrument requires
a preamplifier and a power amplifier to amplify the signal up to 1 W to be passed
into the microwave coil. The preamplifier is a ZX60-4016E+ made by Mini-
Circuits and has a gain of about 13 dB. The power amplifier is ZHL-4W-422X+,
also made by Mini-Circuits, has a gain of about 40 dB for the ideal input power
and has a maximum output of +36 dBm. Attenuators are placed before the input
terminals of the pre-amp and the power amplifier to reduce any signals which are
reflected back from the inputs of the amplifiers. These reflections are likely to be
small as the components are all impedance matched at 50 Ω, so once they have
been attenuated there will be no risk of pulses bouncing around the system and
pulsing the sample when not required. It is likely that there will be more than
sufficient amplification of the microwave signal and therefore extra attenuation
for safety can be easily overcome and will not be detrimental to the eventual
intensity of the generated microwave field.

A circulator or an isolator must be included in the circuit to protect it from
back reflections from connections and interfaces. In our microwave circuit, an
isolator is used, the difference being that this does not require external termina-
tion.

This is particularly important once the signal has been amplified to > 1W as
this level of energy passing into the amplifiers, or even back into the frequency
generators, might cause damage to the electronics.

Many groups have passed the microwave signal through a simple straight wire,
the diamonds are then placed directly on top of the wire, as close as possible,
in order to maximise the field strength experienced by the defects. This has the
added benefit of allowing a direct current (DC) field to be applied to the sample
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Figure 5.14: Microwave circuit including the switch. Used for rapid switching
on and off of the microwave signal, when the trigger is low the microwave signal
output at RF out 1 and goes to ground, setting the trigger high sends the signal to
RF out 2 which goes to the power amplifier and to the coil, exposing the sample
to a microwave field.

as well whilst performing initial NV− tests to observe Zeeman Splitting.
For this instrument, it was decided to produce a coil antenna with which

to apply the microwave field to the sample. This design was based on that
described in a paper by Sasaki et al. [97]. Using software made by Sonnet
Software Ltd, called Sonnet-Lite, a coil was designed that would be resonant at
or around the frequencies required for NV− ODMR. A resonant coil would provide
much greater efficiency in terms of reducing reflections and producing a strong
microwave magnetic field.

Care was taken to ensure that the impedance of the input rail matched that
of the cable delivering the alternating current; this makes the interface between
the two as seamless as possible and reduces reflections.

Sonnet-Lite allows a coil to be designed, Fig. 5.15, it models the microwave
response of the coil, Fig. 5.16, and also displays the current density within the
coil at each wavelength simulated, Fig. 5.17.

The coil itself is made on a printed circuit board (PCB), in this case, a 1.6 mm
thick FR-4 PCB which has a layer of copper 35 µm thick on one side. The design
to be applied to the PCB is drawn up in CAD software and a PCB machine,
similar to a small milling machine, uses a thin drill bit to remove copper as
required in order to form contact points, circuitry or wires.

A loop shape is used to generate a high strength field at one location; the
nano-diamond would be positioned in the centre of the loop at surface height.
As the inner and outer radii of the loop are varied, the inductance changes and
the capacitance may also change depending on how close the end of the loop is
to the input rail. The main way to vary the capacitance was to alter the length
of the ’tail’ end of the circle, to vary the distance for which it overlaps the input
line. The inductance and capacitance of a coil determine it’s resonant frequency
and, although the ends do not meet, the loop is a partial coil and therefore acts
in the same way. The method of tuning the coil was to change the dimensions
methodically whilst running the simulation and recording the predicted resonant
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Figure 5.15: CAD drawing of the microwave coil which is to be simulated. The
green indicates copper layer, the white area is FR4 printed circuit board. The
oscillating wave enters via the copper tail at the left-hand side of the board. The
larger copper area on the peripheries of the board is the earth plane.

Figure 5.16: The simulated response of the microwave coil to microwave frequency
signals. The resonance of the coil, which was designed in the software, was also
predicted by Sonnet Lite’s algorithm.

Figure 5.17: Simulated current density in the microwave coil at 2.7 GHz.
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Figure 5.18: Photo of the microwave coil used to observe ODMR of the NV
defect. The signal travels through the core of the SMA cable into the coil; the
cable ground sheath is connected to the ground plane around the coil to reduce
capacitance to other components. The NV− defect is to be positioned as close as
possible to the surface of the copper, within the region of the hole in the centre
of the coil. This region experiences a very uniform microwave field strength.

frequency and the full width at half maximum (FWHM) of the resonance graph.
The coil can be seen in Fig. 5.18.

Initial tests showed that the resonant frequencies generated by the simulation
software had a slight offset from the manufactured circuit boards by a few hundred
MHz. For the second tests, it was decided to produce an array of coils of varying
sizes in order to cover a range of frequencies to ensure that a coil with resonance
of 2.87 GHz, and a wide enough bandwidth to allow for scanning across the
appropriate range, could be found.

It is to be expected that during testing in an ideal environment, the coil
will have a particular resonant frequency, however, when brought into the larger
setup this can change. This is due to large pieces of metal making up other
components being at a different voltage to the coil and therefore causing there to
be capacitance between themselves and the coil. This would reduce the resonance
of the coil. In order to counteract this effect, a large ground plane was included
in the design of the coil. Connected to the grounded sheath of the co-axial
cable delivering the microwave signal and surrounding the coil, this provides some
shielding and buffering of the coil, reducing the effect of taking the component
out of the ideal testing regime. The final coil had a resonant frequency of 2.875
GHz and 118 MHz FWHM and the design is visible in figure 5.18. These values
were slightly different from those predicted by the software, but both were within
10%, making a number of different coils allowed the ideal one to be selected.

The resonance of this coil was measured using a vector network analyser
Wiltron 37217B, capable of scanning over a range of 22.5 MHz to 40 GHz.
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5.6 Nano-diamond Method

Once the suspension of nano-diamonds has been ultrasonically applied to the
substrate and the dispersion medium has evaporated (a process which could take
an hour to ensure complete evaporation), the sample can be observed under the
instrument.

5.6.1 Optical

The optical camera is used to position a specific area of the sample in the centre,
at this point optical images can be collected. This is performed with a mirror or
a splitter directing the light onto the sample and then back into the camera. Fig.
3.15 shows the setup which is being referred to, however, the 50/50 beam splitter
immediately after the MO is replaced with a plane mirror. The laser can then
be turned on to confirm correct positioning of the beam on the sample. With
a beam splitter, the image of the sample is slightly faded and the laser beam
appears bright, however, the mirror provides a very clear image of the sample,
and the laser beam is greatly attenuated as it has to penetrate the back surface
of the mirror before arriving at the sample. This provides a much dimmer laser
spot which is still sufficiently visible for positioning purposes. The mirror or beam
splitter is positioned at 45o to the laser path, so the beam gains a horizontal offset
of around 5 µm. When the mirror is removed in order to perform the various
optical scans, a 5 µm adjustment is required to enable the camera images to be
compared directly to the scanning images. The view from this camera can be
seen in Fig.3.14.

5.6.2 Reflectance

The first scan taken is always the reflectance scan. The laser is aimed at the
sample via the confocal microscope and then sent back towards the detectors.
The dichroic beam splitter has an optical density of ∼2.3 at 514 nm [36] which is
equivalent to attenuation by a factor of ∼500. When the laser power is sufficiently
high, enough light passes the splitter that a bright, high contrast image is formed.
The SPADs have a maximum count threshold of 30 Mcps before damage occurs, so
a standard neutral density (N.D.) filter (typically, with O.D of 3 or 6), which has
uniform attenuation across all visible wavelengths, is used to reduce the incoming
photon flux to safe levels. The software used to perform scanning is Qudi [105]
and was developed by the Institute for Quantum optics at Ulm University in
Germany, then released as open-source software on GitHub. The software allows
many variables to be controlled, most importantly the size of the scan, the scan
resolution, and the time spent collecting light at each pixel (integration time), as
well as the focus in the z-direction. In reflectance imaging, the count rate is high
enough that pixels can be measured for only a few tens of ms and a low noise
image is built up.

Each pixel represents the centre of one collection spot, the size of which cannot
be changed. The collection spot is the focal spot of the MO lens, and therefore
any number of pixels which causes consecutive sampling spots to be separated
by less than the diameter of the collection spot leads to oversampling and can
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produce an artificial smoothing of the data. This can be counteracted by knowing
the spot size and not exceeding this, or by taking the over-sampled image and
”binning” the pixels. This is a process where a group of pixels are averaged and
replaced by one single larger pixel. Binning number has to be a square number,
e.g. 2 × 2, and is a noise reduction technique which in the case of large enough
oversampling does not alter the true resolution of the image.

The reflectance scan provides an image of the exact area that will subsequently
be scanned by the photoluminescence detection method. Example images will be
given in the results section of this chapter and of chapter 6.

5.6.3 Photoluminescence

Whether it is emitted by NV− defects or from the hBN grown here in Nottingham,
it is known that photo-luminescent (PL) light will be of red (NIR) wavelength.
Very little optical density is experienced by the red light and green light is heavily
attenuated before the detectors. Any light detected during PL experiments will
be red light generated by the sample.

With the notch and LP filters in, the rest of the process is identical to the
reflectance scanning. The laser is turned on, the sample is scanned across, the
integration time can be increased slightly, but typically is still at ∼10 ms. This
changeover takes less than 60 s and scanning can commence immediately.

The PL scan can then be directly overlaid onto the reflectance scan to provide
the x-y location of where the PL is being emitted, see examples in chapter 6.

The software uses the z-stage to focus the MO by varying z whilst re-scanning
a line in x and displaying the intensity as an x-z plot. The brightest line displays
the focal height. When scanning in reflectance, the focal height is always surface
height, at the air-sample interface. For a PL scan, the photoluminescent location
must first be located in x-y and then moved to the focal point of the MO. In the
case of both the hBN and the nano-diamonds, the emitter is beneath the surface.
The x-z focus plot can display the central height of the emission and provide
further information as to the location of the emitter.

Once the three-dimensional location of the PL emitter is measured, the next
step in the process when selecting a diamond for use in magnetometry is to check
that the diamond contains a single defect. This is performed by selectively aim-
ing the MO at the defect location using Qudi, and then connecting the SPADs’
outputs into the PicoHarp and using the QuCoa software. The software is al-
ready prepared for correlation counting and anti-bunching experiments, it only
requires the user to set which input channel should be used as the trigger to
start measuring time. Once the start button has been clicked the software will
collect arrival times of photons and plot a correlation graph in real-time, it will
stop when instructed to, or after counting for a pre-set time if that option was
selected. If count rates are high and high precision is requested from the software
then there is the possibility that the RAM of the PC will fill up and the computer
will crash. This happened several times after around 20 minutes counting when
both channels were receiving ∼500 kcps.

A single quantum defect is taken to be indicated by a g2(0) < 0.5.
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5.6.4 ODMR

Another method of testing for the presence of a single defect, or indeed for confir-
mation that the observed emission is from an NV− centre, is to perform optically
detected magnetic resonance (ODMR) on the sample. The microwave coil is
placed on the sample stage facing upwards, the sample is then placed over the
hole in the middle. As the sample and coil PCB are of similar thickness, the
sample diamonds are very close to the plane of the coil wire, at this height and
at the centre of the coil is the location of the strongest magnetic field.

A microwave signal can then be passed into the coil and applied to the sample
and ODMR can be carried out, whilst observing the photoluminescent emission
from the defect. The presence of ODMR about the correct microwave frequency
indicates that the sample is definitely an NV− centre, and the number of troughs
visible in the graph can infer how many defects are present.

5.6.5 AFM

At this point, the surface topography can be measured with the AFM part of
the instrument. After the laser and the SPADs are turned off, the mirror is re-
inserted above the MO and the camera is used to view the sample again. The
Smaract stages then move the tip into the centre of the MO, or to the region of
interest and the side view camera is used to bring the tip to within fine approach
distance of the sample.

The first step is to measure the frequency of the tuning fork. The cantilevers
are measured when they are manufactured and the information such as resonant
frequency and Q-factor provided. These measurements have so far turned out to
be quite accurate, and allow a frequency scan of 2 - 3 kHz either side of the stated
value to find the resonance with ease. The frequency is then chosen, depending
on whether NC-AFM or Tapping Mode AFM will be carried out and the PLL is
turned on. The size and position/orientation of the scan area and the number of
lines/samples per line are also selected around this time.

Frequency shift (dF) is set as the locking variable, depending on the required
tip-sample separation and the probe is brought into contact with the surface.
Feedback gains can be tuned once scanning is underway, these depend on the
speed at which scanning is carried out, the size of the features being measured
and the gradient of the height changes on the sample.

The system can then be left to scan, the software saves files automatically and
the default setting is to keep scanning the sample over and over until stopped by
the user. The data is saved in .SM4 file format which is specific to RHK, it can be
opened by the built-in RHK data analyser or by alternative freeware Gwyddion
which has proved very useful for processing and analysing AFM data [106].

The SM4 file saves all the data collected by the scan. This includes PLL
amplitude, PLL phase, dF, Topography, PLL drive and Current. Current is irrel-
evant to AFM, and would only make sense in a scanning tunnelling microscope,
it is present because the RHK R9 is also capable of controlling an STM. PLL
drive amplitude data can be relevant if constant signal mode is used, whereby
the voltage to the tip is varied in order to maintain the same voltage returned
from the probe. This is possible with our instrument, however, we tend to use
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constant drive mode, meaning that the PLL drive maps are a uniform flat plane.
Topography map contains the surface height information, this can be compared
to the dF map, which shows how far the phase is shifted from the setpoint on
arrival at each pixel of the scan. This can be used to interpret the topography
graph and to correct for errors and to produce a more accurate understanding of
the surface height.

Due to the use of the Piezoconcept stages, the AFM has a large XY scan
range (50 × 75 µm), an exceptionally large vertical range of 50 µm and a noise
level of ∼1 nm dependent on the accurate setting of the feedback loops. This
makes it ideal for scanning both smooth samples and extremely rough ones with
large vertical features.
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5.7 Initial NV− Investigations

5.7.1 Diasense diamond sample

The substrate is significantly more reflective than the diamonds which may be
coated or mixed with the black compounds present in the suspension. It is likely
that this other material is present as a result of the detonation method used to
produce the nanodiamonds and was not filtered out afterwards.

In the scan, Fig. 5.22, the substrate is totally dark indicating that no laser
light is able to reach the detectors. There is low level PL from around the sample,
this could be due to defects in the diamond or photoactive systems in the impu-
rities. The brightest photoluminescence, however, comes from a single spot in a
chunk of diamond. It is visible in Fig. 5.23 that the emitter is bright only over a
narrow z-range of ∼600 nm, meaning that this is likely to be a diffraction-limited
spot and therefore is likely to be contained within a single submicron diamond.

The microwave coil was then used to deliver a signal in the region of 2.87 GHz
in order to test for the presence of ODMR.

A strong resonance dip was observed with 15% contrast. This indicates that
the coils are producing a strong microwave field which is strongly interacting with
the sample. However, the resonance is not at the location expected for a nitrogen-
vacancy centre in a diamond lattice. This could be due to stresses in the lattice,
or environmental magnetic fields interfering with the resonance behaviour of the
defect. This was a highly impure sample, and the droplet application method did
not provide a widely spaced, thin layer of individual nanodiamonds. This meant
that a lot of different factors could be contributing to the discrepancy between the
expected and the observed resonance frequency, it is, therefore, difficult to extract
much cause or meaning from the observations. However, this first experiment did
demonstrate that the ODMR was affected by a microwave signal in the region of
2 - 3 GHz.

The sample of nanodiamonds was then scanned by the AFM, which produced
the image visible in Fig. 5.25. There are a number of diamonds, visible as
hemispheres on the scan, some are several layers deep on the sample, heights
range from 20±1 nm to 40±1 nm for diamonds in this field of view. There
is nothing visible on the AFM that separates the diamonds containing the PL
emitter from the others, this is only known by matching up its location from the
PL scans performed with the scanning confocal microscope.
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Figure 5.19: View down the optical microscope of the nanodiamond suspension
dropcast onto a Si wafer. The white streaks are impurities in the suspension
dried on. The ’coffee staining’ is visible in the small circular artefacts which have
concentric rings. The circles are where the nano-diamonds are located, none were
found outside of these circular objects during extensive searching and scanning.
The impurities reflect green light, but there is no exhibition of any detectable
photoluminescence above 600 nm.
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Figure 5.20: Camera view of the diamond deposit as applied to the substrate.
The diamonds are clustered together in chunks, along with other graphitic com-
pounds which gave the suspension its dark colour. The slight streaking effect, the
lengthening along one axis, of some of the larger clusters indicated the direction
to the centre of where the droplet was applied, the streaks being left behind as
the solvent evaporated inwards towards the centre.

Figure 5.21: Reflectance scan of Diasense nanodiamond sample, applied to a
silicon dioxide substrate, illuminated with a 514 nm laser.
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Figure 5.22: Photoluminescence scan of the Diasense nanodiamond sample,
probed with 514 nm light, observed light is in the region 600 nm - 800 nm.
The brightest spot is marked by the blue arrows on the axis, this is a photolumi-
nescing defect in the nanodiamond. This demonstrates the proper functionality
of the confocal wavelength filtering system.

Figure 5.23: PL Intensity vs z-focus graph for PL emitter in nanodiamond sample
shown in Fig. 5.21.
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Figure 5.24: A strong ODMR signal is visible when a scanning microwave fre-
quency is applied to the sample of diamonds with zero external magnetic field.
This resonance is not at the frequency expected, were the emitter an NV− defect
in a stress-free lattice.

Figure 5.25: 3 µm × 3 µm AFM scan of a cluster of nanodiamonds deposited on
a silicon substrate.
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Figure 5.26: Line profiles extracted from the AFM topography scan of the nan-
odiamonds sample shown in Fig. 5.25.
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5.7.2 Warwick diamond sample

The diamonds used in the nebuliser application method were produced by Dr
Gavin Morely at the University of Warwick. The diamonds themselves were
manufactured using chemical vapour deposition (CVD) in order to create a di-
amond lattice of very high purity. The diamonds are then irradiated with high
energy electrons (∼1 MeV) in order to knock carbon atoms out of the lattice,
creating vacancies. The diamonds are then exposed to nitrogen which diffuses
into the material before they are annealed, a process which involves heating to
∼800 ℃ for several hours in order to allow the nitrogens and vacancies to move
through the lattice and pair up forming NV− centres. A thin outer layer (∼20
nm) is then removed from the diamonds and these flakes are put into a tumbler,
containing silicon balls, which then runs for several hours to smash the diamonds
into nanodiamonds. The silicon balls get damaged by the diamonds during this
process, adding some silicon powder into the product, this can then be removed
by using a solvent which targets only the silicon, resulting in a clean nanodiamond
product.

These diamonds were suspended in MilliQ water (1 mg of diamond in 1 ml
of water), which was then diluted with 49 ml of methanol. This mixture was
loaded into the nebuliser and sprayed into a glass vial which was then held over a
silicon wafer, allowing the mist to settle onto the surface. The nebulise and settle
process was repeated 8 times for one wafer and 4, 2 and 1 times for the others.

This process yielded very dark samples with very little photoluminescent ma-
terial on them. In many hours of scanning, only two photoluminescent defects
were discovered, these bleached under the laser before they could be studied.
Whilst the nebuliser dispersion method is widely used as it produces a sam-
ple containing many small diamonds with appropriate (5 µm) spacing, it did not
work for in this study and we did not have sufficient time to pursue this technique
further before submission of this thesis.

In order to confirm that the diamonds were photoluminescent, a further sam-
ple was made, using the droplet technique described in the previous sub-section.
This sample contained areas of nothing and areas which were dense with dia-
monds, approximately 5 emitters in every 50 µm square in these regions. These
defects were illuminated with 200 µW of laser light and bleached after approxi-
mately 20 s of continuous wave (CW) illumination.

This sample is far cleaner than the one from Diasense, the Warwick suspension
delivered to us was colourless and clear, as opposed to black and opaque. This
is visible on the reflectance scan in Fig. 5.27 the diamonds, those which are
large enough to see, are visible as black spots and there is far less other material
on the sample, it appears that far more graphite, and in this case silicon has
been removed after manufacture. The diamonds appear dark as they refract and
reflect the light away from the MO, so less light is detected returning from them
compared to the silicon surface which is smooth and highly reflective.

The photoluminescence scan of the same area, Fig. 5.28, shows that there is
low-level fluorescence throughout the deposited material and there are two bright
emitters in this sample. Due to the method of manufacture of this sample, these
are likely to be NV− centres. Confirmatory investigations on these, and indeed
any other emitters from this sample of diamonds, was not possible due to the fact
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that they bleached in a very short time. This property allows us to reject the
possibility that these are NV− defects, which do not bleach at these laser powers
on these timescales.

Whilst scanning for photoluminescence, each pixel was observed for 5 ms,
leading to a total exposure time for each defect of about 50 ms per scan. This
appeared to be little enough light so as not to cause bleaching; repeating these
scans also did not lead to bleaching. The issue was observed when continuously
probing the emitter in order to observe ODMR. Figure 5.29 shows the typical
intensity reduction vs time plot for one of the emitters on this sample, the others
behaved in much the same way. Within 50 s the fluorescence intensity was reduced
to background level and was indistinguishable from the noise floor of the detectors.

ODMR was performed on one emitting defect, and this was only possible for
less than a minute before the bleaching rendered the defect unmeasurable. This
is visible in Fig. 5.30. The decay with time is the most obvious characteristic of
the data, however, there are visible resonances. They are not at the frequency
expected when looking at the NV− centre’s Hamiltonian, much like with the
Diasense sample they are at many frequencies, all below 2.8 GHz, again this could
be due to strain in the lattice. Every care has been taken during the development
of this instrument, and during the measuring process, to ensure that there are no
stray magnetic fields in the vicinity of the sample, so this can be ruled out as a
cause of this unexpected ESR behaviour.

In an effort to reduce bleaching, the laser was pulsed at 10%, 5% and 1% duty
cycles with the laser being on for 0.1 ms in the fastest case. This did not improve
the bleaching, the defect still became dark within 1 minute of observation. At
faster pulses than this, or at shorter duty cycles, the fluorescence signal was lost
in the background level.

The bleaching behaviour could be due to the diamonds overheating and reach-
ing annealing temperature which would destroy the NV− centres. The power
density at the focal point of the beam is on the order of 1 GW/m2, and if the
diamonds are particularly small in size, it may be more difficult for them to dis-
sipate the heat. This may cause the defects to lose their electrons, resulting in
an NV0 centres which would be dark, to this observation setup, when probed
with the laser. The bleaching behaviour was also observed on larger crystals of
diamond on the sample. One such crystal was 30 µm × 40 µm in size and con-
tained several emitters. This also bleached rapidly when the laser was aimed at
the defect in order to probe its properties. Many groups pulse their laser at their
diamonds, which would reduce heat build-up, but many other groups use CW
lasers to probe their diamonds without bleaching, although this may be using
bulk diamonds which are able to dissipate more heat away from the defect into
the lattice than nano diamonds; pulsing did not work in this case. However, this
is all speculation, further study of this sample and of other bleaching samples is
needed in order to find a more definitive answer, as of now the emitters do not
appear to be NV− defects.

It has since been suggested that the after the suspension has been applied to
the substrate and has dried, that the laser is slowly scanned, at high power, over
the sample in order to bleach any bleachable emitters. This should leave only
unbleachable emitters which are more likely to be NV− centres. This process is
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Figure 5.27: Confocal reflectance scan of the Warwick diamond sample, applied
to the surface by the droplet method.

predicted to take on the order of 10 minutes for a 50 × 50 µm square of the
sample. This method has yet to be attempted with this instrument, however it
yields further possibility of successfully identifying an NV− defect.

The sample was AFM scanned with the instrument in order to investigate the
size of the particles on the surface. The scan can be seen in Fig. 5.31. Everything
on the surface is expected to be diamond or any other materials that were in the
suspension with them, the sample was created in a very clean environment with
little room for contamination. There are some larger features visible, however,
the fluorescent objects (assumed to be diamonds) are the small bumps in the
middle of the image. These were measured to be 40 nm ± 12 nm in height and
were less than 1 µm in radius.
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Figure 5.28: Photoluminescent scan of an area of the diamond sample from War-
wick, over the same field of view as Fig. 5.27.
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Figure 5.29: Plot of emitter intensity vs time. The bleaching of the defect is clear
to see and occurs over a short timescale.

Figure 5.30: Plot of ODMR data, collected from the droplet deposited sample of
Warwick’s diamonds. Subsequent scans are darker as bleaching occurs until the
contrast is reduced to the point where further collected data is no longer usable.
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Figure 5.31: AFM topography scan of some of the diamonds visible in Fig.s 5.27
and 5.28

5.8 Summary

Whilst neither of the diamond samples provided any ’ideal’ nanodiamonds which
could be used in NV− magnetometry, the suitability of the instrument to become
an NV− magnetometer has been proven. The anti-bunching set-up has not been
tested due to the lack of suitable samples with which to test it. However, the in-
strument was able to rapidly confirm the unsuitability of the observed diamonds.
It is able to measure the photoluminescence, the ESR spectrum, visually observ-
ing the sample and measuring the AFM topography of a 50 µm × 50 µm area to
a 2 nm height resolution in under 1 hour. The most time consuming element is
the AFM scan due to the number of sample points required to build up a data set
capable of showing the heights of such small diamond samples. When searching
for photoluminescent emitters using the confocal microscope a 50 µm × 50 µm
could be covered in about 100 s.

The remaining work required to convert the instrument into a full NV− mag-
netometer is to find an appropriate diamond, confirm that it contains a single
emitter and attach it to the tip of an Akiyama probe. This probe can then be
removed and stored when magnetometry is not required in order to preserve it.
A standard Akiyama probe can be inserted in its place to perform normal AFM
as required. The instrument has been designed and manufactured to be highly
flexible with regards to its functionality, making it unique, certainly within the
University of Nottingham, and with significantly better capabilities than many
of the instruments reviewed. This is demonstrated again in the following chapter
in which samples for which the instrument was not designed are investigated,
producing new and useful data.

In the next chapter investigations into hexagonal boron-nitride devices will be
made, using the instrument. The theory of h-BN will be covered as will methods
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of investigation and the results.

page 94 of 160



Chapter 6

h-BN investigations

This section uses our instrument, described in previous chapters, to investigate
hexagonal boron-nitride (h-BN) devices manufactured at the University of Not-
tingham. The electroluminescent and photoluminescent properties of these de-
vices are investigated as the surface topography is measured to provide informa-
tion on their physical forms. Information on these devices is given, and other
studies are examined, but first, some information on the h-BN.

6.1 Hexagonal boron-nitride

Boron nitride is a molecule formed when a single boron atom covalently bonds
to a single nitrogen atom. It is found in three crystalline forms, only one of
which (cubic-BN) occurs naturally. It is possible to manufacture hexagonal Boron
Nitride (h-BN), forming a giant 2-D lattice of hexagons, each containing three
BN molecules covalently bonded together. The 2-D lattices are flat, and form
layers on top of each other, loosely bound together with van der Waal’s forces.
This is much the same arrangement as is found in graphene/graphite, with a
monolayer of h-BN having similarities to graphene, it can be thought of as a
non-conductive version of graphene. The strong covalent bonds cause it to have
a high melting temperature and high thermal stability, and the weak temporary-
induced dipolar bonds between the layers allow the layers to slide over each other,
making h-BN flakes a good lubricant. Unlike graphene, there is little ability for
electrons to flow freely either between layers or along the lattices, the covalent
bonds are too strong. This makes h-BN more thermally insulating than graphene
and electrically non-conductive in its pure form [107].

Hexagonal boron nitride has a wide bandgap, for a semiconductor, of 5.955 eV
[108], which corresponds to photon wavelength of 208 nm. This is the widest
bandgap currently known of any 2D material [109]. The lattice can be doped
with atoms of carbon, sulphur or silicon to form semiconductors with a lower
bandgap [110].
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6.2 Previous work on hexagonal boron-nitride

Tran et al. measured PL emission at 632 nm from thin layers of MBE (molecular
beam epitaxy) grown (at the University of Nottingham) hBN in 2016 [111]. Anti-
bunching was detected indicating the presence of a single emitter, this and the 632
nm zero-phonon line was present for both monolayer and multi-layer crystals. The
emitted light was strongly polarised. Very similar results were found by Exarhos
et al. in 2017 [112] when using single-crystal exfoliated h-BN.

U. D. Dzhuzeev & P. E. Ramazanov found in 1969 that hexagonal boron
nitride electroluminesces at almost identical wavelengths to its photoluminescent
emission [113]. They concluded that this phenomenon only occurred when the
hBN layers had been heated in the presence of carbon atoms. This is not the
case for the exfoliated hBN samples, which are not exposed to carbon at high
temperature, meaning that there must be another explanation for the behaviour
explained in the next subsection.

More recently, in 2017, Gupta, Singh, et al. developed electroluminescent
devices using exfoliated h-BN as a dielectric layer wrapped around a layer of
emitting molecules [114]. This emission is not due to the h-BN which acts only
to carry the current to the mixture of metal and metallic compounds which are
the emitters.

There are many papers applying hetero-structures to h-BN sheets which result
in electroluminescence, indeed this was the initial plan when the Nottingham
group began developing these devices, however, they discovered that their clean
and pure h-BN layers themselves emit light when a tunnelling current passes
through. This behaviour is not well documented and does not feature in any
publications at the time of writing.

6.2.1 Nottingham h-BN Devices

The devices produced in Nottingham by James Kerfoot and the group of Prof.
Beton are made up of thin exfoliated layers of h-BN and graphene which act as
the tunnel barriers and electrodes respectively, to a cluster of electro-luminescent
molecules for use in future experiments. The samples tested using our instrument
are made of mono-layers or multilayers of both of these materials, either one or
several atoms thick, rarely more than ten layers. Making these is not a precise
science and the most reliable method is that which was used to isolate graphene
for the first time [115]; a strip of adhesive tape is stuck to the surface of the bulk
material, then removed and applied to the substrate of the sample. When this is
subsequently removed from the sample, several layers of atoms remain behind on
the surface of the sample. This process is known as exfoliation. The bulk crystals
of h-BN from which the flakes are exfoliated are made by the high pressure high
temperature (HPHT) method by Watanabe and Taniguchi in Japan [116].

These devices are fabricated on a thick silicon wafer with a 90 nm SiO2 layer
on the top. Gold electrodes are deposited on the surface which can be connected
to a current source. Layers of graphene and h-BN are then built up bridging the
divide between the gold contacts and creating a continuous circuit. In the case
of the final devices, the electro-luminescent molecule will be sandwiched between

page 96 of 160



6.2. PREVIOUS WORK ON HEXAGONAL BORON-NITRIDE Vanhouse

Figure 6.1: A modified version of a diagram, taken from a paper, co-authored
by Dr Kerfoot [117] (Image not to scale). The device pictured had molecules
positioned on the h-BN layer with the intent of measuring the electroluminescence
from these molecules. Device D110, investigated in this thesis, has much the same
structure, albeit with no extra molecules on the h-BN. There are two, overlapping,
thin flakes of h-BN sandwiched between two flakes of few-layer graphene (FLG).
D110 also has thicker flakes (few layers) of h-BN between both FLGs and their
respective gold electrodes. It was postulated that D110 emits electroluminescence
from the region of overlap between the two central thin flakes of h-BN.

two layers of h-BN, which in turn will be sandwiched between layers of graphene,
both graphene sheets will be in contact with a gold electrode. The samples we are
investigating, which electroluminesce, are of the form h-BN/G/h-BN/G/h-BN,
with the h-BN touching the electrode. A similar device is visible in the Fig.6.1
layer view, the diagram is taken from a paper by Svatek et al. [117], the devices
investigated were fabricated by Dr Kerfoot in an almost identical process to the
ones investigated in this thesis.

The thicker layers of h-BN and graphene are deposited from a polydimethyl-
siloxane (PDMS) stamp, a method of soft lithography called micro-contact print-
ing, which allows a surface layer to be applied, then selectively removed leaving
only the parts which were protected by the stamp [118]. The thin, central layer
of h-BN is then applied and flame annealed which causes the h-BN to form larger
crystals [119]. The device is then tested for emission intensity and wavelength,
as well as I-V characteristics before being passed to us for analysis.

The h-BN used in these devices was made in Japan using the HPHT method
and then exfoliated from the bulk crystal in Nottingham. This method produces
h-BN of extremely high purity, which should not electroluminesce without the
presence of contaminants. As this has no contaminants, it is a surprising result
that light is emitted and it is for this reason that we are using our instrument to
help investigate these devices.

It should be noted that Beams et al. [120] documented electroluminescence
from single layers of graphene, produced by a hot luminescence mechanism. This,
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however, is not the property exhibited in these h-BN devices.

6.3 Imaging method

The hexagonal boron-nitride sample grown by Professor Beton’s group at the
University of Nottingham consists of layers of hBN and graphene. The thin h-
BN is sandwiched between two graphene contacts and is applied to the sample
by exfoliating using sticky-tape. There is often polymer from the tape left on the
sample, this does not always get in the way of imaging as it does not stick to the
hBN due to the method of application, most of the material remains on the tape
while a few layers of hBN attach to the sample. In some cases where the adhesive
polymer is a problem, particularly when performing AFM scans, it is soluble in
chloroform and can be cleaned off with relative ease.

The process for imaging an hBN sample is the same as described earlier. The
sample is visually examined, then scanned with the laser to build up a reflectance
image. Photoluminescence scanning can also be performed, any polymer material
from the tape or other sources usually fluoresces at a low level, both from the
body of the material as a whole as well as from points inside the mass of polymer,
removing the polymer removes this extra source of luminescence. Hexagonal
boron-nitride has been shown to photoluminesce [111], emitting red light when
bombarded with green photons. The method of emission is not fully understood,
which is why it is useful to perform PL measurements on these samples with the
instrument.

6.3.1 Electroluminescence

If electroluminescence (EL) is possible or expected from the sample, as it is with
the hBN made in Nottingham, it can be mounted on a specific EL stage. The
sample is placed onto a square of printed circuit board (PCB) where it is contacted
by the electrodes which are pre-loaded and pin it to the board. The PCB is then
attached to the mount by a pair of retention clips which also act to earth parts
of the PCB to the mount and the stage. This can be seen in Fig. 6.2

Current can then be passed through the sample, from a source-measure unit
(SMU), in order to measure the I-V characteristics of the sample. All hBN
samples tested by the instrument have been shown to electroluminesce and have
emission wavelength, intensity and I-V characteristics measured and provided to
us by Prof. Beton’s group. It is, however, important to verify the data to ensure
that nothing has changed during transport or use.

The SMU can then be set to a specific voltage to deliver a current of such a
value that emission is expected and of observable levels by the system.

The noise floor of the SPADs is in the region of 100cps so emission of light
at values lower than this are difficult to detect. The Qudi software has an upper
limit for integration time of 1s per pixel, this leads to a rather slow scan time,
taking several hours for a scan with a useful pixel resolution. In some cases, the
emission is too dim to view, the solution to this is to repeatedly take scans with
1 s integration time and average them together. By this method, it is possible to
replicate a scan with an integration time of more than 1 s.
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Figure 6.2: The stage mount designed to provide current to h-BN tunnelling
devices whilst positioning the sample underneath the microscope objective, on
the scanning stage.

The electroluminescence is expected to emit from only one location on the
sample, therefore resultant images which positively detect EL are largely dark
and covered by detector noise and have one area of emission. These images must
then be superimposed onto the reflectance scans of the same area in order to show
the location of the source of the emission.

This scanning detection capability is currently unique in the department and
provides additional information to help understand the origin of the EL pro-
duced by the hBN samples as well as testing the usability and utility of the new
instrument.

6.3.2 Spectral Analysis

Prof. Beton’s group have a spectrometer and CCD sensors which can observe the
EL with very long integration times and measure intensity vs wavelength. In our
system we have not yet integrated a spectrometer, however, it is possible to verify
the spectral analysis of the other group, albeit to a lower precision by putting
various line pass or band-pass filters into the path of the beam. These band-pass
filters are specified with a central wavelength and width of transmission. By
switching filters and recording the intensity received at the SPADs, it is possible
to calculate the spectral components of the emitted light. This method can be
performed during PL scans as well as EL, but more often the scan is performed
first to locate the emitter, and then the stage position is fixed and intensity
measurement performed whilst looking directly at the emitter.

This method provides more information and certainty regarding the wave-
length than just using the dichroic splitter, notch and long-pass filter.
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6.4 h-BN device measurements

6.4.1 D41

Sample D41 was manufactured by Dr James Kerfoot at the University of Not-
tingham. This sample is constructed from top to bottom as: h-BN, graphene,
thin h-BN, graphene, h-BN. The top half was picked up using thicker h-BN,
the middle thin h-BN layer was flame annealed and the bottom thick h-BN and
graphene was stamped from PDMS (note this has a different structure to D110,
whose diagram is shown in Fig. 6.1).

Electroluminescence was detected from this sample using a cooled CCD and
spectrometer, however, there was insufficient light emitted for it to be visible
on our system with a higher spatial resolution, which requires ∼50 cps emitted
to rise above the noise floor of the SPADs after passing through a 50/50 beam
splitter.

Photoluminescence was detected on our setup and it was able to be located
to a specific point of emission.

Figure 6.3: Camera view of D41 through objective lens. For clarity, the location
of the thin h-BN flake is outlined in red. This flake is sandwiched vertically
between two graphene flakes (not shown).

Figure 6.3 shows the camera view of the sample through the microscope ob-
jective. Not visible in this picture is the small laser spot produced by the laser
passing through the back of the camera mirror showing the centre point of the
confocal scan. In the centre is the small gap between the gold electrodes (visible
over most of the image), the gap is bridged by the layers of graphene and h-BN
as described above. The crystals are visible overlapping each other and can be
identified when compared with the accompanying information provided with the
sample.

Figure 6.4 shows the confocal reflectance scan, the laser power on the sample
surface is 200 µW at 514 nm and neutral density filters are placed before the
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Figure 6.4: Confocal reflectance scan of device D41

fibre with O.D. 6, which coupled with the optical density of the dichroic splitter,
reduce the intensity to levels that are safe for the SPADs. More visible in this
view than from the camera are the thin-film interference patterns caused by the
polymer layers left behind after manufacture. These can be removed, but one
can see in this image that the polymer has not come into contact with any of the
important layers near the active area. The sampling rate is 100 lines of 100 pixels
per line, measuring light at 100 samples per second. These parameters remained
the same for all reflectance and photoluminescence scans of this sample.

After the reflectance scan, the neutral density filters are replaced by the notch
and long-pass filters. This greatly reduces the absorption of the laser light whilst
having relatively little effect on the expected red light. Figure 6.5 shows the
photoluminescence scan of D41. Most of the sample is dark, some light is emitted
from the crystal edges. This is probably because there is likely to be more defects
and dangling bonds on the edges of the crystal. Most of the light, however,
escapes within a short distance of the defect and is detected in that region.
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Figure 6.5: Confocal photoluminescence scan of D41 sample. Active photolumi-
nescent region is highlighted by the white box.

Figure 6.6: Confocal reflectance scan of D41, a smaller scan whilst maintain-
ing the same number of sample points per image produces a magnified of the
photoluminescent emitter location.
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Figure 6.7: A repeat of the scan in Fig. 6.6 with a longer integration time and
with the system in photoluminescence configuration. This provides a confocal
photoluminescence scan of D41, zoomed in on the emitter location.

Figures 6.6 and 6.7 are taken by reducing the scan range to the area of interest
whilst leaving the sampling at 100pixels. This produces a high resolution scan of
a 10 µm square around the emitter with a 100 µm× 100 µm pixel size. As these
two scans are of the same area, they can be overlaid to show the distribution of
photoluminescent light on the sample.

Figure 6.8 is an overlay of the two full sized images, showing that the emission
comes from some layers overlapping above the gold contact. Figure 6.9 confirms
that the emission is coming from the edge of the ’bubble-like’ defect in the over-
lapping layers.
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Figure 6.8: Photoluminescence scan overlaid onto the reflectance scan, showing
the location of the PL emitter. Sample: D41.

Figure 6.9: PL and Reflectance scans overlay image, zoomed on PL emission area.
D41
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At this point, the top camera can be used to align the AFM probe over the
sample which can then be approached and a scan performed. The topography
data and the PLL amplitude data are visible in figures 6.10 and 6.11 respectively.
the second figure shows the features with greater clarity than the first, allowing
us to be certain that the ’bubble-like’ defect is lined up exactly with the large
feature visible on the AFM scan. The topography scan then allows us to extract
the height of this object which is 600 nm above the surface of the surrounding
crystal. The PLL amplitude plot shows the change in dissipation of the cantilever
kinetic energy and can provide information about the mechanical or material
properties of the sample.

The focal height data from the confocal microscope shows us that the photolu-
minescence emission is brightest (and therefore originates from) the same height
as the reflectance. This measurement is accurate to less than 500 nm due to
the thin focal plane of the 100× N.A=0.8 lens. This indicates that the emission
comes from a point level with the rest of the surface, and not at the top of the
bulge. The shape of the bulge above the emitter can be seen more clearly in Fig.
6.12.

Figure 6.10: Surface topography of D41 in the region of the emitter. The feature
in the middle is the exact location of the photoluminescent emitter, it is slightly
pyramidal in shape. This shape could be due to the feature being sharper than
the AFM tip is able to observe, therefore the shape is that of the AFM tip, but
the maximum height of the feature is still measurable. The peak of the defect is
600 nm above the surrounding surface.
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Figure 6.11: PLL amplitude plot. The change in voltage as the PLL maintains
oscillation frequency.

Figure 6.12: 3D projection of the surface topography data of D41. The height
of the emitter artefact compared to the surrounding material is clearer in this
representation.
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6.4.2 D110

Sample D110 was also found to exhibit electroluminescence. This sample has
a slightly different construction to D41. It is made up of the following layers,
described from the top down: thick h-BN, graphene, thin h-BN flame annealed,
thin h-BN flame annealed, graphene, thick h-BN. The two outer layers of thick
h-BN are in contact with the gold electrodes and transfer current to the rest of
the device. It is suspected that the two central layers of thin h-BN, both applied
to the sample by exfoliation, have overlapping surface defects which may be the
source of the electroluminescence.

Figure 6.13: Graph of current-voltage characteristics of D110. This measurement
was taken before EL testing commenced, the behaviour changed significantly
during use. The sample was left off for a period of several days and the resistance
increased, significantly lowering the current at the constantly held voltage.

Figure 6.13 shows the I-V characteristics of the sample. These were tested
using the SMU. These values did not remain the same after many hours of emis-
sion, indicating that some sort of irreversible physical process was taking place
inside the sample during emission.

Figure 6.14 is a microscopy image of h-BN device D110, taken and annotated
by James Kerfoot. The location of the central h-BN flakes and of the two graphene
flakes which sandwich them is shown. The active area is expected to be in the
region where the four flakes overlap.
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Figure 6.14: Optical microscope image of D110. Black lines outline the graphene
flakes, red lines outline the two central thin h-BN flakes. It is thought that the
interface between the two flakes is the source of the electroluminescent emission.
Thanks to James Kerfoot for the image and annotation.
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Figure 6.15: Electroluminescence spectrum of device D110. The graph shows
that turn on voltage is in the region of 2.3 V and that peak emission is around
650 nm. Thanks to Dr Kerfoot for providing me with this graph.

Dr Kerfoot used a spectrometer with a cooled CCD camera to take spectra
of the electroluminescent emitter on D110. This was taken with the tunnelling
current flowing in the positive and subsequently the negative direction. This made
no difference to the spectrum or the intensity of the emission. The spectrum of
emission from the negative tunnelling current can be seen in fig. 6.15.

Figure 6.16 is a reflectance scan of the sample. The thick black diagonal
line left to right, top to halfway down, is the edge of the gold contact with the
gold contact beginning above this line. Some physical deformities on the surface
are visible in the bottom right of the image, and just to the left of these the
overlapping layers of h-BN can be seen clearly. The overlapping region is an
acute-trapezoid shape and has some visible ’bubble-like’ structures in the bottom
left-hand corner.

Figure 6.17 is a 200 pixel scan, with an integration time of 1s per pixel;
as such this scan took nearly 12 hours to complete. The scan was performed
with the laser off and beam blocked, light-sources in the lab were covered up
and the box containing the instrument was light-proofed to ensure that no stray
photons could affect the data. No filters of any kind were placed in the beam
path and the only obstacle was the dichroic splitter which has transmission of
95% at red wavelengths. Collection efficiency from the sample by the MO is very
high; during tests reflecting a laser off a mirror in the sample plane at normal
incidence, 95% of light arriving at the mirror arrived at the optical fibre (having
accounted for the 90/10 beam splitter used for this test). In real experiments, the
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Figure 6.16: Confocal reflectance scan of D110, centred on the expected active
region of electroluminescent emission, the region where the thin h-BN flakes over-
lap.

collection efficiency will be less than this as the lens will be 3.2 mm away from
the sample and the emission will not be travelling exclusively upwards into the
lens. The numerical aperture lens means it will only collect light travelling within
a finite cone. The optical fibre acting as the pinhole and taking the photons into
the light-tight SPADs’ box transmits about 70% of light incident upon it. The
inefficiency of the fibre should not be taken into account when calculating the
actual intensity of emission, the fibre deliberately selects focused light in order to
ensure that only light originating from the focal spot of the objective is counted.
It is impossible to measure how much of the focused light is being lost at the
fibre as replicating a 25 µm at the correct location/angle is difficult. The final
element to take into account is the 50/50 splitter in the HBT interferometer
setup, each detector receives only 50% of the photons. Taking into account the
beam splitter, the dichroic splitter and the collection efficiency, actual emission
intensity is ∼2.2 times the detected intensity. This means that the brightest pixel
on the image was emitting 332 cps from the sample. In reality, it is possible that
the actual instantaneous count rate is higher than this, as the light appears to
be emerging from an area of about 1 µm diameter. However as this scanning
confocal microscope measures only one pixel at a time, i.e. only a fraction of the
emission area at any one time, it is not possible to collect all the emitted light
at once and therefore impossible to confirm the actual overall emitter intensity.
This could be achieved if a lower magnification lens, with a collection spot larger
than the emitter, was used.

The emission spectrum was analysed, by the group who grew the device, by
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Figure 6.17: Electroluminescence scan of sample D110. This scan was performed
with 1s integration time per pixel, meaning the data was collected over several
hours. This was necessary to allow the emitted light to be distinguishable from
the background noise of the detectors. The chip was provided with 2V DC and
drew 45.66 µA.

collecting all light emitted from the sample in one large objective lens and passing
it to a spectrometer. Count rates were collected in 1 nm bins, integrating across
their data and dividing by measurement time gives a count rate of ∼500 cps
which would agree with our highest count rate on one pixel being less than the
actually emitted count rate across the whole emitter region.

page 111 of 160



6.4. H-BN DEVICE MEASUREMENTS Vanhouse

(a) Electroluminescence scan with a
wider field of view than Fig.6.17.

(b) Reflectance scan with same FOV as
Fig.6.18a.

Figure 6.18: Sample D110

Figure 6.19: Image of Fig. 6.18a overlaid onto Fig. 6.18b.
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The graph in Fig.6.20 displays the intensity of electroluminescent emission vs
the voltage applied to the h-BN device. The voltage was not increased beyond
2.3 V even though it would probably luminesce with greater intensity in order to
preserve the integrity of the chip and prevent breakdown or failure resulting from
too much power dissipation.

After several weeks of use and a subsequent two weeks of not being used, the
I-V characteristics of D110 changed dramatically. The chip drew only 15 µA at
3 V and no electroluminescence was observed for any voltage at any focal height.
It appears that whatever causes the emission denatures slightly every time the
power is switched off. It occurred on several occasions that powering down the
device and then reapplying power resulted in a reduced current for the same
voltage. This made it impossible to collect reliable data concerning the emission
efficiency of this device, but such data would be of great interest and shall be
investigated when new devices are available.

Visible in Fig. 6.16 are some circular features in the active region. These
were not present at the time of the first scan and these defects appeared after
several hours emission. They grew larger with emission time and coincide with
the location of emission. It is possible that these are caused by the heat generated
by the tunnelling current or by some of the emitted photons being absorbed into
the material.

The electroluminescent emission from D110 (Fig. 6.18b), is visible in Fig.
6.18a. The overlay of these can be seen in Fig. 6.19. This shows that the
emission is coming from the ’active region’ where the crystals overlap, almost at
the edge of one of the flakes.

There was insufficient light emitted by the electroluminescent emitter with
which to test for antibunching. Even with many minutes of measurement, the
light of the emitter could not be separated from the noise floor, the noise washed
out the correlation counting data.
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Figure 6.20: Graph of EL intensity vs voltage applied between the contacts.
Points were best fit by an exponential curve of form I = −24.21+2.02·10−4·e5.52V .

Figure 6.21: Photoluminescence scan of D110. Laser power was set at 1 mW
which equates to 200 µW hitting the sample over the area of the focal spot (400
nm spot diammeter).
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Sample D110 was also tested for photoluminescent behaviour. Figure 6.21
shows the resulting scan, with one bright point-like emitter in the centre of the
image near the edge of the thin, flame annealed h-BN layer.

The PL emitter that is visible in the centre of Fig. 6.21 was probed and
observed whilst different filters were placed in the beam path. The resultant data
can be seen in Fig. 6.22. The horizontal bars display the transmission range of
the notch filters used, in the transmissive region where transmission is 99%. For
wavelengths outside this range, an O.D. of ≥ 2 is experienced. This information
shows that most of the light emitted from the PL emitter has a wavelength
between 600 nm and 750nm, with a peak near 650 nm. This agrees with Tran et
al. [111] who detected PL at 632 nm.

Due to its diffraction-limited size, this photoluminescent emitter was tested
for anti-bunching behaviour to see whether it was a single emitter or otherwise.
The sample was probed with ∼ 10 µW of 514 nm light. However, after about 30
s of continuous illumination, the emission reduced to zero. The emission never
returned, the emitter having bleached, therefore single source emission was never
confirmed from this particular defect.
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Figure 6.22: Emission spectrum of photoluminescent emitter in h-BN device,
D110
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The photoluminescent defect having bleached, it was decided to take a surface
topography scan above the electroluminescent emitter. The camera view of the
sample with the AFM scan area marked upon it is shown in Fig.6.23. The emitter
location is visible here on the small white feature towards the edge of the overlap
region.

Figure 6.23: Camera view of sample D110, with the area to be AFM scanned
roughly marked upon it.

The topography data of a 40 µm× 40 µm scan can be seen in Fig.6.24 and
the dF data in Fig.6.25. The frequency shift view provides a slightly clearer view
of the locations of certain features. The deformation on the surface in figure 6.16
is clearly visible as 4 µm high feature at the edge of the scan area. With the
correct feedback values, the AFM was more than capable of imaging this feature,
despite its very large height and slope. This feature reduces the contrast across
the rest of the scan making it more difficult to spot items of interest, however, in
the dF scan, it is possible to pick out the location of the emitter and the surface
feature above it. Moving to these coordinates on the topography graph allows
height data to be extracted, which shows that this defect is 150 nm above the
height of the surrounding layer. The feature at the emitter location can be seen
more clearly in Fig. 6.26 and Fig. 6.27.
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Figure 6.24: Large area AFM topography scan of D110. The feature at the
location of the emitter is more visible on the dF data image. The large feature
on the right of the image is 4 µm tall and is contamination on the surface of the
device.

Figure 6.25: AFM scan dF data of sample D110. The emitter feature is more
visible in this image and can be seen, just to the left of middle, approx 15 µm
from the bottom of the image.
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Figure 6.26: Cropped version of AFM scan in Fig. 6.24, the emitter location is
more clear.

Figure 6.27: 3D image of topography data of PL emitter in sample D110.
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6.5 Summary

Using the instrument, we were unable to detect electroluminescence from sample
D41, however, photoluminescence was identified and located. The surface topog-
raphy about the PL area was measured and a 600 nm bulge was detected above
the emitter. It is known that the bulge and associated visible feature were not
present before the PL emitter had been probed for several hours. It is postulated
that the heat from the laser or the emission caused warping and distortion of the
h-BN layers in the immediate vicinity of the emitter.

Sample D110 was scanned, electroluminescence was detected and located at
a specific point in the active region, on the edge of a bubble-like feature which
got larger with time spent electroluminescing. This provided useful information
to the group who are making these devices as they previously had measured
the intensity and spectrum of the photoluminescence but were unaware of the
exact location, only where they expected it to come from, in the region of overlap
between the two deposited thin h-BN flakes, the significance of this is a subject of
further studies. Photoluminescence was also observed, emanating from a different
location on D110. Our spectral analysis is not very precise, however, the emission
was measured to be between 600 nm and 750nm with a peak near 650 nm. This
is an area of the instrument which could be greatly improved, a spectrometer
could be placed in the beam path, with the output coupled to the fibre optic
cable which takes the light to the SPADs, this would provide higher precision of
the spectral analysis. The surface was AFM scanned in the region of the emitter
and a narrow feature, 150 nm tall was found at the location of the emitter.

This was another demonstration of the instrument working to the expected
level of performance. The different imaging modes do not compromise each other
and only minor adjustments are required to switch between them. This is an
excellent demonstration of the highly specialised abilities of this instrument to
extract photonic and topographic data of this kind from a sample, being the
only instrument, in the University, suitable for the task. It was able to collect
electro- and photoluminescence data over a 50 µm square area, optically observe
the sample in high resolution and take AFM scans, measuring the topography
and dissipation of the surface.

This chapter is concerned with specific devices constructed from h-BN. The
next chapter shall investigate the fundamental physical properties of h-BN. This
will be done by performing ellipsometry on high purity flakes of h-BN. Ellipsome-
try will be explained, in addition to the methods used to fit the data and extract
physical values from it.
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Ellipsometry

This chapter explains the theory behind ellipsometry and describes the measure-
ments made on various h-BN samples. A model is fitted to the data to enable
optical properties to be calculated and other conclusions to be drawn from it.

7.1 Theory

The University of Nottingham has recently installed and commissioned a new
imaging ellipsometer, the Nanofilm EP4 made by Accurion GmbH. This provides
another instrument with which to extract interesting, fundamental information
by imaging flakes of h-BN [121].

Ellipsometry is a non-invasive, contact-free method of measuring the proper-
ties of thin-film samples, probing the sample with polarised light. The method
works most effectively when applied to a thin-film sample, on top of a thick
substrate [122].

Light of a known polarisation is reflected off the sample and the change in
polarisation is measured, effects will be different at different wavelengths of light
due to the optical dispersion of the materials. Ellipsometers typically generate
their light from a laser or from a white light source.

The light directed at the sample is elliptically polarised. Such light can be
described as the sum of two, superimposed, linearly polarised waves in which the
electric field vectors are perpendicular to each other, with differing amplitudes
and a phase difference between the two. The sum of the electric field vectors
rotates around the axis in an ellipse, with clockwise rotation referred to as right-
handed polarisation.

The EP4 produces light from a laser-stabilised Xenon arc discharging between
two electrodes in a low-pressure environment. This produces a continuum spec-
trum across the visible spectrum extending both into near UV, visible, and IR,
albeit with reducing intensity as the spectral distance from visible increases. The
light is then passed through a monochromator, with bandwidth 6 nm - 18 nm
dependent on wavelength, to select only the required wavelength of light to be
reflected from the sample. Light is produced in the range 190 nm - 1700 nm.

Once the wavelength has been selected the light is aimed at the sample and
passed through a linear polariser and then a compensator (a quarter-waveplate).
The compensator converts the linearly polarised light into elliptically polarised
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Figure 7.1: System diagram of the EP4 Spectroscopic Imaging Ellipsometer.

light which then hits the sample. The collimated light is reflected off the layer
boundaries in the sample and is gathered by a microscope objective before it
passes through the analyser (another linear polariser), before hitting the detector
which measures intensity. The angle of incidence is adjustable and is, ideally, set
close to the Brewster’s angle of the layer beneath the thing film sample in order
to maximise the contrast in the image on the detector. A diagram of the setup
is shown in Fig.7.1.

The instrument sets the polarisation of the light being projected at the sample
and measures the polarisation shifts of the light reflected from the sample. The
variables measured are,

ρ =
rp
rs

= tan Ψ · ei∆ (7.1)

where ρ is the complex reflectance ratio of p-polarised to s-polarised light, Ψ is
the amplitude ratio of the two polarisations and ∆ is the phase shift of each
polarisation. p-polarised light is polarised parallel to the plane of incidence, and
s-polarised is perpendicular. This reflectance can be derived from the Fresnel
equations [123]. During measurements of a sample, the angle of the polariser and
the analyser is varied whilst data is recorded, and the incident wavelength can
also be methodically varied to collect extra information about the properties of
the material.

The phase change of the light after reflection is affected by the thickness
of the material, its dielectric tensor, and the complex refractive index at that
wavelength. Theoretically, or experimentally determined models of materials are
used to fit the collected data and to extract values for these properties. The
Accurion fitting algorithm uses a Levenburg-Marquardt least squares regression
method, which when given appropriate initial estimates can find the global best
fit. When operating in the wavelength scanning mode, this instrument can be an
efficient way of finding the band-gap of a semiconductor [124].

Although this is an optical measurement method, the resolution of thickness
is not diffraction-limited. This is because phase change is the measured property
allowing sub-nanometer resolution of thickness measurements [125].
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7.1.1 Imaging Ellipsometry

The Accurion EP4 is specifically an imaging spectroscopic ellipsometer. It carries
out the measurement on phase change and intensity using two CCD cameras (for
different wavelength ranges) with square arrays of pixels making it possible to
carry out one measurement per pixel per image captured. This, therefore, allows
a view of the sample, prior to and during measurement, as well as the selection
of particular regions of interest, where the phase and intensity change of the area
are calculated by averaging every pixel in that region. This allows us to make
spectroscopic measurements on exfoliated flakes with lateral dimensions less than
10 µm.

Due to the large angle between the camera axis and the sample plane, the
depth of field is extremely thin, collecting light from only a narrow band across
the sample. Therefore the focus is pulled across the sample for each different
polarisation angle or wavelength increment by moving the objective lens. The
size of the focal strip and the frame rate of the camera determine how long a
measurement will take.

The most common imaging mode is called ”EP4 nulling”. This is used when
thin films being measured are on top of a reflective substrate. The polariser and
analyser are rotated to find the minimum detected light intensity, this provides
high contrast images of the flakes and accurate measurements of ∆ and Ψ.

7.1.2 The model

Optical properties of the material cannot directly be extracted from the values of
∆ and Ψ. A model of the material must first be created, including the thicknesses
of the various layers, using known models and by creating new models if none
exist. This overall model can then be used to calculate what values of ∆ and Ψ
would be expected at given angles of incidence. These values are then plotted and
compared to the experimentally obtained values. A Levenberg–Marquardt algo-
rithm is then used to alter the parameters within the model until the predicted ∆
and Ψ values are as close as possible to those measured. The model is checked for
goodness of fit, and also for any cross-correlation between the fitting parameters,
indicating redundant parameters. Once the model is considered correct and is a
good fit, then values for permittivity of the observed material can be calculated,
and from there, values for the refractive index and extinction coefficient can be
produced, details of which are covered in section 7.3.

7.1.3 Relevance to h-BN

This particular EP4 made by Accurion is the first to perform measurements with
wavelengths of light down to 190 nm, 50 nm below the previous limit. This
makes it the first imaging ellipsometer able to use such high photon energy. It
also makes it an interesting prospect for observing h-BN which has a band-gap
at 208 nm, resulting in increased absorption, reflection at this wavelength. The
purpose of this investigation is, therefore, to obtain information on the dielectric
functions of h-BN at incident photon energies greater than that of the material
band-gap.
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Hexagonal boron-nitride is a van der Waals material, meaning the molecules
are bonded together covalently, forming layers, which in turn are stacked together
with van der Waals bonds between the layers. These properties mean that, for
optical properties, h-BN is a uniaxial, anisotropic material. The single-axis re-
ferred to (by uniaxial) is any vector through the material, along which light can
travel, and rotation about this axis does not affect the propagation of the light
through the material. h-BN has only one such axis, normal to the layers of the
crystal [126], making it a uniaxial material.

The layered nature of the material causes the electron clouds around each
molecule, to be distorted into an oblate spheroid. The electron clouds are strongly
confined to the molecular layers, perpendicular to the optical axis. This means
that light passing through the material will experience different refractive indices
dependant on polarisation and the material is, therefore, anisotropic [127].

For linearly polarised light passing through the material (perpendicularly to
the layers), with electric field parallel to the incident/reflected beam axis, called
the extraordinary polarisation, the field is oscillating in the light incident plane.
Perpendicularly, ordinarily, polarised light has electric field oscillations perpen-
dicular to the incident plane.

The ordinary electric field oscillates parallel to the layers of the crystal, along
the major axes of the electron cloud spheroids, providing the potential for stronger
coupling, absorption, or other energy transfer from the light to the crystal. Ex-
traordinary light oscillates parallel to the minor axes of the spheroids, perpen-
dicular to the layers of the h-BN, where less energy transfer is likely. A diagram
showing the crystal layers, the optical axis of the h-BN, and the parallel and
perpendicular electric fields can be seen in fig. 7.2.

The difference in the refractive index, ∆n, experienced by the two polarisa-
tions of light, equivalent to the polarisation of the two perpendicular axes of the
material, is called the birefringence. It is given by the equation,

∆n = ne − no (7.2)

where ne is the extraordinary axis refractive index, and no is that of the ordinary
axis.

The extent to which the electrons are confined to their layers is thought to
be the reason for such large birefringence being exhibited by this material[128],
a value for which will be determined in by the experimental process described in
this chapter.

Investigating h-BN with UV light is important because the information ac-
quired will aid further research and the creation of new devices, fabricated from
this material. There is interest in using h-BN to form solid state neutron detec-
tors (due to boron’s, and therefore h-BN’s, large thermal neutron cross section)
[129], single photon emitters [130], but most relevantly to the ellipsometry inves-
tigation, to form high efficiency UV emitters and deep UV optoelectronics [131].
Quantifying the anisotropy of a high quality sample of h-BN, as produced by Dr
Kerfoot, fills a gap in the current understanding of the optical properties of h-BN.
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Figure 7.2: Diagram displaying p and s polarisations with respect to the incident
plane of the beam. Also visible is the optical axis of h-BN with respect to the
crystal layers. Diagram adapted from work by Mikael Häggström, used with
permission.

7.2 Literature Review

A paper by Crovetto et al. [132] describes using ellipsometry to determine the
thickness of hBN multi and mono-layers. The boron-nitride flake was attached
to a Si/SiO2 substrate and its thickness was measured before and after flame
annealing.

A conference paper by Rah, Jin, Kim and Yu [133] describes the measurement
of the birefringence of exfoliated flakes of hBN for wavelengths 400-750 nm. The
team used an optical microscope and a spectrometer in combination to measure
the reflectance of the hBN flakes at different wavelengths, and a spectroscopic
ellipsometer was used to measure the refractive indices of the flakes along the
different crystal axes.

Vuong et al. investigate the optical properties of MBE grown h-BN [134].
The material is probed with wavelengths down to 210 nm and they find that the
MBE grown h-BN is of high optical quality.

Rah et al. used a spectroscopic ellipsometer to measure the refractive index
and birefringence of h-BN (from HQ Graphene, Netherlands) from 100 nm to 400
nm [135]. This paper confirms the birefringent nature of h-BN, they find a ∆n
of between 0.3 and 0.35 dependent on wavelength.

McKay et al. perform spectroscopic ellipsometry on 200 µm thick, metal ox-
ide CVD-grown epilayers of h-BN using photons of 309 - 243 nm in wavelength
[128]. Their aim was to assess the quality of the crystal by measuring what pro-
portion of the crystal’s layers were not aligned horizontally (horizontal being the
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orientation of the majority of the layers). To do this, they quantified the degree
of birefringence in the crystal, finding ∆n = -1.2 at 280 nm wavelength. They
found that this value rapidly increased approaching the band-gap, attributing
this to the layered structure and the presence of stronger excitonic effects nearer
the band-gap.

Segura et al. analyse interference patterns, in reflectance (555 - 1428 nm)
and transmission (1700 - 184 nm), in HPHT-grown h-BN crystals [136]. Degree
of birefringence ranged from ∆n=-0.7 at 774 nm to ∆n=-2 at 221 nm probing
photon wavelength. The process used to find the values for the refractive indices is
similar to that used by ellipsometry. The interference patterns are recorded, then
models created and used to recreate such interference patterns. Thes models are
then optimised to best fit the data and then values for permittivity are extracted
from the model’s parameters. The article notes that their data largely agrees
with what is expected from ab initio calculations, but it does not present and
data collected at or above h-BN band-gap energies.

Funke et al. used spectroscopic imaging ellipsometry to characterise flakes of
h-BN on a SiO2 on Si substrate [137]. They measured from 350 nm to 800 nm
incident photon wavelength then fit the data using an anisotropic model with a
Cauchy model for the in-plane dielectric function and a Lorentzian model for the
out of (incident/reflection) plane components. The in-plane extinction coefficient
was assumed to be almost zero. A maximum birefringence of ∆n = −0.5 was
found at 350nm incident wavelength. This study probes the material in the near-
UV range but does not approach or exceed the band-gap energy of h-BN.

7.3 Methods

The Accurion imaging ellipsometer is very user-friendly and, providing a checklist
is rigorously followed, reliable in collecting data. Coupled with a high magnifica-
tion lens, the CCD on the EP4 can provide a lateral resolution of 1 µm. Polariser,
compensator and analyser angles can be set to a precision of 10−3 degrees.

The sample is loaded onto the motorised XY stage and centred in the camera.
The appropriate lens should be chosen beforehand with a variety of magnifications
available (5x-50x) however it should be noted that most of the Olympus lenses
are opaque to UV photons and therefore for imaging at 300 nm or shorter, a
special (UV transparent) 7× lens must be used. Once the sample is centred, the
camera must be focused, and as the sample is very far from perpendicular to the
camera axis and the focus is just a thin band across the width of the sample,
the focus is performed by scanning the working distance of the objective. The
camera records as the focus is swept from top to bottom and a composite image is
generated where every pixel is in focus. At this point, regions of interest (ROIs)
must be drawn. ROIs should encompass uniform regions where the interaction
with the light is expected to be the same across the whole area. The software
averages over each of these areas and produces Delta (∆) and Psi (Ψ) data for
each area. The averaging of the readings improves the signal-to-noise ratio of the
measurements.

The ellipsometer is programmed to take data whilst scanning over a range of
incident angles and/or a range of wavelengths and can then be left to measure
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unattended. The data is saved as raw ∆ and Ψ values vs wavelength, this can
then be imported into the modelling software which fits models of the dispersion
to the data and calculates the physical properties of the material.

The fitting is based on pre-existing models of the dielectric function ε(E),
where E is photon energy, which are informed both by measuring materials with
known properties and from theoretical considerations. There are well known
dispersion models for silicon and silicon dioxide. The fitting is performed by
using different models in conjunction with each other and allowing the software
to vary the parameters in the models to minimise the root mean squared error
(RMSE). The optimised parameter values allow the calculation of

ε̃(E) = ε1(E) + iε2(E). (7.3)

where ε1 and ε2 are the real and imaginary parts of the complex dielectric con-
stant. They are referred to as the permittivity of the material and the absorption
product of the material respectively.

The dielectric function is related to the complex refractive index, ñ, of the
material,

ñ = n+ ik (7.4)

n is the real component of the complex refractive index and is what we commonly
refer to as the refractive index, it describes by how much light is slowed down
when passing through a material compared to in a vacuum. k is the imaginary
component of the complex refractive index, it refers to how much attenuation
takes place when light passes through the material and is referred to as the
extinction coefficient.

The relationship between these values is given by,

ε̃ = ñ2 = (n+ ik)2 (7.5)

n =

√
|ε̃|+ ε1

2
(7.6)

k =

√
|ε̃| − ε1

2
(7.7)

allowing the calculated values of ε1 and ε2 to be converted into the complex
refractive index.

Another property of these values is that they obey the Kramers-Kronig re-
lations [138]. The dielectric function (ε̃), and the complex refractive index (ñ),
are both analytic functions in the upper-half complex plane, and as such ε1 is
inextricably related to ε2 and n is inextricably related to k. I shall not include
the formula relating the two parts in this thesis as I have not had to use it, the
software performs the job of inferring k from n and ε2 from ε1. This relationship
means the two are not independent of each other, fixing the value/function of one
of them fixes the value/function of the other. This is an important property to
take into account when fitting ellipsometry data.

Dr James Kerfoot prepared samples for us, producing flakes by exfoliation
that were as thin as possible as well as some thicker crystals. Measurements were
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made on the samples using the EP4, and then the samples were measured with the
AFM to determine the thickness in order to corroborate the fitted ellipsometry
data.

The h-BN samples investigated in this thesis were all of the same type and
from the same production batch. They were fabricated in Japan in the research
group of Watanabe [116], using a high pressure high temperature (HPHT) method
and then exfoliated in Nottingham by Dr James Kerfoot in order to deposit the
flakes on wafers (in this chapter) or to make the electroluminescent devices (as
in Chapter 6). There are other methods of making h-BN, including by molecular
beam epitaxy (MBE) which is performed at the University of Nottingham, al-
though the quality of the product is currently significantly lower than the material
used in this thesis.

HPHT h-BN, and in particular the sample from this research group, are of ex-
tremely high purity making them ideal samples on which to perform ellipsometry.
The data obtained from this material should be highly accurate. The problem
in measuring the optical constants of this material until now has been that the
exfoliated crystallites are too small to measure on conventional ellipsometers.

7.4 Ellipsometry on a thin flake of h-BN

The samples used were made by exfoliating the HPHT h-BN onto a silicon wafer
with a 90 nm silicon dioxide layer on the surface. The sample was then raster
scanned and imaged by an optical microscope, collecting images of the whole
surface. Dr Kerfoot then sifted through these images looking for thin flakes of
h-BN. Fig. 7.3 shows the optical view of an area of the sample which contains
a thin flake in the centre. Fig. 7.4 shows the optical view of the flake under
a 100× microscope objective on an optical microscope. A polariser was used to
improve the contrast of the image, which underwent further contrast enhancement
in post-processing.

Areas of interest on the flake were selected and wavelength scans were per-
formed at a fixed angle of incidence, scanning between 190 nm and 1000nm, with
the ellipsometer setting the camera exposure time at each wavelength before mea-
suring the Ψ and ∆ values by the EP4 nulling method.

This flake is extremely thin, measured on an Asylum-Research Cypher AFM
to be 0.8 nm thick. This indicates that it is a bi-layer, two atoms thick. For
this reason, the contribution to the Ψ and ∆ vs wavelength plots was very small
compared to that of the SiO2. The only difference between this data and the
silicon dioxide model was a small peak at the band-gap. This made the data im-
possible to fit and therefore no values could be extracted. For future ellipsometry
experiments, it would be interesting to see if exfoliating the h-BN onto a silicon
wafer with no oxide coating would give a clearer response. There should be little
or no sharp structure in the dielectric function from the opaque silicon close to 6
eV which may allow the phase shifts due to the h-BN to be observed more clearly.

The sample was AFM scanned using the instrument (described in chapter
3) in an attempt to get a height measurement to aid the fit of the ellipsometry
data. The Cypher AFM had determined the h-BN flake thickness to be 0.8 nm,
significantly smaller than the 2 nm noise floor of the AFM on our instrument,
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Figure 7.3: Wide angle, optical microscope, view of h-BN flakes on SiO2 wafer.

Figure 7.4: Optical microscope image (using differential interference contrast
microscopy) thin h-BN flake on 90 nm SiO2. The contrast of the image has been
enhanced in post-processing.
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Figure 7.5: PLL amplitude plot from the AFM scan over the thin flake of h-BN.
Scan is of the bottom right corner of the flake shown in figure 7.4.

and therefore the topographic data came back as noise. However, our instrument
was not totally oblivious to the presence of the thin flake of h-BN. The PLL
amplitude data (Fig. 7.5) clearly shows the flake (The bottom right corner in
Fig. 7.4), despite the z-height feedback loop not adjusting to accommodate for the
sample. When the AFM probe is scanned across the sample in constant excitation
mode, the PLL amplitude data can be derived from the current, generated by
the Akiyama probe, (which passes through a transimpedance amplifier and is
converted to voltage, hence the voltage scale on the image) and is proportional to
the oscillation amplitude of the cantilever. When the cantilever is on the surface
of the h-BN, the amplitude of oscillation is larger than when it is on the silicon
dioxide. This means that the h-BN is less dissipative, meaning less energy from
the cantilever is lost to the sample. This is possibly due to the fact that the AFM
probe is Si and the SiO2 surface is likely to interact more with the tip as they
have similar bonds. The surface of the h-BN adhesively interacts with the silicon
cantilever tip less than the silicon dioxide surface.

The flake was then imaged using the confocal microscopy components. In
reflectance mode, there was very little interaction with the 514 nm light and
therefore the flake was not visible, see Fig. 7.6. In fluorescence mode when the
green light was filtered out and only red light was allowed through to the SPADs,
the outline of the flake was clearly visible and stood out from the completely dark
silicon dioxide on silicon. There was also a reasonable degree of photolumines-
cence from areas of the h-BN. Emission was particularly bright in the corner of
the flake where the h-BN has more layers and is stacked higher due to a smaller
flake on top of the larger bi-layer flake. This photoluminescence could be due
to impurities, possibly hydrocarbons, picked up during measurement in ambient
conditions [139], particularly as it had been scanned by AFM prior to this mea-
surement, however, the flakes at the top of the image had not been scanned and
also display fluorescence. This shows that even bi-layers of h-BN emit >600 nm
light when probed with a 514 nm laser. Observing this PL and measuring the
emission spectrum is a possible future research direction.

Fig. 7.8 and Fig. 7.9 show the thin h-BN flake from the viewpoint of the
imaging ellipsometer’s camera. These images nicely display the what happens
when photons incident on the crystal are above and then below the band-gap.
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Figure 7.6: Confocal laser (514 nm) reflectance scan of the thin h-BN flake.

Figure 7.7: Confocal photoluminescence scan of the thin h-BN flake. Probed with
514 nm laser; emitted light is of wavelength longer than 637 nm
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Figure 7.8: Bilayer flake of h-BN, viewed by the imaging ellipsometer, illuminated
with 200 nm wavelength photons. Red box indicates the area visible in fig. 7.4.
The contrast is the same for all h-BN flakes as light of this wavelength does not
penetrate the full thickness of the flake.
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Figure 7.9: View of the same region as Fig. 7.8, illuminated with 250 nm wave-
length photons. As the photon energy is below the band-gap of the h-BN, there
is no absorption of the photons and so the h-BN is transparent at this wave-
length. The image contrast varies from flake to flake due to the variations in
flake thickness.

The band-gap of h-BN is about 6 eV and using,

E(eV ) =
hc

eλ
(7.8)

where E is photon energy in electron volts, h is Planck’s constant, c is the speed of
light in a vacuum, e is the charge of an electron and λ is the photon wavelength,
this is shown to correspond to a photon wavelength of 206 nm. As will be shown
later in Fig. 7.16, the extinction coefficient of h-BN, that is how much photons
are absorbed when passing through the material, is almost zero below the band-
gap and increases greatly at the band-gap. This means that sub-band-gap energy
photons pass through the material, whilst photons of greater energy are absorbed
and then re-emitted in random directions, or the energy is dissipated throughout
the material as electron-hole pairs or phonons in a non-radiative loss process.
This causes the flake to appear dark as photons emitted in random directions are
far less likely to be collected and measured by the objective lens and the CCD.

Fig. 7.8 shows a dark flake, absorbing and re-emitting 200 nm photons which
have energy higher than the band-gap, Fig. 7.9 show that the flake is invisible
as the 250 nm (5 eV) photons do not interact with the h-BN and reflect off the
SiO2 surface below the flake.

During AFM scanning there was an unfortunate occurrence when the feedback
loop lost control of the height and raised the sample to full approach, 25 µm closer
to the tip than the contact point. The scan continued with AFM cantilever bent
and the tip pressed hard into the sample (with a force of approximately 125 µN).
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Figure 7.10: Image of the thin flake of h-BN (taken using a DIC optical micro-
scope) after it was damaged when the AFM probe crashed and continued to scan.
Distance between the two lines of piles of h-BN is 49.9 µm.

The scan continued for an hour after this, during which time the tip was pushed
and dragged through the sample, the result of this is visible in Fig. 7.10. The
error was spotted and the scan was restarted. There was some loss in lateral
resolution due to the blunting of the tip, however, the tuning fork and cantilever
were no worse for wear, the resonant frequency in free space and the Q-factor
remained the same and the probe remained in use for several more scans. This
demonstrates the robust nature of the Akiyama probe, it was bent upwards by
25 µm and remained usable afterwards.

This image (Fig. 7.10) shows that the h-BN has been cleanly scraped from
the silicon dioxide surface leaving it in little piles at the end of the scan lines.
This raises the possibility that our instrument, with the Akiyama probe, could be
used for micromanipulation of h-BN devices (similar to those covered in chapter
6) in the future in order to isolate the active region from the rest of the flake.
Micromanipulation of samples with an AFM tip is already a known process,
however, being able to use the tip to perform AFM scans afterwards is not a
common phenomenon. This has been performed by Island et al. [140], as an
experimental method of thinning and exfoliating h-BN flakes, using a reflectance
cantilever. They showed that only the AFM tip was required to do this, and not
an entire AFM, their scratching was performed manually. It is not mentioned
whether the tip was still usable for scanning after this process.
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Figure 7.11: Image of the thick h-BN flake on which ellipsometric data was
collected. Regions of interest are marked. The data fitted and referred to from
here on in is from ROI 0. The image was taken at AOI 60o with light wavelength
200 nm. The polarisers have been rotated to provide maximum contrast between
the h-BN and the SiO2 substrate.

7.5 Thick h-BN flake ellipsometry

The birefringent optical response of h-BN is known, but it has not been explored
with photon energies at and above the band-gap. In order to do this, a thicker
crystal of h-BN must be probed in order to ensure that the different refractive
index in the z-direction has a noticeable effect on the data.

A large, clean flake was selected and regions of interest drawn upon it. Vari-
able angle imaging spectroscopic ellipsometry (VA-iSE) was then performed on
it. The wavelength was scanned from 190 nm to 300 nm in 2 nm steps, and then
from 310 nm to 1000 nm in 10 nm steps. After each wavelength scan, the angle
of incidence, the angle at which the probing light hits the sample with respect to
the surface plane, was adjusted. This changes the polarisation change due to the
change in travel in the vertical and horizontal planes and is performed to improve
the modelling of the dielectric function and make the fitted data more certain.
Data was collected at three angles, 50o, 60o and 70o, providing three data sets all
between 190 nm and 1000 nm. The data and resultant best fits derived from the
final model are visible in Figs. 7.12, 7.13 and 7.14.

The dispersion models used are included in the Accurion software. They are
either based on theoretically derived models or are non-physical models that work
well over the wavelengths used.

A clean area of silicon dioxide, adjacent to the flake of h-BN, was measured
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Figure 7.12: a) Ψ and b) ∆ values and fits at 50o angle of incidence onto the
h-BN on SiO2 on Si sample.
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Figure 7.13: a) Ψ and b) ∆ values and fits at 60o angle of incidence onto the
h-BN on SiO2 on Si sample.
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Figure 7.14: a) Ψ and b) ∆ values and fits at 70o angle of incidence onto the
h-BN on SiO2 on Si sample.
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and fitted to a Sellmeier model of SiO2 on Si. The fit from this model returned
a SiO2 layer thickness of 88 nm ± 0.6 nm and it defined the dielectric function
of this particular batch of SiO2 substrate. This data was then imported to the
model and remained fixed for the rest of the h-BN data fitting process.

On all of the Ψ plots, in particular on the 50o and 60o data sets, are two sharp
peaks, one at ∼4 eV and the other at just over 5 eV. These are resonances of the
silicon dioxide layer. They are extremely sharp, making the data very difficult to
measure accurately and therefore fit. As the spike in this region is definitely due
to the silicon dioxide and, therefore, it was decided to omit a small range of data
around 5 eV to allow the fitting to be more reliable.

The h-BN data was then imported and initial fits were tested at long wave-
length values, far from the band edge. Cauchy equations are often able to fit well
for materials at low energy, far from the band edge. In this case, an isotropic
Cauchy approximation did not work. Funke et al. [137] provided details on an
anisotropic Cauchy approximation for h-BN at long wavelength. Manual adjust-
ment of the parameters, particularly for the thickness of the h-BN, allowed us to
reproduce the Ψ and ∆ data collected in the experiment for wavelength 500 nm
- 1000 nm. The thickness was fine tuned using this method and then a Sellmeier
approximation was fitted to the data in both the zz and the xy directions. The
Sellmeier approximation is non-physical as it sets the extinction coefficient, k,
to zero. This is forbidden by the Kramers-Kronig relations as k=0 would result
in n=0 for all wavelengths, which is patently untrue. This approximation does,
however, work in regions where k is very small, with values which are almost
zero, as is in the case for h-BN with low energy photons. In the long wavelength
regime, the non-physical Sellmeier model fits the behaviour of h-BN very well
when a fixed real-epsilon (R (ε̃) = 1) term is included as standard to ensure that
the high and low energy behaviour is correct and does not return non-physical
values.

The Sellmeier model in xy and zz allows the thickness of the h-BN to be
determined as well as the dielectric functions for the long wavelength region.
Data down to 400 nm was then included, a good fit should mean that the fitting
parameters do not change with the inclusion of the extra data, some fine tuning
of the parameters was required to achieve this. At this point, the photon energy
is approaching the band edge, where strong absorption occurs and so a more
complex approximation is required to model the material.

It was noticeable that when optical viewing the similar flakes of h-BN on
the substrate, rotating the polariser would cause some flakes to become more
visible and others less so, the flakes having differing contrasts to the substrate.
This is due to the different orientations of the crystal lattices. When photon
energy was increased to the band-gap energy, all of the h-BN flakes became
much more visible, as in fig. 7.8, an were uniformly highly contrasting with the
substrate. This indicates that a great deal of reflection of the light from the
h-BN was taking place, this in turn, indicating that much of the light was not
penetrating the material along the vertical axis. With little light penetrating
and returning vertically, very little of the Ψ and ∆ data contains information
about the absorption in the zz axis. This rendered it impossible to fit the vertical
axis model whilst taking into account the absorption, accordingly, the Sellmeier
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approximation remained the best model developed for the vertical axis.
The photon energies used to probe the h-BN included and exceeded the band-

gap, causing a peak in the data and leading to the expectation of a peak in the
dielectric function at this value. It is therefore natural to use one of the models
which would include such a peak, namely a Gaussian function or a Lorentzian
function. Success has been achieved using a Gaussian function to model MBE-
grown h-BN [134], however, the Gaussian did not fit this data, the peak was too
broad. Possibly due to the heterogenity of the MBE flakes, the Gaussian fit was
due to overlapping Lorentzians, attributable to areas of the flake. The increased
homogeneity of these HPHT flakes means that the Lorentzian function is a better
fit for the band edge peak. The Lorentzian and a fixed epsilon term were tested,
but the behaviour above the band-gap was not quite correct, requiring a second
Lorentzian term to correct. Various models were tried, some including the use of
poles (narrow resonances), but none fit more satisfactorily than the one described
in this chapter.

This model, using a Sellmeier and a fixed epsilon term in the zz and two
Lorentzians and a fixed epsilon term in xy, was then best fitted by the software.
All the parameters, except for the thicknesses and the fixed epsilon in the vertical
axis model, were allowed to move in order to optimise the parameters to reduce
the root mean squared error (RMSE).

The two Lorentzian functions used in the fit correspond to two absorption
lines. One of these provides the peak at the critical point at the band-gap of
h-BN, and the other is at a shorter wavelength just outside the range over which
we are able to investigate.

The Sellmeier function is of the form,

n2(λ) = 1 +
B1λ

2

λ2 − C1

+
B2λ

2

λ2 − C2

+
B3λ

2

λ2 − C3

(7.9)

where n is refractive index, λ is the photon wavelength and B and C are variable
parameters. This is an example of a non-physical model that works for this
purpose. In the fitting performed for this data, only one Sellmeier term was
required.

The Lorentzian function is of the form,

ε(E) =
A

E2
0 − E2 − iΓE

(7.10)

where E is the photon energy, A is the strength term, E0 is the resonance energy
and Γ is the damping.

There is no method by which to go from Ψ and ∆ to a dielectric function
for the material. For this reason, the fitting process involves giving initial values
to the parameters of the model, which are used to calculate the Ψ and ∆ values
expected when light of the given wavelength is passed through the material lay-
ers of known thickness at a particular angle. These values are compared to the
experimentally obtained data and the residual error of this is minimised by ad-
justing the coefficients of the model. This process returned the model described
by equations 7.11, 7.12.
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best fit +/- unit
Layer thicknesses

Silicon dioxide (SiO2) layer 87.37 0.26 nm
Hexagonal boron-nitride (h-BN) layer 67.79 0.21 nm

zz model
Sellmeier term B1 1.495 0.021 1
Sellmeier term C1 1.80E-2 7.5E-4 µm2

Fixed epsilon1 term (ε1,0) 1 0 1
xy model

Lorentzian 0 frequency (E0,0) 6.236 0.003 eV
Lorentzian 0 strength (A0) 25.68 0.86 eV2

Lorentzian 0 damping (Γ0) 0.01998 0.003 eV
Lorentzian 1 frequency (E0,1) 6.495 0.010 eV

Lorentzian 1 strength (A1) 26.5 1.2 eV2

Lorentzian 1 damping (Γ1) 0.096 0.010 eV
Fixed epsilon1 term (ε1,1) 3.245 0.018 1

RMSE 53.786

Table 7.1: Best fit values of the coefficients of the function used to model ellip-
sometry data.

The parameters returned by the best-fitting process are displayed in Table
7.1.

It should be noted that the uncertainty values provided by the fitting software
do not necessarily relate to the thickness of the physical sample. The uncertainty
is that of these values providing the best fit to the Ψ and∆ data with this par-
ticular model and with the data collected in this experiment.

The best fit parameters from Table 7.1 are present in two equations, used to
describe the material. One for vertical light propagation and one for propagation
through the xz plane. The equations take the form,

εzz(E) = 1 +
B1

(
hc
E

)2(
hc
E

)2 − C1

+ ε1,0 (7.11)

and

εxy(E) =
A0

E2
0,0 − E2 − iΓ0E

+
A1

E2
0,1 − E2 − iΓ1E

+ ε1,1 (7.12)

where ε is the complex permittivity of h-BN in the specified direction and E is
the photon energy in electron-volts. The values for the parameters can be found
in Table 7.1.

The thick flake was then taken to the confocal microscope / AFM instrument
in order to use the AFM to measure the height of the flake. The measured value
was 65 nm ± 2 nm. This indicates that the value calculated when fitting the
ellipsometry data is consistent with the AFM value.

These models provide values for ε̃ for any wavelength of incident light, al-
though these values are most reliable over the wavelengths used to collect the
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Figure 7.15: Refractive index of h-BN in the z direction.

data. The software can plot these in terms of n and k vs photon energy. These
plots are visible in Fig. 7.15 and Fig. 7.16.

The graph for k, Fig. 7.16, shows that there is no absorption until the band-
gap.

The refractive index data shows a large degree of birefringence in the h-BN
flake, see Fig. 7.17. At low energy, nzz=1.6 and nxy=2, and by 6 eV, nzz=1.9 and
nxy=4.12. This gives ∆n=-2.22 at a 6 eV photon energy, making it an extremely
birefringent material. The birefringence increases further above 6 eV, with a
maximum value of ∆n= ∼ -4. However, this further progression into far-UV
reduced the reliability of the results due to the limitations of the equipment and
the reduced sensitivity. There are currently no materials known of with a higher
birefringence than h-BN in this result.
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Figure 7.16: Refractive index and extinction coefficient of h-BN in the x-y plane.
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Figure 7.17: The two refractive indices of h-BN plotted on the same axes for
comparison. A large spike in nxy can be seen at the band-gap, it is at this value
that the birefringence is expected to be largest, although measurements at 190 nm
(6.5 eV) photon energy are likely to be less reliable due to the relative darkness
of the light source and the reduced sensitivity of the camera at this wavelength.
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7.6 Discussion

McKay [128] noted that the large charge inhomogeneity along the optical axis, i.e.
through the layers in which the electrons are confined, means that excitons are
tightly confined within the layers. This results in there being a larger oscillator
strength for an electric field perpendicular to the optical axis. This causes an
increase in no as photon energy approaches the band-gap of the material, but
has very little contribution to ne, resulting in the large birefringence. This large
birefringence is confirmed by the data collected in this chapter, indeed the value
was found to be larger than in any previous publication, due to the fact that the
instrument used was able to measure with higher photon energy than before.

Segura [136] noted that higher purity h-BN is expected to have a higher
anisotropy and therefore a higher birefringence. The h-BN used in this exper-
iment is thought to be some of the purest samples produced anywhere in the
world. This may also contribute to the extremely large birefringence measured
using this method.

7.7 Summary

An 0.8 nm thick, highly pure, bilayer flake of h-BN was imaged on the ellip-
someter, however, the flake was too thin to allow the optical properties to be
measured. Under the confocal microscope, it interacted very weakly with green
light, rendering it invisible on top of the silicon dioxide on silicon substrate. In
photoluminescence detection mode, when it was illuminated with green light, the
thin flake stood out strongly. The silicon dioxide remained dark, but the thin
flake displayed photoluminescence, emitting red light from most areas of the flake,
particularly the edges and the areas with more layers. This is largely attributable
to dangling bonds on the edges of the flakes’ layers, possible impurities adsorbed
to the surface and defects formed where h-BN flakes meet.

A 67 nm thick flake of h-BN was measured on the imaging ellipsometer at
different incidence angles and over a range of incident photon wavelengths (190 nm
- 1000 nm), to determine the dielectric functions of the h-BN. Models describing
the dielectric functions indicated that there is a high degree of birefringence in
the material. The difference in refractive indices was found to be ∆n=-2.22 at
6 eV incident photon energy, with that value increasing further into the UV, up
to the band-gap energy. This makes it one of the most birefringent materials
discovered so far.

The values for degree of birefringence and the refractive index values, at 350
nm incident photons, agree with data presented by Funke et al. [137] (∆n=-0.5).
The degree of birefringence also agrees with Segura et al., who found ∆n=-1.8 at
5.6 eV incident photon energy.
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Conclusions and future work

8.1 Summary

At the beginning of my PhD studies, the goal was to build an NV− magnetometer,
and whilst this has not yet been achieved, the instrument is, (a) ideally designed
to become one, (b) close to being converted to one, and (c) an excellent measuring
device in its own right.

The AFM has a large XY scan range and is capable of imaging surface step
heights significantly higher than others whilst having a noise level of only 2 nm.
The scans can be completed in a reasonable time as the scan speed is on a par
with other AFMs, and loading and bringing the tip into contact with the sample
has been made far more efficient with the use of the side camera which allows the
tip to be quickly brought to within ’fine’ approach distance to the sample. Both
tapping mode and non-contact (FM-AFM) produce clear images.

The XYZ sample stage provides the scanning for the confocal microscope,
which means that accurate and stable scans are performed in this operating mode.
The photon detectors can detect emitters brighter than 50 cps when observing for
an entire second, for brighter sources, >500 cps, they require only 5 ms counting.
This provides great flexibility; scanning samples with very low emission intensity
is possible, as is the fast scanning of brighter samples. The narrow focal plane
of the microscope objective lens means it is possible to narrow down the location
of an emitter to within 1 µm in the z-axis. The fast switching from reflectance
scanning to photoluminescence or electroluminescence scanning allows data to
be overlaid onto a visual image of the sample. This provides information on the
location of an emitter to a precision of less than 500 nm.

The only remaining tasks to convert the instrument into an NV− magnetome-
ter are to find a suitable diamond, attach it to an AFM tip and then to use the
new magnet rotation system to find the defect orientation. The system has been
proven to work when performing scanning, multipass AFM imaging, fluorescence
detection, ODMR and laser pulsing on a test sample of diamonds containing NV−

defects. Finding a nanodiamond, confirming that it contains a single defect and
picking it up is a matter of a few days work, as soon as an appropriate nanodi-
amond comes along! The microwaves can be generated to such precision that,
theoretically, the equipment should not be the limiting factor when the system is
used for magnetic field detection.
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Using this instrument to perform multiple imaging modes on a single sample
is a fast process, limited only by scanning speed. Changing between AFM and
confocal microscopy scanning requires only a couple of minutes to change which
program is driving the sample scanning stages and to bring the tip into contact
with the sample.

The instrument was used to image h-BN devices made by exfoliation at the
University of Nottingham and was able to spatially isolate the source of the
electroluminescent emission. To complement this information it also provided
surface topography data of the region above the emitter, showing that the device
bulged where it was heating up due to the tunnelling current. The instrument
also detected photoluminescence from other areas of these devices and provided
information on the spectrum of emission.

The instrument was used to detect photoluminescence from a bilayer of h-BN
and although it was unable to measure the surface topography, it demonstrated
that there is less dissipation of energy from the AFM cantilever over the h-BN
than over the silicon dioxide.

The instrument measured the height of a thicker flake of h-BN, helping to con-
firm the validity of a fitted data set generated by the new imaging ellipsometer
at the University of Nottingham. This imaging ellipsometer is unique in that it is
the only one in the world which can probe samples with light with a wavelength
as short as 190 nm. This is beyond the band-gap of h-BN allowing novel inves-
tigations to be performed and the refractive indices of this highly pure specimen
of h-BN to be calculated. This led to the finding that h-BN has a birefringence
of ∆n=-2.2 at 6 eV photon energy increasing further into deep UV.

8.2 Future work

8.2.1 The instrument

There is much of room to develop the instrument further, starting with finding
a single NV− defect and attaching it to an AFM tip. Magnetic fields can then
be measured, beginning with known fields generated by a simple current carry-
ing wire and then moving to unknown samples which require measurement. The
sensitivity of the machine to magnetic fields can be measured and then improved
upon by the use of microwave pulse sequencing or by selecting another nanodia-
mond with more NV− defects inside, trading off magnetic sensitivity for spatial
resolution. With a bulk sample, if all of the defect orientations are measured this
could provide vector magnetometry, providing information on the direction of the
magnetic field at a particular location, as well as its magnitude.

At this point atom chips can be characterised, measuring the magnetic field in
a three-dimensional space above the sample. This would allow the manufacture of
these devices to become more efficient and improvements to happen at a greater
rate.

Future directions and improvements to the instrument not associated with
magnetometry might include the addition of a spectrometer to provide better
spectral analysis of collected light. A spectrometer could be used to examine the
photoluminescent light being emitted from the thin flake of h-BN, investigated in
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Chapter 7. Possibly a secondary photon detector, such as a cooled CCD, could
be installed to provide lower dark counts and allow detection of much darker light
sources if scanning speed is not desired. Such an instrument might have aided in
the measurement of electroluminescence from device D41 however the scan would
have taken a long time.

In the near future, when an appropriate diamond is found, it should be possible
to observe the Rabi oscillations of an NV− defect by pulsing the laser for differing
lengths of time whilst applying a CW microwave field to the sample. There
appears to be endless room to continue experimenting with NV− defects and
with this instrument, e.g. measuring the magnetic domains of antiferromagnetic
spintronic samples [1].

8.2.2 Ellipsometry

Future work involving the ellipsometric measurement of h-BN would involve tak-
ing high definition measurements of the silicon dioxide on which it is placed. This
may help to fit the data around the sharp peaks and allow for a more complete
model and more accurate data. If the h-BN is grown onto pure silicon, the need
for this could be removed altogether.

Other samples of h-BN, grown by different methods, can be measured. This
would provide more data on how the physical properties of the material change
dependent on how it is produced.

The high energy capabilities of this ellipsometer mean there are a great num-
ber of avenues to explore. Prof. Beton’s group at the University of Nottingham
already has some samples of perylene-3,4,9,10-tetracarboxylic-3,4,9,10-diimide
(PTCDI) which had been attached to flakes of hBN on a silicon chip [141]. This
is a heterostructure of great interest to people in this area of research. Indium
(III) selenide devices are also being produced at the University of Nottingham,
and investigating the optical dispersion of this material is now possible using the
EP4 ellipsometer.

8.3 Final conclusion

This instrument has been built from scratch, starting with the constituent parts of
an AFM. Initial tests on different samples have been very promising, showcasing
the instrument’s ability, whilst also uncovering new information about certain
materials. The instrument has the capability to open up several areas of exciting
research including nanoscale imaging of the magnetic fields of atom chips or
spintronic devices, and investigating single photon emission in van der Waals
materials like h-BN.
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