UNIVERSITY OF

OXFORD

Efficient Network Interfaces for
Tuneable-Cavity-Coupled Diamond Spin
Qubits

Gareth Si6n Jones

Mansfield College

University of Oxford
A thesis presented for the degree of

Doctor of Philosophy

Michaelmas 2024-2025



Copyright © 2025 by Gareth Si6n Jones
All Rights Reserved



Acknowledgements

I am deeply grateful to Prof. Jason M. Smith for his unwavering guidance, in-
valuable insights, and steadfast support throughout my journey as a scientist. His
mentorship has shaped my academic and personal growth in countless ways. I ex-
tend heartfelt thanks to Matt (Zhin) Mai and Dr Andrew Kirkpatrick, who taught
me nearly everything I know about optics. Their patience, expertise, and encour-
agement were instrumental, and I am lucky to count them, along with Xingrui
Cheng, Eugenio Picheo, and the entire Photonic Nanomaterials Group, among my
friends. My gratitude also goes to Robin Scales, whose friendship and intellectual
camaraderie have been a constant source of inspiration. I am deeply appreciative
of Dr Clara Barker and Prof. Thorsten Hesjedal for their invaluable assistance and
guidance in thin-film growth, and to Prof. Susie Speller for providing access to
the growth facilities. Dr Jarrod Lewis’s expertise in XRD analysis was indispens-
able, as was the generous support of Prof. Richard Todd and David (Zonghao)
Guo for sharing their ceramic knowledge and helping with target development.
Special thanks to Dr Phani Karamchad for continued guidance with SEM work.
I am also grateful to Prof. Adrian Taylor for facilitating the funding which al-
lowed me to complete this work. I am very appreciative to my thesis examiners,
Dr Greg Mazur and Prof. Michael Strain, for their thorough inspection of my the-
sis, and detailed discussion during examination. Finally, and most importantly, I
owe an immeasurable debt of gratitude to my mother, Sheila Mary Matthews. Her

unconditional support and love made all of this possible.



Declaration

I, [author name], declare that ...

Signature Date



Abstract

To enable the transformative potential of quantum information processing, it is essential
to develop robust quantum networks capable of sharing quantum states via entangle-
ment swapping. A highly efficient network node is critical for coupling qubit states
into quantum channels. The nitrogen-vacancy (NV) centre in diamond is a promis-
ing qubit candidate but suffers from a low branching ratio of photons coupling into the
zero-phonon line (ZPL). Embedding the NV centre in a resonant cavity can enhance this
coupling, but existing open-air cavity designs lack mechanical stability. This work re-
ports the first monolithic Fabry-Pérot microcavities fabricated in diamond membranes.
By employing focused ion beam milling to form convex features and enclosing the dia-
mond with distributed Bragg reflector (DBR) mirrors, we achieve a mechanically robust
cavity structure. Addressing the challenge of tunability, we introduce a novel method
using the strong electro-optic material Sty 75Bag25NboOg (SBN). SBN, synthesised via
pulsed laser deposition, can alter the cavity optical path length under an applied elec-
tric field. We characterise the microstructure, optical properties, and electro-optic re-
sponse of SBN, proposing a fabrication method for freestanding, releasable membranes
suitable for optical integration. A numerical model incorporating these material prop-
erties examines the potential impact on cavity resonance tuning. Prototype cavities in
this work are currently limited by anomalous absorption in one DBR mirror. However,
improving the mirror coatings and integrating the SBN layer is expected to enable sub-
stantial Purcell enhancement and cavity tunability. This approach provides a significant

advancement towards efficient and scalable quantum network nodes.
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1| Introduction

Quantum information processing (QIP) promises a transformative paradigm for
quantum mechanical simulation of complex systems [1, 2], acceleration of solu-
tions to classically hard problems such as prime number factoring [3], and ad-
vancements in provably secure encryption methods [4, 5]. To fully realise the po-
tential of QIP, once the requirements for fault tolerance are satisfied [6-9], it will
be essential to enable spatial transmission of quantum information over metropoli-

tan and global distances via a quantum internet [10—12].

A quantum network comprises three fundamental hardware elements: the quan-
tum node, channel, and repeater [10]. The node functions as the quantum informa-
tion processor, and networking requires entanglement sharing between nodes and
qubit transmission through free-space or optical telecommunications fibre chan-
nels. However, the capacity of a quantum channel to maintain coherent quantum
state transmission diminishes exponentially with channel length [13]. To preserve
the fidelity of entanglement over extended distances, repeater protocols are nec-

essary [14, 15].

1.1 Spin-System Requirements for Quantum Network-
ing

There are numerous potential spin-systems which may be viable platforms for
quantum networking, including cold atoms, atomic vapours, and solid state de-
fects. To be a viable platform, the spin system must meet several demanding
requirements to ensure quantum coherence, efficient light-matter interaction, and

interoperability with photonic systems.
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In order to preserve entanglement, the spin coherence time 75 should exceed the
communication and gate operation times, and for quantum memories over long
range, ideally this coherence time would extend to milliseconds or even seconds.
This places a requirement on the material host of spins, especially in the solid
state, since these materials must be isotropically pure and with low magnetic field

noise from other impurities.

Quantum networking requires photons to transmit information. Therefore the spin
system must have an optically addressable transition, ideally one which is spin-
selective, a zero-phonon line (ZPL) fraction for indistinguishable single-photon
emission, and narrow linewidths near the Fourier transform limit corresponding
to long photon coherence times. To transfer quantum states of entangle distance
qubits, the optically addressable transition should be spin selective to allow for
spin-photon entanglement. This often involves a A-type three-level system. For
long-distance communication through optical fibre, ideally the photons will be
emitted in the telecoms spectral region, or in a waveband which can be readily

converted to telecoms.

To enhance photon emission and therefore entanglement generation rates, the
spin-system should be compatible with photonic structures such as solid immer-
sion lenses or optical microcavities to enhance rates by photon routing or Purcell
enhancement. In addition, since a large-scale quantum network will require many
identical nodes, it is important that the spin-system platform is amenable to scal-
able fabrication techniques such as ion implantation, chemical vapour deposition

growth, deterministic placement, etc.
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1.1.1 Solid State Defects

Solid state defects in wide bandgap materials are well established as excellent pho-
ton sources for quantum networking. These defects can be naturally occurring or
engineered in a variety of materials. Diamond is the leading host of color centres
for quantum networking applications due to its nearly nuclear spin-free environ-
ment, high Debye temperature, and wide bandgap. The Nitrogen Vacancy (NV)
centre in diamond is the most widely studied solid state defect, with millisecond-
scale coherence times at room temperature [16] and coherence times extending
to seconds at cryogenic temperatures [17], with nuclear spin coherence exceeding

one second [18, 19].

However, a significant limitation for NV centres in quantum networking is their
poor Debye-Waller factor. A crucial requirement for quantum networking is the
generation of indistinguishable photons for entanglement generation [20]. Any
two photons are distinguishable if they differ in any degree of freedom that could
allow them to be told apart. This includes differences in arrival time, frequency or
spectral shape, spatial mode or propagation direction, polarisation, or optical path.
Any variation in these properties can encode which-photon information inhibiting
the generation of entangled states, as is discussed in Section 2.1.1.1. Therefore, it

is highly desirable to work with systems with a far higher Debye-Waller factor.

Within diamond, a large number of defect centres have been shown to have promise
for quantum networking. Aside from the NV centre, Group IV defects show in-
creasingly impressive potential. Since group IV defects possess inversion sym-
metry, which suppresses phonon coupling, their Debye-Waller factors are much

larger than that of the NV centre.

However, diamond possesses a spin-triplet ground state which is orbitally non-
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degenerate, which means that the spin degrees of freedom are decoupled from
orbital motion, making them less sensitive to phonons and crystal strain. As a
result, NVs exhibit exceptional spin coherence times. In contrast, the group IV
defects possess orbitally degenerate ground states with strong spin-orbit coupling.
This orbital component couples strongly to phonons, especially at cryogenic tem-
peratures, causing fast dephasing and orbital relaxation, leading to shorter spin

coherence times.

Therefore, there remains a trade-off for building quantum networks with defects
in diamond. For longer distance communications, the long spin coherence times
of the NV centre are favourable. However, they require integration into optical mi-
crostructures to enhance entanglement rates. On the other hand, group IV defects
may be preferable for shorter distance network links due to their short coherence

times but large Debye-Waller factors.

Aside from diamond, there are a range of different host materials for defect centres
and a variety of defect types. The properties of these defects are summarised in
Table 1.1. From a fabrication perspective, any silicon based technology is likely
to be the most preferable option for scaling up a technology, due to the extremely
mature fabrication ecosystem for Si. Excitingly, color centres observed in Si are
gaining increasing research and industrial interest, particularly the T centre [21—
23]. An added benefit of these defects is that they naturally emit photons in the
telecoms band, negating the need for frequency conversion. Defects in silicon
carbide (SiC) are gaining traction for the same reasons [24]. On the other hand,
diamond is a difficult platform to scale up the fabrication, due to a lack of potential
for large scale single-crystal wafer growth. Any diamond based node would be

limited in dimensions to a few millimeters, at significant cost per node.

Quantum dots are very well established single photon sources [25]. However,
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due a combination of their low Debye-Waller factors and short coherence times,
they are unlikely to be a leading quantum network platform. 2D materials such
as hexagonal boron nitride (hBN) [26] are exciting new emerging hosts of defect
centres, but currently it seems that such defects are limited by short coherence

times also.

Whilst rare-earth defects [27] may possess T times comparable to diamond based
defects, the Debye-Waller factors of rare-earth ions tend to be low due to their 4f-
4f optical transitions, which are parity-forbidden and weakly coupled to phonons.
In addition, because of these weak transitions, the emission rates are low, so the
photon flux is much lower than other single photon emitters. This would further

reduce entanglement generation rates.

In terms of coherence times and Debye-Waller factor, diamond is still the lead-
ing candidate host material, with the NV centre still the most widely studied and
adopted defect. In the future, it is quite feasible that a different material platform,
such as Si or SiC, are adopted for easier scalability. At present however, defects
in these materials are less mature. For example, spin-photon and long distance en-
tanglement has been shown with NV centres in diamond, but not in Si, and whilst
having been shown in SiC [28], this is not yet maturely developed. Therefore, at

present, diamond based defects are still the primary defects of interest.

1.2 The NV-Centre in Diamond

NV centres are still currently the leading candidate solid state defect for estab-
lishing long range quantum networks. Importantly, NV centres can be determin-
istically generated with a laser-writing process into these membranes with high
repeatability and positioning accuracy [29, 30], and micron-thick diamond mem-

branes provide an exceptionally pure environment, reducing excited state dephas-
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Table 1.1: Comparison of figures of merit of different solid state defects for
quantum networking

Material Defect A (nm) DW Factor T,
Diamond NV 637 2 — 4% 1ms-1s
SnV 620 50 — 60% 250 us
Siv 737 70 — 80% ~ 1 ms
GeV 602 60 — 70% ~ 50us
MgV 550 20 — 50% Unknown
PbV 520 20 — 30% ~ lus
Si T 1326 30 — 40% ~ 1 ms
C 1550 10 — 20% Spin-0 (no Ty)
G 970 30% Spin-0 (no Ty)
\Y 1218 Unknown Unknown
Vo 1018 — 1078 10 — 20% 100us
SiC Vg; (4H-SiC) 860-920 5—10% 1 —2ms
Vg; (6H-SiC) 860 — 950 5% 100 — 1000 ps
VV? (4H-SiC) 1070 — 1130 10 — 20% 1—5ms
VV? (6H-SiC) 1100 — 1170 10 — 20% 1 —2ms
Quantum Dots | InAs/GaAs (SA) 900 — 1000 5—10% ~ lus
InGaAs/GaAs 900 — 1000 5 —10% ~ lus
GaAs 780 — 820 10 —20% ~ 10nsto~ 10us
CdSe 620 10 — 20% 10 — 100 ns
PbS/PbSe 1000 — 2000 10% 10 ns
Perovskites 510 — 540 10 —20% ~ 100 psto ~ 1ns
2D Materials hBN 580 — 700 40 — 70% ~ 100 ns
WSe, 720 — 850 10 — 20% 10 — 100 ps
MoS, 650 — 750 10% 10 — 100 ps
MoSe, / WS, 750 — 800 10% 100 ps
CrSBr 720 — 800  Unknown 10 — 100 ps
Rare-Earth Er3t 1530 — 1540 10 — 50% 1 ms
Eu?t 580 — 590 10 — 20% 10ms-1s
Pr3t 610 — 620 10 — 30% 100ms-1s
Tm?+ 780 — 800 5—15% 100 ms
Nd3* 880 — 890 5—10% 1 ms
Yb3* 980 — 1000 5—10% 1 ms
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ing and spectral diffusion.

The poor Debye-Waller factor of NV centres is a challenge which requires a tech-
nological solution. For NV centres, two emitted photons can be distinguishable
through: temporal mismatches due to different emission times or excited-state
lifetimes; spectral differences such as shifts in zero-phonon line (ZPL) frequen-
cies from strain or electric field variations (Stark effect); and phonon sideband
contributions. Spatial distinguishability can also arise if the photons are collected
from different optical paths or locations on the sample, and polarisation differ-

ences can emerge due to varying dipole orientations or crystal axes.

Many of these challenges can be mitigated directly: temporal distinguishability
can be mitigated by temporal mode matching schemes; spectral mismatch can
be compensated by Stark shifting or external optical correction; and polarisation
mismatches can largely be minimised by virtue of the fact that NV centres in
single crystal diamond grown along the same lattice orientation largely share the
same dipole orientation. However, phonon contributions are a more challenging
issue. Any photons generated which are accompanied by lattice vibrations can be
distinguished, therefore only photons at an energy within the zero-phonon-line re-
gion of its spectrum can be free of this source of distinguishibility. Unfortunately,
most NV centre emission couples to vibrational states in the phonon sideband
(PSB), with only ~ 4% of free-space emission occurring in the ZPL. This can
be significantly enhanced however through both cooling the NV centre to cryo-
genic temperatures. By cooling the NV centre, thermal coupling mechanisms
contributing to inhomogeneous spectral broadening are mitigated, and therefore
the likelihood of photon emission being accompanied by phonons is diminished
substantially. In Figure 1.1, the optical spectra of an NV centre in bulk single
crystal diamond, excited with a 532 nm continuous wave laser, is shown. At room

temperature, the ZPL is broad, and ZPL coupling efficiency is nascently around
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2 ~ 4%. Whilst cooling the NV to 4 K inhibits thermally-dependant spectral
broadening mechanisms giving a much narrower ZPL linewidth, phonon modes
provide homogeneous broadening which are not removed by cooling, and so the

ZPL coupling efficiency remains at around 4%.
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Figure 1.1: Comparison of optical spectra of NV centre at room and cryogenic
(4K) temperature

Nonetheless, even when the NV centre is cooled, the contribution of the phonon
sideband to the optical emission is still substantial. This can be improved fur-
ther by exploiting Purcell enhancement, by embedding the NV centre within a
resonant cavity. Fabry-Pérot (FP) cavities have proven effective in improving
ZPL emission from NV centres [31-34]. Placing a diamond membrane within
an open-access cavity facilitates coupling to transform-limited optical transitions,
and the cavity can be brought onto resonance with the emitter by adjusting one of
the cavity mirrors via a piezoelectric actuator, enabling resonant mode tuning as
needed. Consequently, recent advances in networked quantum technologies fre-
quently adopt this cavity approach [35-38]. However, these structures often lack
mechanical robustness due to the air gap and suffer losses at the air-diamond inter-
face [34]. Therefore, to scale the technology up, advancing toward monolithic FP
structures, where the diamond is completely enclosed by DBR mirrors, is highly

desirable.
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This shift introduces a significant technical challenge: monolithic cavities lack
the straightforward post-fabrication tunability of open-cavity systems. Fabrication
errors as small as hundreds of picometers can cause a mismatch between the cavity
resonance and the ZPL. Since coupling the cavity and mirror prevents positional
adjustments for tuning, developing a method to tune the resonance of monolithic
FP cavities to the ZPL post-fabrication is critical. Addressing this challenge is the

primary goal of this project.

1.3 Monolithic Quantum Optical Device for Efficient
Network Coupling

The are numerous methods available to generate NV centres in diamond, as are
explained in more detail in Section 2.3. In the photonic nanomaterials group at
Oxford University, a well established and highly promising technological advance
has been made in recent years, facilitating the deterministic creation of NV centres
by applying laser pulses to diamond to form Frenkel defects [29, 30]. Following
either a thermal anneal or laser diffusion pulse train, these defects can form NV

centres with a lateral precision of some tens of nanometers.

This advancement offers an exciting prospect of creating a diamond device with
an extremely high density of qubits, each of which could act as individual emit-
ters or combine to form more complex graph states. Not withstanding the spatial
separation between neighbouring NVs required to mitigate crosstalk, if a single
crystal diamond membrane of dimensions 4 mm? was filled with deterministi-
cally created NV centres by laser writing, based on the positioning accuracy of
this approach, in principle a device containing 10° qubits could be produced, far

exceeding any physical qubit amount necessary for implementing quantum error
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correcting codes. For integration to a quantum network, each NV centre would
need to be coupled to a resonant optical microcavity with a dynamically tuneable
interface. For this task, it is evident that open-access cavities would be far too

cumbersome to scale to so many qubits.
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Figure 1.2: Cross-section of intended integrated photonic quantum network
node: A cavity is formed by milling a convex feature into a diamond membrane,
and coating each side with DBR mirrors. Between the diamond and the planar
mirror, a tuneable electro-optic material(SBN) is bonded. An NV centre is formed
in the diamond membrane by laser writing. The cavity structure sits on a substrate
with electrodes to provide resonant mode tuning.

A proposed integrated-photonics quantum optical device for efficiently coupled
dense arrays of NV centres to a quantum network is shown schematically in Fig-
ure 1.2. An NV~ centre sits within a thin diamond membrane, having been formed
by laser writing. A convex feature is formed into the diamond membrane, and
each side of the diamond is coated with distributed Bragg reflector (DBR) mirrors
to form a resonant cavity. Between the diamond and the planar DBR mirrors is
an electro-optic material which is used to tune the resonant mode of the cavity
(Section 1.3.1). The device sits on a substrate, and electrodes are fabricated either

side of the diamond to tune the resonant mode of the cavity. More electrodes can
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be fabricated to also provide electronic control of the NV centre.

The proposed monolithic cavity structure would consist of a 4 um thick high-
purity (< 5 ppb nitrogen and < 1 ppb boron concentration) diamond membrane,
which could support a longitudinal mode index of ¢g=30 which provides high Q-
Factors (Section 4.1.2). The intended cavity radius of curvature is 8 pm with
a cavity feature depth of ~ 325 nm. For high finesse, the planar cavity mirrors
should offer a reflectivity of 2,,,=0.9999 and the featured mirrors should provide
Rear=0.9950. A summary table of the design requirements is given in Table 1.2,

and the impact of these parameters is discussed further in Section 4.1.2.

Table 1.2: Summary of geometric requirements of proposed cavity device.

L 4 pm
RoC' | 8 um
depth | 325 nm
Ryian | 0.9999
Reear | 0.9950

1.3.1 Candidate Materials for Cavity Tuning

Finding an appropriate candidate approach/material capable of facilitating cavity
tuning is itself a significant challenge. Multiple approaches may initially come
to mind, but after experimenting with and/or modelling multiple different ap-
proaches, we find that many approaches ultimately fail to be viable. In principle, if
a strong piezoelectric material is bonded to the diamond, the physical cavity length
could be adjusted by applying a bias voltage, and the cavity resonance could be
tuned. However, this would require very large bias fields to achieve very limited
cavity tuning; a problem which would be compounded at cryogenic temperatures
as the crystal lattice of the piezoelectric would become much stiffer. In addition,

straining the piezoelectric material to a sufficient degree would potentially dete-
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riorate the interface between the piezoelectric layer and the bonded diamond and

DBR mirror. Therefore, this approach is not feasible.

Another way the physical cavity length could be modified would be by spin coat-
ing and baking a polymer layer between the diamond and DBR mirrors. The poly-
mer could then be cured by UV radiation under a microscope, which would cause
cross-linking and consequently shrinking of the polymer, allowing for cavity tun-
ing. However, this approach is limited by only being able to work once, rather
than in situ, and there are significant challenges in preventing prior polymerisa-
tion during the mirror growth, which typically requires temperatures of several

hundreds of degrees Celsius.

1.3.1.1 Phase-Change Materials

Rather than changing the physical length of the cavity, the optical path length can
be modified by introducing a hybrid material with a modifiable refractive index.
In principle, this could be achieved using phase-change materials (PCMs), which
possess a modifiable refractive index when the crystal structure of the PCM is
modified by heating / laser irradiation. These are typically chalcogens or alloys of
chalcogens, such as GeTe or Gb2Sb2Te5 (GST). However, in practice all known
PCMs have optical losses via absorption substantially higher than what would
be required to form a good cavity [39], with extinction coefficients in the visible
spectrum typically between 1 < x < 2. Even more modern families of PCMs
known to be exceptionally low loss by comparison (SbyS3 and SbySes) are still

too absorbing at visible wavelengths [40].

We initially embarked upon an investigation of the suitability of Sb,Ses for cav-
ity tuning, and synthesised this material onto Si substrates by RF Sputtering. We

measured the optical reflectivity by ellipsometry and modelled both the refractive

12
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index and extinction coefficients for SbySes in both the amorphous and crystalline
phases. We confirmed that the material absorption in the visible spectrum (Fig-
ure 1.3), our bandwidth of interest, is still fairly large with x > 1. As we discuss
in Section 4.1.4.1, this significantly exceeds what is required for integration into

an optical microcavity.
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Figure 1.3: Measured refractive index (a) and extinction coefficient (b) of
Sh,Se; grown by RF Sputtering, in the amorphous and crystalline phases.

1.3.1.2 Electro-Optic Materials

The most sensible approach to monolithic cavity tuning may be to introduce a
strong electro-optic material at the diamond-mirror interface, whose refractive in-
dex can be modified in response to an applied static electric field. There are many
known electro-optically active materials, but for most the magnitude of this effect
is small. Given the short optical path length of the proposed device, a large refrac-
tive index shift is required. Therefore, a careful review of the possible candidate

electro-optic materials is required.

The figure of merit for linear EO materials is the Pockels Effect, which quantifies
the degree to which the cations and anions within the material shift relative to each
other in response to an applied electric field, modifying the local electric dipole
moments within the crystal, in units of pm/V. As is discussed in Section 4.2.2, the

Pockels effect is described by a tensor r;;. For lithium niobate (LiNbO3), the most

13
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widely used EO material, the largest Pockels tensor coefficient is r33=33 pm/V.
This is considered large for many planar optical modulators, but in practice the
change in refractive index is very small - for a bias field of magnitude 10" MV/m,
the relative change in refractive index for LiNbO3 would be ~10~%, and therefore
unfeasibly large bias fields would be required to provide a large resonance wave-
length tunability. However, there are many other materials which are known to

exhibit an electro-optic response

10 e
_ 4 Bulk Crystal
%103 A Thin Film
=
2 £
§ 107/ St s
g N £ 3 S
= ()
£ £ e
o 1074 \c“,‘f‘ 6\2, ’15\0 A
- ¥ P S 8
2
Al.j 10° 0’
o] OV
= &>
. L
Material

Figure 1.4: Comparison of literature values for the Pockels effect in thin film
form for different known EO materials. Figure modified and updated from IBM
Research [41]. This is not an exhaustive list of all known electro-optic materials,
but a summary of the most widely studied ones which have demonstrated a strong
Pockels effect and/or have been synthesised in thin-film.

Ferroelectric materials and perovskites are the most widely studied materials which
exhibit an electro-optic response, but many semiconductor alloys such as GaAs
also display a modest Pockels effect, as well as certain 2D materials and polymers.
The vast majority of these materials however possess modest Pockels coefficients
which would not provide a sufficient amount of tunability required for cavity tun-
ing, and most of these materials have only demonstrated even this modest electro-

optic response in bulk, not in thin-film. There are however a few materials which
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possess a sufficiently large Pockels effect, in both bulk and thin-film. The maxi-
mum Pockels coefficient of the most widely studied of these materials is shown in

Figure 1.4.

In thin-film form, barium titanate (BaTiO3 / BTO) has the highest reported Pock-
els coefficient of r4,,=923 pm/V [42]. This large coefficient was attained after
substantial optimisations over a more than a decade, and can seemingly only be
acquired under very precisely controlled molecular beam epitaxy. Without ex-
traordinarily well controlled deposition conditions, the reported Pockels effect is
typically much smaller, at for example r45=148 pm/V [43]. Therefore, producing
BaTiOj of a sufficient quality for cavity tuning is prohibitive. However, stron-
tium barium niobate (Sr,Ba;_,NbyOg / SBN) is also known to be a very strong
electro-optic material, previously measured at 844 pm/V in thin-film form [44].
Importantly, this large coefficient was demonstrated following thin-film growth
by Pulsed Laser Deposition (PLD), without the need for such rigorous optimi-
sation. While the tetragonal phase of BTO is difficult to maintain following the
growth procedure, it is far simpler for SBN, and it is therefore much simpler to
grow SBN in a phase preferable for a high electro-optic coefficient. Fo this rea-
son, SBN is a much more preferable material choice, and was the chosen material
for this work. Since thin films of SBN are not sold commercially, and very few
research groups continue to work with the material, it was required that we grow

SBN in-house by PLD.

1.4 Aim of this Work

The intended long-term application of the present work is to progress towards
the creating a scalable platform for quantum communications based on electronic

and nuclear spins in diamond coupled to an optical network, with cavity coupled
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colour centres such as the NV centre and other group IV vacancies forming the
light-matter interface. There are three specific intended outcomes of the present
work: (i) fabricate a prototype monolithic Fabry-Pérot microcavity in diamond
membranes, and characterise the optical response; (ii) develop a means to provide
resonant mode tunability; (iii) build the necessary scientific understanding of each

component in the cavity design necessary for a fully integrated device.

1.5 Overview of This Thesis

This review is structured as follows: In Section 2, there is a review of various
methods for generating entanglement, and further purifying and sharing over a
distributed network. A discussion follows regarding the specific case of quantum
networks formed using solid state emitters such as the NV centre, optical cavity
microstructures, and background information on SBN. This work required a very
broad range of experimental techniques to fabricate and characterise the photonic
devices in this work; these techniques are detailed in Section 3. To build the req-
uisite understanding of the cavity design, materials selection, device integration,
and materials characterisation, substantive theoretical analyses were required; the
background information on these theoretical explorations is given in Section 4.
In Section 5, the fabrication of convex cavity features in diamond by focussed
ion beam (FIB) milling is detailed, and prototype monolithic Fabry-Perot optical
microcavities in diamond are optically characterised for the first time. In Sec-
tion 6, the deposition and microstructural characterisation of thin-film SBN by
PLD is thoroughly detailed. Finally, the optical and electro-optic properties of the

fabricated SBN are detailed in Section 7, before the thesis concludes in Section 8.
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2| Literature Review

In this chapter, a broad review of the literature apropos to the present work is
presented. A historical overview of the progress towards realising quantum net-
works is provided, followed by a review of some key experimental milestones
with NV centres as the basis of a quantum network node. The NV centre is briefly
explored, followed by an overview of coupling to optical microcavities. Finally,
the relevant literature of strontium barium niobate is explored, introducing key

information which is further explored in later chapters in this thesis.

2.1 Generating, Preserving, and Sharing Entangled

States

The vision of a quantum internet is to revolutionise communication by enabling
quantum data exchange between any two points on Earth. Operating alongside
the classical internet, it aims to connect quantum processors, unlocking capabil-
ities unattainable with classical systems alone [10, 11]. While the full potential
of a quantum internet is still unfolding, several transformative applications have
already emerged, including secure communication [4, 5], precise clock synchro-
nisation [45], and efficient remote access to quantum computers [46]. These ap-
plications leverage the unique properties of quantum bits (qubits), which differ
fundamentally from classical bits. Unlike classical bits, which are either 0 or 1,
qubits can exist in a superposition of both states and can exhibit entanglement,
creating strong correlations over vast distances. Qubits cannot be copied, and any

interference can be detected, making them ideal for secure communication.

However, transmitting qubits over long distances presents significant challenges.
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Figure 2.1: A quantum network aims to connect distant quantum processors
over metropolitan and ultimately global distances.

Traditional methods like signal amplification or repetition are ineffective due to
the no-cloning theorem [47]. This necessitates new technologies, such as quantum
repeaters, to enable a functional quantum internet. Rapid experimental advance-
ments have brought early quantum networks within reach. The building blocks
for a quantum network are entanglement generation schemes, and the distribution
of entanglement over a channel, employing purification, swapping, memory, and
repeaters. These elements of a quantum network are described here, with specific

reference to experimental milestones.

2.1.1 Entangled State Generation

For two arbitrary quantum systems A and B with respective Hilbert spaces H 4
and Hp, the joint Hilbert space of the two systems is given by the Kronecker
product between the two: H 4 ® Hp. The combined state of the two systems is the
Kronecker product of their respective states |¢) , 5 = [1) 4 ® |¢) 5. States which
can be represented in this way are known as product states, and are separable

into their respective states. However, not all states of a combined system are
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separable. For a basis {|i) ,} for H4 and {|j) 5} for Hp, a general combined state

representation is a summation over the eigenbases:

O) 45 = cij )4 @ i) @2.1)

ij

If there exists eigenvectors [c;'], [c}'] such that ¢;; = ¢;'c}, the combined state

can be separated into two eigenstates |¥) , = >, ¢ i) , and |¥) , = > P 7) p-

However, if there exists eigenvectors [c;], [c?] such that for at least one pair of
coordinates c;“ cf ) Cij F cg“ch , the combined state cannot be separated into it’s
individual bases. Such inseparable states are said to be entangled. Entangled
states allow for non-local correlations between different quantum systems, and

are a critical building block of quantum networks.

The preparation of entangled quantum states is crucial to the realisation of scalable
quantum information processors, as well as studying fundamental questions of the
foundations of quantum mechanics, such as whether quantum mechanics can be
described by a local hidden variable model [48—51]. This has attracted substantial
research activity, and numerous methods for generating entangled states have been
proposed and demonstrated. Among the earliest demonstrations of entangled EPR
pair [52] generation was reported by Wu and Shaknov in 1950 [53], with the po-
larisation states of photons emitted during positronium annihilation being shown
to be entangled with one another. This is a high energy experiment, and so is not
useful for practical application in scalable quantum technologies. However, we
now benefit from a range of different possible approaches to generating suitably
entangled states, following a flurry of experimental activity aiming to both verify

Bell’s inequalities [48], and to close the detection and locality loopholes [54—63].

One of the earliest methods for generating entanglement used the atomic cascade
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effect in a beam of calcium [54-57]. When a calcium atom is exposed to laser
light, it can undergo a two-step transition involving spontaneous emission. Specif-
ically, the atom transitions from the 4p?S, state to the 4s4p' P; state, and then to
the 4515, state. In this process, two visible photons are emitted, with their polar-
isations becoming correlated. This correlation arises because the photons share an
intermediate state, allowing for two possible pathways. The resulting entangled
state of the photon pair is |¥) = \/Li (|JHH) + |VV)), where H and V' denote

horizontal and vertical polarisation, respectively.

Spontaneous parametric down-conversion (SPDC) is a nonlinear optical process
also proposed for generating entanglement, where a high-energy photon (pump
photon) splits into two lower-energy photons (signal and idler) while conserving
energy and momentum [64—68]. This occurs when a pump laser passes through a
nonlinear crystal, such as lithium niobate, enabling photon splitting described by
the annihilation of a photon in mode by an operator ¢&;, and the creation of two
photons in modes k; and k5 via 4. 1&L ,- This process produces entangled photon
pairs in states such as | V) o< 5 ([HH) +|VV)) or V) < 5 (|HV) + [VH))
where H and V' denote horizontal and vertical polarisation. Alternatively, the
photons can be entangled in frequency or direction. SPDC can generate entan-
glement with [64, 65] or without [58] post-selection, with the latter used in a key

experiment addressing the locality loophole [59].

Allowing two or more atoms to interact with the same electromagnetic mode
in a resonant cavity provides a well-established method for generating entan-
glement [69—73]. Cirac and Zoller originally proposed this to prepare a singlet
state of two spin-1/2 particles with wavefunction |¥) = \/LE (1) H2) = [41) [T2))-
First, atom 1 is prepared in its excited state [1;) and sent through a cavity in the
vacuum state |0). After it exits, atom 2, prepared in ||2), is sent in a different direc-

tion. The Jaynes-Cummings interaction Hamiltonian conserves excitation number
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ala + 1) (1], so |[{) |0) remains unchanged, while 1) |0) and ||) |1) experience
vacuum Rabi oscillations [74, 75]. The atomic velocity v; = L/t;, determined by
cavity length L and interaction time ¢;, controls these oscillations. If v is set for
1/4 of a Rabi oscillation, the system state becomes |¥) = \% (|111) 10) — |41) [1)).
As atom 2 crosses the cavity |0) |]») remains unchanged, and v, is set for |1) |]2)
to complete half a Rabi cycle, yielding |V) = \/% (IT1) [42) — [41) [T2)) |0). This
prepares a singlet state while leaving the cavity in the vacuum state, ready for
reuse. Extensions include continuous N-atom entanglement in high-Q optical
cavities [70], demonstrated experimentally in optical [71] and superconducting

cavities [72], and quantum memory using superpositions of Fock states [73].

A complete survey of entanglement generation methods is beyond the scope of
this review, since the focus here is limited to the specific case of creating a net-
work of entangled solid-state spins in diamond. For this reason, we focus pri-
marily here on entanglement heralding (detailed in Section 2.1.1.1). Other well
established methods include: the use of linear traps of cold ions, interacting with
laser beams [12, 60, 76-78]; entangling distant atoms by interference of polarised
photons [79]; repeat-until-success linear optics distributed quantum computing
[80]; optical generation of matter qubit graph states [81]; photons emitted from
decay cascade of the bi-exciton in a quantum dot [82]; and giant optical Faraday

rotation induced by a single-electron spin in a quantum dot [83].

2.1.1.1 Heralding Entanglement

Cabrillo, et al, showed that the generation of entangled pairs need not require the
control of an effective interaction between two atoms, but rather may be “her-
alded’ through interference and state projection following a measurement [84].
They proposed using two three-level atoms with a A level structure, based at dis-

tant locations from one another. These atoms may decay from an excited state
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level due to spontaneous emission, consequently producing a single photon. If a
detector is placed at half the distance between the atoms, and after some time, the
detector registers the arrival of a photon, so long as the as source of the photon
cagnnot be distinguished, they showed that an entangled state can be generated.
This has the distinct advantage that since the atoms are spatially separated, there
1s no interaction between them, and therefore fewer decoherence channels are
introduced as multi-qubit channels are created. Further, since in this approach
entanglement is not generated through the dynamic state evolution of a prepared
system, but rather is projected, the challenging preparation and maintenance of
a prior entangled state is not required. Consequently, this approach lends itself
much better to potential scalability, and provides the basis for the primary entan-
glement scheme targeted for quantum networking. This scheme is described in

detail in the remainder of this section.

The scheme of [84] depends upon the concept of path erasure, in which a detector
measures the arrival of a photon, but does not have any information regarding
from which atom the photon was excited. This places two stringent requirements
on the qubit system: i.) the emitted photons from each qubit must be coherent
and indistinguishable; and ii.) there should be no trace of the photon emission

identifiable to each qubit.

The aim of the entanglement heralding process is to begin with two initially un-
correlated states, and finish with a maximally entangled state. In the simplest case
of a two qubit state, the physical setup for such a system is shown in Figure 2.2.
Here, we have two matter qubits, each with a A-level structure, with two ground
states |0) and |1), and an excited state |e¢). These atoms may spontaneously emit
a photon, which will be incident on a distant beamsplitter and subsequently de-
tected by two different single photon detectors. With the assumption that that the

system is ideal (hence there is no photon loss), and the further assumption that
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Figure 2.2: Entanglement generation via projective measurement: Optical
transitions are driven in two different A\-level matter systems, resulting in a spin-
dependent photon emission in each system. These photons interfere upon a beam-
splitter and are subsequently detected. Due to path erasure, the detectors have no
way of distinguishing the source of each arriving photon, and hence entanglement
between the distant qubits is heralded by a projective measurement of each photon
at the detector stage

the detectors can count the number of incident photons, due to the presence of the
beam splitter, if precisely one photon is detected, there is no way for the detector
to determine the photon’s source. The procedure for generating entangled states

by projective measurement is explained in detail in [85].

Starting in the ground state, a 7/2 pulse applied to both qubits initialises each
into the state |+) = \/Li (|0) +|1)). Therefore the combined product state of
both qubits is |¥) = \% (|00) 4 |01) +]10) + |11)). Next, a 7 rotation in the
form of a laser pulse applied to the |1) — |e) transition brings the state of
each qubit to |[+) = \/% (|0) + |e)), and therefore the state of the system to
U) = \/Li (|00) + |0e) + |e0) + |ee)). After some sufficient relaxation time, the
states |e) will relax, and may or may not emit a photon in the process. The state
|00) has no excitation, and so no photons will be emitted, and neither detector will

click. On the other hand, the state |ee) produces two photons, and so both detec-
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tors will click. Neither of these scenarios are useful for generating entanglement,
since these could have been generated directly, and in the case of the former, no
detection event will occur. However, the states |Oe) and |e0) both produce only
one photon, and so only one detector clicks. Due to path erasure, the detector has

no way of determining from where the the photon emerged.

After each matter qubit has emitted a photon, but before it’s arrival to the beam-
splitter, with post-selection on a single photon the state of the system interacts

with the vacuum state of the electromagnetic field |vac)

W) = (W) |vac) (2.2)

So long as the photons incident to the beamsplitter are indistinguishable, they
interfere destructively at the beamsplitter due to the Hong-Ou-Mandel (HOM) ef-
fect, leading to zero coincidence counts at the detectors (i.e. both photons go to
the same detector). Creation operators can be used to describe the photon inter-
action at the beamsplitter. The beamsplitter maps the photon modes a' and bf
onto output modes ¢! and d'. In terms of these operators, the interaction of the

incoming photons at the beamsplitter is:

|01) a™ + |10) b
< 7% ) |vac) (2.3)

After the beamsplitter, the photon channels are transformed as:

ict +df et +idt
_>

b—
V2

(2.4)

S

24



University of Oxford Mansfield College

....where the phase 7 denotes reflection. When the photon passes through the

beamsplitter, the state of the system transforms as

1 , .
) = 7 ([01) +4[10)] ¢ + [¢]01) + [10)] d") (2.5)

If a projective measurement of a photon has been made at the left detector, the

projection operator |0) (0| has been applied to the state |¥) such that

|01y +4]10)
|0) (0 W) =5 (2.6)

Therefore, the qubits have been projected into a maximally entangled state. Of

course, for a detection event at the right detector would yield the state

4/01)4-[10
)~

The above heralding scheme makes the assumption of an ideal apparatus, and no
photon loss through the system. In practice, this is an unrealistic assumption, and
false detection events are common. In response to this, Barrett and Kok introduced
the "double heralding’ procedure [20]. Here, following the first measurement run,
the qubit states are flipped, and the steps from the resonant excitation onwards are
repeated. Only when a single photon is registered in two successive rounds of the
heralding process is entanglement confirmed. Now the final state is of the system

is a maximally entangled Bell state |®), protected from photon loss:

_Jo1) £ [10)

W) 7

= [oF) 2.7)

To achieve large scale quantum networks, it is crucial to maximise the probability

of successful entanglement generation, by preserving entanglement in the event
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that an entangled link is broken, whilst attempting to create new entangled links.
One way this may be achieved is by brokering’ [86], where an extra "broker’ qubit
is at each physical system node, and entanglement is passed deterministically onto

the neighbouring broker before further entanglement operations begin.

Aside from the prospect of heralding entanglement over a spatially separated net-
work, the measurement-based entanglement scheme provides an important means
for realising Raussendorf and Briegel’s measurement-based-quantum-computing
paradigm [87]. In this approach, a quantum state is associated with a graph state
[88, 89], with each node in the graph containing a qubit, and each vertex connect-
ing nodes performing some unitary operation which modifies the phase of the |11)
component of the system. This operation can be achieved with the same parity
projection protocol of the heralding procedure, which can mimic the controlled-
phase operation. In addition, higher dimensional cluster states can be formed in

this way [90, 91].

Impact of Photon Distinguishability

The heralded entangled state of Equation 2.7 can only be achieved if the incoming
photons are indistinguishable. To see this, consider the case where two emitters
are distinguishable in their frequency. Now, the post-selected single-photon emis-

sion is frequency dependent, with

) = 75 ()16} d' () + 1e) 0} B1w2)) 01, @8

where the photon frequencies w; # ws. At the beamsplitter, the creation operators

a and b are now transformed as:
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af(wy) = i(é*(wl) +id' (wy))

V2
b (ws) — %@ef(a}g) +df(ws)) (2.9)

So the output from the beamsplitter is:

) = % [é*(wl) 10) [e) 4 iéf (w2) |e) [0) + id  (wq) |0) [€) + df (w2) |e) [0Y] |vac) .

(2.10)

Since the photons are distinguishable, there is no quantum interference. The envi-
ronment could, in principle, determine the source photon’s origin, preventing the
spins from forming a coherent superposition. After tracing out the photons, the

reduced spin state is:

pap = Tr([9) (¢]) = % (10) e} {O[ (el +[e) |0} {e] {O]) , (2.11)

This is a classical mixture, not an entangled state.

The strict requirement of photon indistinguishability is not actually as strict as was
initially thought though. Kok et al proposed a simple linear optics setup which
was able to attain deterministic entanglement for certain combinations of central
energies and linewidths by adjusting the frequency of the probing photons [92]
and with injecting squeezed light [93]. However, this does not mitigate the need
for high quality photon generation completely, and practical quantum networks

should still aim for sources as spectrally indistinguishable as possible.
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2.1.2 Purification, Swapping, Memories, and Repeaters

Entanglement is key to building quantum networks but it is difficult to generate
over long distances, making preservation methods essential. Quantum repeaters
offer a solution by segmenting the network and performing purification and entan-
glement swapping at intermediate nodes. This process enhances the entanglement

step by step, allowing it to span greater distances [13, 14, 94].

Entanglement purification and distillation increases the fidelity of shared entan-
gled states, turning imperfect pairs into fewer near-perfect ones using local op-
erations and classical communication (LOCC). For example, given n entangled
pairs, highly entangled pairs are distilled by projecting onto a "typical subspace,"
improving fidelity as more pairs are used [95, 96]. Similarly, states like |®) can
be purified from noisy mixtures via operations such as polarising beam splitters

(PBS), as demonstrated by Pan et al. [97].

Entanglement swapping extends entanglement by linking two distant nodes (e.g.,
Bob and Claire) via an intermediary (Alice). Alice’s measurement transforms
separate entangled states into a shared one between the distant nodes, effectively
teleporting the entanglement [98, 99]. Meanwhile, quantum repeaters use these
methods to scale networks efficiently, overcoming the exponential challenges of
direct transmission. They divide the channel into smaller segments, purify lo-
cally, and use swapping to extend entanglement. This approach requires quantum
memories to temporarily store states, which can be implemented using atomic en-
sembles, nuclear spins, or NV centers, depending on the network architecture [13,

100-103].

By combining purification, swapping, and quantum memories, quantum repeaters

achieve scalable, long-distance quantum communication with polynomial resource

28



University of Oxford Mansfield College

scaling, as opposed to exponential [14]. Comprehensive reviews of these tech-

niques are available for further details [100-102, 104—106].

2.2 Experimental Milestones in Networked QIP

Early promising experiments in heralding entanglement, sharing with a quantum
repeater, and storing in memory, were based on the protocol detailed by Duan,
Lukin, Cirac, and Zoller (DLCZ) [13]. This extends the Cabrillo and Barrett
and Kok protocols to atomic ensembles and linear optics, allowing for greatly
enhanced coupling to light due to the collective enhancement of the ensemble
with parametric gain. When a photon is detected by one of two photodetectors
following a beam splitter, entanglement is heralded, and can be swapped when
one half of the entangled pair of ensembles is read out and mixed onto an optical

beam splitter with its counterpart from the other ensemble.

Much of the early experimental progress towards the realisation of networked
quantum information processors implemented the DLCZ protocol, particularly
with ensembles of caesium atoms. For example, using caesium ensembles in a
magneto-optical trap (MOT), entanglement was heralded over a distance of 2.8
m, whilst being capable of storage in memory for 1us [107]. This approach was
later modified for two photons using " Yb™ atoms in radio-frequency ion traps,
rather than with atomic ensembles [108], which marked an important milestone,
since single-atom quantum memories allow conditional quantum gates to be im-
plemented through photonic channels [109]. However, the entanglement success
rate was very low, at around thirty per one-billion attempts, and so in order to
realise sufficient attempt rates, this approach would need to be combined with a
cavity. This improvement was in fact implemented with 8"Rb atoms trapped in

an optical dipole trap and held at the centre of a high-finesse optical cavity [110],
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resulting in a 2% probability of successfully generating an entangled state.

The first significant experiment demonstrating the appropriateness of NV cen-
tres for generating, preserving, and manipulating entangled states for a quantum
network emerged from the Hanson group in 2012 [111]. Here, a two-qubit par-
ity measurement was performed on an ancillary electron spin of an NV centre,
heralding entanglement between two nuclear spins in diamond (Figure 2.3a). The
nuclear spin qubits were provided by the 4V Nitrogen /=1 NV nuclear spin |N)
and the surrounding 7=1/2 13C carbon nuclear spin |C), and the qubit basis states
1) and |) were encoded in the m;=0 (m;= + 1/2) and m;= + 1 (m;= — 1/2)
for the states | V) (|C)). A high fidelity (99 £ 1%) parity measurement projected
the nuclear spins into maximally entangled states, and a Bell state was created
by first forming a maximal superposition between the two qubits and then ap-
plying the parity measurement. The resulting Bell state demonstrated reasonable
fidelity (90 £ 3%), with the imperfection being due to imperfect microwave m
pulses. This significant result constituted the first violation of Bell’s inequalities

with solid-state spins.

The entanglement heralded here was of course localised to the same diamond
crystal, and so for practical application in a quantum network was not so useful.
This was addressed in 2013, with heralded entanglement generated between two
electron spin qubits in diamond, held at cryogenic temperature over a distance
of three metres [112]. By generating spin-photon entanglement at each node, a
later joint projective measurement of the photons projected the qubits into the
Bell states |U") or [¥~) with fidelity 73 + 4% and 64 + 5% respectively, and
probability 99.98% and 91.80%. At low temperature, the fine structure of the NV
spectrum is visible, revealing six discrete energy levels. These levels are sensi-
tive to strain on the local lattice, which may be a problem for generating indis-

tinguishable photons, since this may induce large variations in photon frequency
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(Figure 2.3b). To mitigate this, optical transition frequencies were tuned via the
DC stark effect. Meanwhile, photo-ionisation was mitigated with repumping of
the NV centre with a green laser. Overall, the success probability of the protocol
was found to be around 107, corresponding to an entanglement event occurring

once every ten minutes for a 20 kHz attempt rate.

Entanglement heralding alone is not sufficient for building large scale quantum
networks, and purification and swapping schemes must be implemented to pre-
serve the entangled states. The first major step in this direction for diamond
qubits was taken in [113], where a qubit state was teleported between two ex-
perimental stations, named Alice and Bob, over a distance of 3 metres, mediated
by an additional qubit in Alice’s node from a '* N nuclear spin. Compared to the
previously discussed work [112], the photon collection efficiency was enhanced
through applying an anti-reflection coating to the diamond substrate. Both the
spectral stability of the NV centre optical transitions and the charge state initiali-
sation was improved by resonantly pre-pumping the NV state zero-phonon line.
As a result of these improvements, the entanglement generation rate was boosted
to 1/250 s~1, and state fidelity from F'=0.73 to F'=0.87. A Bell state fidelity of
0.93 £ 0.02 was achieved with high fidelity single shot readout of the electron
and nuclear spins. As a further enhancement, the ideal state of the third qubit
was mapped onto a qubit eigenstate such that the readout directly yielded the tele-
portation fidelity. This ‘feed-forward’ technique allowed for the realisation of a
teleportation fidelity of 0.77 £ 0.03, establishing diamond spin qubits as a prime

candidate for the realising quantum networks.

Entanglement distillation, along with a combination of storage and processing,
was later realised in a network of distant nodes over a distance of two metres
[114] (Figure 2.3c), opening the door to exploring multipartite entanglement on

extended quantum networks. A remote, highly entangled state was distilled using
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only local operations and classical communication (LOCC) from a number of
lower-quality states. By combining optimised readout and real-time feedback,

Bell states were distilled with a measured fidelity ' = 0.65.

In 2021, the Hanson group reported the first realisation of a multi-node quantum
network with NV centres [115], combining real-time heralding and feed-forward
operations. Two main quantum networks protocols were established. First, a three
qubit Greenberger-Horne-Zeilinger (GHZ) state was established across the nodes,
Alice, Bob, and Charlie. Subsequently, the generated entanglement was swapped
via a Bell state measurement on one of Bob’s qubits. Bob has an additional *C
nuclear spin to be used as a memory qubit. Each node experiences different con-
ditions, noise, spectra, etc, and therefore must be individually phase stabilised.
This is resolved in the paper with a hybrid-phase stabilisation scheme in which
the effective interferometer for each link is decomposed into three independently
addressable interferometers, and each being stabilised separately with unbalanced
heterodyne phase detection. The resulting measured Bell state fidelity was greater
than 0.8 for both links, with an entanglement generation rate of 9 Hz and 7 Hz
for A-B and B-C respectively. Bob’s carbon spin stored the states for a time lim-
ited by the dephasing time 75 = 11.6 ms, corresponding to 2000 entanglement
generation attempts and thus greater memory robustness in the presence of de-
phasing errors [116]. GHZ states were generated at a rate of about 1/90 s, and
fidelity of around F'=0.538, the swapping fidelity was measured as F'~0.551 over
all outcomes, with a heralding rate of around 1/40 s. As a consequence of this
work, advanced multi-node protocols and larger entangled states may be explored
by, for instance, extending the local registers at the nodes, and interfacing the NV
photons with telecom fibre, paving the way to near-term quantum network tests

over larger distances.

Most recently, the Hanson group expanded on the short-range qubit network of [115],
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Figure 2.3: Measurement based entanglement using NV defects in diamond
(a) Two qubits are allowed to interact with an ancillary qubit to which both qubits
couple. Subsequent readout of the ancilla can project the qubits in a maximally
entangled state without direct interaction between the qubits, as demonstrated in
[111]. In this case the spins of a ** NV nucleus and surrounding 3C' of an NV centre
act as qubits, while the NV electron spin is used as an ancilla. Figure reproduced
from [111]. (b) The energy level and photoluminescence (PL) spectrum for the
mg=0 to mg= — 1 electron spin transition reveals six resonances due to the hy-
perfine interactions with the *C and '* N spins, allowing transitions between the
electron mg=0 to mg= — 1 for the four different two-qubit states [111]. Figure
reproduced from [111]. (c) Entanglement distillation: A remote highly entan-
gled state (right) is distilled by LOCC from several lower-quality states (left) that
are shared between remote qubits [114]. Each network node has a communication
qubit (purple) and a memory qubit (yellow). Remote spin-photon entanglement
is generated between the communication qubits, and following interference on a
beamsplitter, the optical mode is detected (1). The entangled state is then swapped
onto the memory qubits (2), and another round of entangled state generation fol-
lows (3). Finally, a state of higher fidelity is distilled by LOCC (4). Figure repro-
duced from [114]. (d) Multi-particle diamond-based quantum network Three
nodes, labeled Alice, Bob, and Charlie, contain a communication qubit. Bob has
an additional nuclear spin qubit (orange). Remote entanglement can be gener-
ated between the nodes via fibre connections, which allows for entanglement to
be shared between all nodes. Figure reproduced from [115].
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extending the link to network nodes separated metropolitan distances up to 10 km
combined with a midway heralding station via 25 km of optical fibre[117]. To
mitigate photon loss over such distances, they employed quantum frequency con-
version to the telecom L-band and implemented a phase-stabilised architecture,
enabling the use of a loss-resilient single-photon entangling protocol. This setup
allowed for the reliable delivery of predefined entangled states between the nodes,
regardless of the heralding detection pattern. The probability of successful herald-
ing for entanglement creation was optimised using a loss-resilient single-photon
entangling protocol and quantum frequency conversion to telecom wavelengths.
This resulted in an entanglement generation rate of 0.48 Hz with a success proba-
bility per attempt of 7.2 x 107 for a 20 ns window, and an entanglement fidelity

> 90%.

Table 2.1: Summary table of entanglement generation success and rates with
NV centres in a diamond quantum network. NR: not-reported

Attempt Rate  Success Prob. Ent. Gen. Rate Ent. Fidelity Ref.
20 KHz 10~7 lper600secs 69+5andb8+6 [112]
100 KHz 1077 1 per 250 secs 0.87 [113]

NR 6.40 x 107 1 per hour 0.92 £+ 0.03 [61]
NR NR 0.05 persec  0.96 (0.65 distilled) [114]
NR NR 6 or 39 per sec 0.81 or 0.60 [118]
NR 5x 1073 NR 0.53 [115]

2.3 Colour Centres in Diamond

To realise truly scalable and integrable quantum network nodes, a well-controlled
matter-based qubit with an optical interface is required. Simple networks based
on photon-mediated entanglement have so far been implemented with atoms [108,
110, 119], trapped ions [120], semiconductor quantum dots [121, 122], and de-

fect centres in diamond [111-115]. Diamond colour centres have emerged as one

34



University of Oxford Mansfield College

of the most promising candidates, and recently a multi-node quantum network
with diamond-based network nodes was implemented [115]. Diamond is a host
of hundreds of optically active colour centres, including silicon (SiV), germanium
(GeV), tin (SnV), and nitrogen (NV) centres. Of these defects, the NV centre
is the most well studied and established. Diamond possesses a combination of
almost nuclear spin free environment, high Debye temperature, and wide band
gap, allowing for NV~ coherence times of approximately 1 ms at room temper-
ature [16] and 1 s at cryogenic temperatures [17], with nuclear spin coherence
times greatly exceeding 1 s [18, 19]. Satisfying the DiVincenzo criteria [123],
NV spins can be readily initialised, manipulated, and readout with high fidelity
[124]. NV defects are also very readily integrable with photonics systems due to
the spin dependent optical transitions, providing a means for the development of
on-chip networks, and for controlling the interface between network photons and

NV nodes with optical cavities.

To successfully implement the path erasure protocol, photon indistinguishability
is an important consideration. This requires that emitted photons from nodes must
leave no trace of their origin from, for example, lattice vibrations. To satisfy the
requirement that the nodes leave no trace of their emission, photons must not
couple to vibrational degrees of freedom, but rather must be emitted into the zero-
phonon-line. In addition, the photon must be Fourier transform limited, such that
the lifetime extends over the spontaneous emission lifetime. This requires a low

decoherence environment, and therefore operation at cryogenic temperatures.

Despite the many advantages of NV centres as quantum network nodes, there
are some limitations which at first glance impede their ability to readily gener-
ate indistinguishable photons for entanglement. First, the Debye-Waller factor /
free-space branching ratio into the zero-phonon-line accounts for only approxi-

mately 2 — 4% of the overall photon emission, with the remaining photons being
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mediated by phonons, hence limiting the rate at which indistinguishable photons
can be generated. In addition, due to the low defect symmetry, the NV centre is
highly susceptible to spectral diffusion: the NV~ gets photo-ionised to NV under

resonant excitation at 637 nm, and therefore the charge state can be unstable.

2.3.1 Generating an NV Centre

Nitrogen-vacancy (NV) centres in diamond are formed when a lattice vacancy
pairs with a substitutional nitrogen impurity along a crystal axis. These defects
can be introduced during chemical vapour deposition (CVD) growth through delta
doping or post-growth by electron irradiation, ion implantation, or laser writing,
typically followed by thermal annealing. The development of scalable quantum
computing nodes requires precise control over NV centre properties, including
spatial positioning, orientation, charge stability, optical coherence, and spin co-
herence times, all of which are highly sensitive to the local lattice environment.
Minimising damage to the diamond lattice during fabrication is critical for meet-

ing these requirements.

Ion implantation allows post-growth defect introduction, with depth controlled
by ion beam energy and lateral precision influenced by material properties [125].
However, the probability of implanting a single atom follows a Poisson distribu-
tion, with a 37% success rate. Deterministic implantation, achievable via sec-
ondary electron detection [126] or pre-impact ion detection in traps [127], im-
proves precision but increases complexity. While annealing mitigates lattice dam-
age [128-131], implanted NV centres often exhibit broad linewidths (>1 GHz),
higher strain, and reduced coherence times ( 50 us) compared to those formed

from native nitrogen [132—134].

NV centres can also be formed using native nitrogen through high-energy electron
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irradiation, which induces vacancies which experience less strain compared to ion
implantation [135]. Subsequent diamond membrane processing further enhances
optical coherence. Delta doping during plasma-enhanced CVD (PE-CVD) intro-
duces nitrogen gently, minimising lattice disruption and providing excellent depth
control [136]. Nitrogen doping during growth, followed by activation through
electron irradiation [137, 138], carbon implantation [136], or laser writing [29],

can result in NV centres with long coherence times (~ 1 ms) [136].

2.3.2 Generating an NV Centre by Femtosecond-Pulsed Laser
Writing

A promising alternative to defect creating through implantation and thermal an-
nealing involves laser writing, where Frenkel defects are created using femtosec-
ond laser pulses, followed by thermal annealing to convert defects into NV centers
[29]. This process minimises lattice damage by allowing vacancies to heal during
annealing, resulting in NV centers with lifetime-limited zero-phonon line (ZPL)
transitions at cryogenic temperatures. Coherence times range from 400 to 900
ps [30]. Laser writing offers high positional accuracy, with initial arrays in opti-
cal grade diamond achieving a precision of ~ 200 nm laterally and ~ 700 nm in
depth. Further refinement, involving real-time fluorescence monitoring and laser
annealing, improves accuracy to ~ 35 nm laterally and ~ 200 nm in depth [30].
However, this enhanced precision often comes at the cost of reduced coherence
times, which may be mitigated by using higher-purity diamond and compromis-
ing on spatial positioning. Recently, we demonstrated an extension of this method,
deterministically generating NV centres in electronic grade diamond using a MHz
laser writing system [139]. Excitingly, this method can also be extended to other

defects, such as the SnV centre [140].
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Figure 2.4: Deterministic laser writing of NV centres: (a) Schematic diagram
of the laser-writing process of [29, 30]. A seed pulse generates vacancies in the
crystal, and a subsequent lower energy pulse train locally anneals the diamond.
(b) Fluorescence image of a high-yield 5x5 array of NV centres produced on a
2 pm square grid. (¢) High positioning accuracy of NV centre generation in the
image plane (~ 35) nm, with the dashed circle denoting a deviation parameter for
a fitted Gaussian function. (d) Histogram of depth positioning accuracy, with an
accompanying Lorentzian best-fit. Figure modified and reproduced from [29].

In [29], an array of NV centres in < 5 ppb N-concentration diamond was created
after forming seed pules by a femtosecond laser, followed by a thermal anneal for
activation of the Frenkel defects. Due to the Poissonian nature of the thermal dif-
fusion through a lattice, only around 30% of the a-priori created Frenkel defects
were annealed to single photon emitters. However, since the volume of Nitro-

gen impurities was small, the contribution of nuclear spin induced decoherence
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was correspondingly small, and therefore the measured spin coherence times of
these NV centres was quite large 700 us, extending to 3 ms with dynamic decou-

pling [141].

A femtosecond laser pulse train in and of itself can diffuse the vacancy around
the lattice, and form an NV centre. This is challenging since the region in which
diffusion is possible is limited by the diffraction limited spot size of the focussed
laser beam. However, with spectral feedback, it is possible to deterministically
generate NV centres, by monitoring the fluorescence of the plasma formed during
laser irradiation to the lattice, and turning off the laser pulse train once there is evi-
dence that an NV centre has been formed (Figure 2.5). Fabrication by this method
is made easier by having a fairly large natural abundance of nitrogen atoms in the
diamond lattice (e.g. of order 1 ppm), since there are more nitrogen impurities
within the diffraction limited spot size of a laser fabrication system (typically a

few hundred nm).
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Figure 2.5: Spectral signature of NV creation during laser diffusion: the de-
terministic generation of NV centres in diamond by laser diffusion is facilitated
through in-situ spectral monitor of the fluorescence emitted from the laser treated
region. The formation of a single NV centre is evident when a stable high fluo-
rescence is seen (a). A vacancy can be diffused away causing the pstable peak to
diminish (b). Two sequential peaks, also seen in (b), indicate the formation of two
emitters.

However, with such large nitrogen concentration, coherence times can suffer due

39



University of Oxford Mansfield College

to greater presence of nuclear spins. Further refinement, involving real-time flu-
orescence monitoring and laser annealing, improves accuracy to ~ 35 nm later-
ally and ~ 200 nm in depth [30]. To mitigate the reduced coherence time, it is
desirable then to laser write defects into high purity electronic grade diamond.
This comes at the cost of spatial position accuracy and is technologically more
demanding since fewer nitrogen atoms will reside within the diffraction limited
laser spot. Recently however, we demonstrated the deterministic generation of
NV centres in electronic grade diamond using a MHz laser writing system [139].
Excitingly, this method can also be extended to activating other defects, such as

the SnV centre [140].

2.3.3 Diamond Membranes

NV centres can be subject to significant line broadening due to charge noise
caused by their close proximity to fluctuating charges at the surface, leading to
random fluctuations in the spectral frequency of the NV emission [142]. A reli-
able method for generating NV centres is therefore required, and it is crucial that
the NV is embedded into high-purity, single-crystalline diamond [143, 144] to re-
duce opportunities for excited state dephasing and spectral diffusion. Single crys-
tal, CVD grown diamond membranes [145] have been shown to reliably produce
PLE linewidths of around 1 GHz with implanted nitrogen, substantially lower than
in nano-crystalline materials [146], and smaller than the 2.87 GHz ground state
spin-triplet splitting of the NV, an essential requirement for quantum information
processing [147]. Typically, a diamond membrane may be formed using CVD
growth in conjunction with mechanical polishing and chemical etching [148—152],
although a recent approach combining electron irradiation, high temperature an-
nealing, and inductively coupled plasma reactive ion etching (ICP/RIE) formed

micro-metre-scale membranes which contained individually resolvable NV cen-
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tres with dephasing widths < 100 MHz and spectral diffusion widths < 250 MHz
[135]. The ultra-thin form factor of diamond membranes means they can be in-
corporated into a Fabry-Pérot microcavity [35, 135, 146, 153-155], to enhance

photon emission into the ZPL.

2.3.4 NV Centres in Optical Micro-Cavities

The efficiency of photon emission into the zero-phonon line of an NV centre is
naturally limited to around 4%, inhibiting the ability to produce suitable indis-
tinguishable photons for entanglement swapping. However, by placing the NV
centre into an optical microcavity designed to be on resonance with the ZPL, due
to Purcell enhancement [156], the photonic density of states in the ZPL can be
significantly enhanced, allowing for a substantially higher potential rate of entan-

glement generation than nascent NV centres.

A number of resonant optical structures have been explored for enhancing the
spontaneous emission of solid state emitters, including micro-ring resonators [157],
photonic crystal cavities (PCCs) [147, 158-161], hybrid nanodiamonds [162—
165], and Fabry-Perot (FP) microcavities [153, 166—169]. Nanobeam cavities, mi-
croring resonators, and photonic crystal cavities are all appealing resonant struc-
tures for enhancing the optical density of states of coupled emitters, since they are
quasi-two-dimensional and therefore can possess small mode volumes and cor-
respondingly high Purcell enhancement. However, despite having successfully
been coupled to NV centres, they are not the most optimal resonant structure for
this defect since the both the NV ZPL linewidth and charge state stability of the
NV~ is strongly dependent on the surface chemistry of the diamond [170, 171].
Therefore it is necessary to ensure that the NV centre is sufficiently far away from
the diamond surface, e.g. a few pm, which places a lower bound on the required

cavity path length. For this reason, Fabry-Perot structres are preferable.
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Figure 2.6: Open-access Fabry-Perot cavity: (a) Schematic diagram of an open-
air FP cavity formed by one planar mirror an an opposing concave mirror. An NV
centre is embedded in nanodiamond between the mirrors [169]. (b) The cavity res-
onance can be easily yet precisely modified by subtly moving one of the mirrors
with a piezoelectric actuator. (c¢) At 77K, the enhanced intensity of ZP1 transi-
tions is observed in this cavity structure, with emission from the PSB suppressed.
Figure modified and reproduced from [169].

Indeed, open-access FP cavities offer precise tunability via piezoelectric actua-
tors, achieving Purcell enhancements up to Fp=20 [166, 167, 169]. Johnson
et al. [169] demonstrated 40% ZPL intensity enhancement at 77 K using a mode
volume of V;,,,5.=4.7(\/n)? cavity. Integrating high-quality diamond membranes
maintains high finesse (F>10*) with low-temperature Purcell enhancements [36,
153]. A summary of the key results for NV centres couples to various resonant

structures is provided in Table 2.2.

2.4 Strontium Barium Niobate for Electro-Optic Tun-
ing

Strontium barium niobate (SBN) (Sr,Ba;_,.NbyOg), is a widely studied complex
oxide perovskite ferroelectric material known for its high electrooptic and piezo-
electric coefficients [173], making it valuable in electrooptic and photorefractive

applications. For many integrated photonics applications, fast and efficiently low-
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Table 2.2: Summary of cavity figures of merit and Purcell enhancement for
NV centres coupled to a variety of resonant structures. NR: Not Reported.
Updated from [32].

Cavity Defect  Vioae (A\/n)?) Q-Factor Fp (meas.) Ref.
Whispering Gallery
Micro-ring NV 15 5500 12 [157]
Micro-ring NV 17-32 4300 12 [172]
Photonic Crystal

2D-PCC NV 0.88 3000 70 [147]
2D-PCC Siv 1.5 400 19 [161]
Nanobeam NV 1.05 3300 62 [160]
Nanobeam NV 3.7 1630 7 [158]

Open Cavity
FIB Milled NV 4.7 3000 10 [169]
Fibre NV NR NR 13 [36]

power electro-optic modulation of light is essential. With SBNs known extraordi-
narily high linear electro-optic effect, it is a fantastic candidate material for such
applications. In addition, it’s strong and highly tuneable electro-optic coefficient
make it highly promising for resonant mode tuning of optical waveguides res-
onators, and for the intended action of the present work, Fabry-Perot cavity tun-

ing.

2.4.0.1 Crystal Structure

The foundational work by Jamieson et al [174] described the ferroelectric tungsten
bronze structure of SBN, specifically Srg 75Bag 25NbsO5 75. Using a programmed
electronic X-ray automatic diffractometer (PEXRAD) [175], they determined that
the structure comprises NbOg octahedra forming a network of pentagonal, tetrag-
onal, and triangular channels. The distribution of Sr and Ba within these channels
significantly influences the ferroelectric and optical properties. Three interstitial

sites are provided by the arrangement of the NbOg octrahedra. Trigonal sites are
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vacant. The tetragonal A1l sites in Figure 2.7(a) are occupied by Sr atoms, whilst
the pentagonal A2 sites are partially occupied by both Sr and Ba atoms [176].
At room temperature, SBN is a relaxor ferroelectric with the space group P4bm.
Such materials possess a large dielectric constant, large electrorestriction, and
broadened phase transitions [177]. This relaxor behaviour arises due to the partial
occupancy of the A2 sites which lead to a degree of disorder [178]. A table of
the final determined atomic position coordinates is provided in Table 2.3. These
coordinates are used later in this thesis in the developing the standard diffraction

patterns for XRD and EBSD analysis in Section 6.
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Figure 2.7: Strontium barium niobate : (a) crystal structure (figure reproduced
from [179]); (b) ternary phase diagram (figure reproduced from [180]).

Table 2.3: Wykoff position for SBN75, determined experimentally by
PEXRAD [174]

Atom \ Pos. Occ. (%) T Y z
Nb(1) 2b 100 0 0.5 0.0236 £+ 14
Nb(2) &d 100 0.07470 £6  0.211484+=6  0.0089 4+ 15
Sr 2a  82.2+1.0 0 0 0.5
0.406Ba/0.594Sr | 4c 82.74+0.8 0.17236 +8 0.67236 =8  0.5069 + 15
O(1) 8d 100 0.3450 £ 7 0.0049 £8 —0.0546 + 23
0O(2) &d 100 0.1369 £ 7 0.0679 6  0.0663 £ 21
03) 4c 100 0.2800 &= 7 0.7800 7 —0.0356 + 33
04) 4c 50 —0.0155+ 10 0.4845+10 0.5093 4+ 92
O(5a) 8d 50 0.30924+16 0.4024 +£15 0.4795 £+ 81
O(5b) 8d 50 0.2792 4+ 15 0.4364 £26 0.5023 + 67
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The ternary phase diagram [181] (Figure 2.7(b)) suggests that with different mix-
ture ratios of the constituent oxides (SrO, BaO, and Nb,Og), different phases
may crystalise. If x denotes the percentage concentration of an element, and the
compound is represented by Sr.Ba;_,NbyOg, when 0.2 < x < 0.8. In the re-
gion 0.25 < x < (.75 the material crystalizes with a tetragonal tungsten bronze
structure [182], where a strong electro-optic effect is known to exist [180]. Pod-
lozhenov et al [183] provided a comprehensive analysis of the structural varia-
tions in SBN across the compositional range 0.32 < z < 0.82. Their crystal-
lographic studies revealed that increasing Ba content reduces lattice distortions
and enhances structural stability, leading to a shift in the ferroelectric-paraelectric

phase transition temperature.

The electro-optic response of a crystal is characterised by a tensor of it’s indi-
vidual electro-optic coefficients, known as the Pockels tensor [184]. Each of the
components of this tensor describe the displacement of atoms of the crystal in re-
sponse to an applied electric field. As will be explained further in Section 4.2.3,
the tensor of Pockels coefficients for SBN is given by equation 2.12. The r45 co-
efficient has not been widely studied, but the largest reported Pockels coefficient
in thin-film form is r33, reported as 844 pm/V [44], whilst the r35 coefficient has
been reported as high as 47 pm/V [185].

0 0 ri3
0 0 3
o 2.12)
0 749 O
rig 0 0
0 0 O
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Thin-films of SBN have been grown by a variety of methods. Cuniot-Ponsard, et
al [186] demonstrated hetero-epitaxial growth of SBN by magnetron sputtering,
which is significant since magnetron-sputtering is a very accessible and compar-
atively low-cost deposition technique. Beskin et al. [179] grew SBN films on
SrTiO3 and Si substrates using molecular beam epitaxy (MBE). This approach al-
lowed precise atomic layer control, yielding films with uniform thickness and ex-
cellent epitaxial alignment. The integration with Si is significant since it broadens
horizons for scalable room temperature electro-optic applications. Schwyn-Thony
et al. [187] pioneered the growth of epitaxial SBN thin films using PLD, demon-
strating excellent crystallinity and substrate compatibility. Their work established
a framework for optimising deposition parameters, such as laser fluence and sub-
strate temperature. Tayebati et al. [44] later reported a substantial electro-optic

coefficient of 844 pm/V in PLD-grown SBN films.

A diamond-based quantum node is required to operate at temperature below 10K
to mitigate the mechanisms of inhomogeneous broadening of the NV~ zero-phonon
line. When non-centrosymmetric materials cool they often undergo a range of
phase-transistions, which can substantially alter their ferroelectric, piezoelectri,
dielectric, and electro-optc properties. This does not appear to be the case for
SBN, which maintains a tetragonal unit cell structure across a wide temperature
range, including cryogenic temperatures. Low-temperature x-ray diffraction stud-
ies have confirmed the persistence of this tetragonal symmetry at reduced tem-
peratures [188]. Whilst low-temperature dielectric anomalies have been observed
between 15— 150K and 150 —300K [189], high-resolution neutron powder diffrac-
tion studies on Sry gBag 30NbyOg 1n the temperature range of 10 — 500 K have in-
dicated that, while there are small changes in the incommensurate modulation of
the NbOg octahedra at low temperatures, no structural phase transition of the aver-

age structure occurs [190]. This suggests that the tetragonal symmetry is retained
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even at cryogenic temperatures. Therefore, as SBN is cooled to cryogenic tem-
peratures, it retains its tetragonal crystal symmetry, with no significant structural
phase transitions observed, which may indicate that it maintains a large electro-

optic response even at cryogenic temperature.

2.4.1 Dielectric Properties

Optical investigations of SBN single crystals have shown the material to be op-
tically uniaxial and negative, with the ordinary refractive index n, exceeding the
extraordinary index n. [191, 192]. The dielectric function and electronic band
structure has been studied using Density Functional Theory (DFT) [193]. In this
work, the authors measured the complex dielectric function by spectroscopic ellip-
sometry (although do not detail which model they used to arrive at this dielectric
function result), and compare the spectroscopic data to the dielectric functions
predicted by DFT, established for SBN with a projector augmented wave (PAW)

method and the Perdew-Burke-Ernzerhof (PBS) pseudopotentials.
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Figure 2.8: Prediction of the ordinary (a) and extraordinary (b) dielectric
functions of SBN by DFT for a range of SBN compositions [193]. The circle
markers reflect the experimental data, whilst the lines reflect the calculated data.

Figure 2.8 shows a comparison between the measured ordinary (a) and extraor-

dinary (b) imaginary component of the dielectric function, and that predicted by
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DFT. The dielectric function for both cases is shown to contain two clear absorp-
tion bands within the photon energy ranges of 4—6 eV and 8—10 eV. The authors
attribute the existence of these two spectral bands as being the related to multiple
transition mechanisms involving the octahedral NbOg groups. The intrinsic band
gap is around 3—4 eV is due to electronic transitions from the valence band to the
conduction band, and higher order interband transitions may occur, giving rise to

the absorption band at 8—10 eV.

The UV absorption band (at ~ 4.5 eV) was experimentally studied in depth via
optical measurements of thin-film SBN61 in [194]. Using a photon detector, the
transmission intensity of light through SBN as a function of wavelength was ac-
quired, and the band gap energy was determined. The authors observed a shift in
the absorption edge to lower energies with increasing film thickness which should
correspond to a decreasing band gap. The authors claim that calculations based on
the well established Tauc formula [195, 196] do not agree with this observation;
a result they speculate may be related to "the existence of ferroelectric domains
and structural defects in the films, which violate the translational periodicity the

derivation of the formula is based on".

However, this argument is confusing, since the Tauc formula does not in fact in-
herently depend on translational periodicity; indeed, the formula was originally
proposed for amorphous semiconductors which distinctly lack translational pe-
riodicity. Even if the Tauc model did depend on translational periodicity, it isn’t
clear how a violation of this would result in their reported anomaly. Whilst a break
of translational periodicity would result in a violation of Bloch’s theorem and a
relaxation of momentum conservation, optical absorption would nonetheless still
occur, and since the Tauc formula is a phenomenological model relating obser-
vations of the optical absorption edge to the band gap energy, it is unclear how

the model would fail to match the observed data specifically due to a violation
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of translational periodicity. We speculate that the lack of correlation between the
absorption shift and band gap energy observed in [197] is more likely due to the
complexity of arriving at realistic results when fitting a function with a vast pa-
rameter space of dependant variables. Regardless, the authors of this study adopt
a model they previously proposed in [197], which is an extension of the generic
oscillator approach, which they claim better captures the optical response near the

absorption edge compared to standard oscillator models.

While the model in [197] fits the absorption edge well, its accuracy diminishes in
the transparent regions of the film and above the first absorption edge. Addition-
ally, the model in [194] neglects the anisotropy of SBN, treating the material as
isotropic. Consequently, this model does not fully represent the complex dielec-
tric function, refractive index, and absorption of thin-film SBN. For a thorough
assessment of the material’s impact on cavity performance, a more accurate and
complete fitting process is needed. These issues are addressed in this thesis in
Chapter 7 by measuring the optical properties of SBN with an ellipsometer, and

fitting the data to a Tauc-Lorenz model (see Section 4.3.1).

2.5 Chapter Summary

In this chapter, the building blocks of a quantum network were explored in detail,
with a particular focus on the literature for solid-state quantum networks using
NV centres in diamond as a spin-photon network interface. The requirements of
the quantum node for achieving efficient interfaces were detailed, including good
photon indistinguishability, a scalable fabrication procedure, and device integra-
bility. The role of microcavity structures for enhancing the rate of photon emission
into the ZPL was highlighted, and the candidate material for providing cavity tun-

ability, SBN, was described in detail. Thus this chapter provides the key context

49



University of Oxford Mansfield College

within which the present work is set.
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3| Experimental Methods

Throughout the course of this work, numerous experimental methods were em-
ployed for thin-film growth, materials characterisation, and cavity mode inves-
tigation. These methods are briefly introduced in this section. Whilst Pulsed
Laser Deposition, X-Ray Diffraction, Electron Dispersive X-Ray spectroscopy,
and Electron Back-Scatter Diffraction spectroscopy, were all performed using
commercial hardware solutions, the cavity white light interferometer and polarime-
ter for electro-optic characterisation were purpose built by the author. Whilst other
techniques have been used throughout this thesis, they did not merit a dedicated
explanation in this chapter, and will be referred later in the thesis at the appro-
priate points. On the other hand, this chapter will be frequently referred back to

when needed.

3.1 Thin Film Growth by Pulsed Laser Deposition

Epitaxial growth of SBN has been demonstrated by a variety of methods, includ-
ing RF Sputtering [186], Pulsed Laser Deposition (PLD) [44], and Molecular
Beam Epitaxy (MBE) [179]. Whilst RF sputtering is the amongst the easiest and
most widely available method for thin film deposition, stoichiometric control is
challenging. This presents a fundamental challenge to fabricating SBN75 for high
electro-optic tuning capability, where stoichiometric control of the deposited film
is crucial. On the other hand, growth by MBE provides superlative stoichiometric
control, but the method is technically highly demanding and growth is very slow.
PLD provides a happy medium between sputtering and MBE, provide excellent
stoichiometric control without the technical demands of MBE growth. Indeed, the

strongest measured Pockels coefficient for SBN was ascertained from thin-films
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grown by PLD [44].

PLD uses high-energy laser pulses, focussed onto a solid target in a vacuum cham-
ber, to vapourise target atoms to produce a plasma plume which deposits on a
heated substrate [198]. When the energetic species in the plasma plume condense
on the substrate, they form stable atomic clusters (a process known as nucleation).
These adatoms diffuse across the surface, and when they encounter defects or each
other, they may form nuclei if the cluster size exceeds a critical threshold. The na-
ture of nucleation i.e. whether it leads to island growth, layer-by-layer growth, or
a mixture of both, depends on factors such as the substrate temperature, surface
energy, and lattice mismatch. A higher substrate temperature can enhance adatom
mobility and promote smoother and more crystalline films. The nucleation pro-

cess substantially influences the film’s microstructure and quality.

Thin films of SBN were grown by Pulsed Laser Deposition onto three different
substrate materials: (1) MgO; (i1) SrTiOs; and (iii) SrTiOs with a 100 nm layer of
SrAl;,Og. The MgO and SrTiOj substrates were chosen since they possess lattice
parameters which are closely matched to to c-axis of SBN (¢=3.932 nm). In
order to epitaxially grow a single crystal material onto a substrate, the strain at the
interface between the substrate and the deposited layer caused by lattice mismatch
must be minimised. The interfacial strain of SBN and MgO is approximately 6%
(Table 3.1), so epitaxial growth is possible albeit with a moderately high strain. On
the other hand, the interfacial strain for SBN grown onto SrTiOs is significantly
smaller, at 0.6914%.

For the purposes of this work, it isn’t sufficient to simply grow a thin film of SBN
onto a substrate. Rather, the SBN needs to be removed from its substrate and
integrated into an hybrid diamond-DBR structure. Removing the SBN layer is not

trivial - simply grinding away the substrate can cause significant damage to the
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Table 3.1: Table of lattice parameters for SBN and different substrates used
in this work.

Material a b c Growth Plane Strain
SBN75 | 12482 12.482 3.932

MgO 4,190 4.190 4.190 CsBN-Cumgo  6.1575 %
SrTiO; | 3.905 3.905 3.905 csen-asto  0.6914 %
SrAl,Og | 3.7560 3.7560 12.6300 ag;-asT0O 3.8156 %
CsBN-As Al 4.6858 %

underlying film. Instead, we propose to release the SBN film by growing it onto a
sacrificial layer of strontium aluminate (SrAl,Og), which is soluble in water. Thus,
after growing SrAl,Og onto STO, followed by SBN growth, submerging the stack
into deionised water will release a freestanding membrane of SBN, which can

then be bonded to any arbitrary (but sufficiently smooth) substrate.

The final target material was loaded into a vacuum chamber held at 0.028 mbar,
and the chamber was enriched with 20 sccm O, at bottle pressure of 20 bar, in
order to promote full oxygen richness of the thin-film. The substrate was fixed to
a heater to raise the growth temperature, and the target was fixed to a motorised
stage allowing the deposition plume to be scanned over the substrate. The target
was irradiated with a KrF Excimer 248 nm laser with a voltage of 22 kV and
pulse rate of 10 Hz. The laser pulse energy was fixed at 20 mJ using a variable
attenuator, and had a spot size of 1 x 2 mm. The target was scanned over a round
area with a 7 mm diameter to promote better homogeneity of the deposited film by
ablating regions from the entire target. After characterising the thin-film thickness
with a Dektak surface profiler, the deposition rate was found to be approximately
1.4 nm/min. A schematic diagram of the PLD process is shown in Figure 3.1, and

the growth parameters are summarised in Table 3.2.
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Figure 3.1: Schematic diagram of the PLD deposition process. A pulsed laser
is focussed through the window of a vacuum chamber onto a sample. The sample
can be moved by a positioning motor to ensure uniform ablation. When atoms
vapourise from the target surface, they form a plume which nucleate on the sam-
ple, which is held above on a heated stage. Gas can be injected in the vacuum
chamber for film property engineering.
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Table 3.2: Table of PLD growth parameters

Chamber Pressure | 0.028 mbar
O, Flow Rate 20 sccm

O, Bottle Pressure 20 bar

Laser Wavelength 248 nm

Laser Voltage 22kV
Pulse Rate 10 Hz
Pulse Energy 20 mJ
Scan Area 1 X 2 mm
Beam Diameter 7 mm

3.2 X-Ray Diffraction

X-Ray Diffraction (XRD) is a non-destructive technique used to analyse material
properties such as phase composition, crystal structure, and orientation. Crys-
talline materials consist of small crystallites, each characterised by a specific
phase that produces distinct diffraction patterns. By comparing a measured pattern
to a reference, these phases can be identified. An X-ray diffractometer generates

X-rays using a cathode ray tube, with a detector capturing the diffracted signals
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from the sample, which is positioned on a rotatable stage. When X-rays interact
with the crystal lattice, they diffract in various directions, and analysing the an-
gles and intensities of these beams provides detailed insights into the material’s

electron density, lattice planes, crystallinity, microstrain, and defect dislocations.
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Figure 3.2: Examplar XRD plot of SBN75 grown onto MgO substrates, shown
later in this work. The XRD spectra has been removed from this figure to show
only peaks associated with SBN75.

After fitting the broadened XRD peak to an appropriate function (Gaussian, Voigt,
or Lorentzian), useful figures of merit can be determined. For example, the inter-
atomic spacing dyy; can be inferred from the fitted peak angle 6 as dju=55-5-
Here, ) is the K« radiation of the source target used by the XRD system. For a
copper source such as used in the present work, this wavelength is A = 1.540498A.
Knowing the interatomic spacing makes it possible to determine the lattice pa-

rameters for a given basis set of Miller indices {hkl}. For a tetragonal crystal, the

interatomic spacing is related to the lattice parameters by:

a c
dprr = Ve +3 (3.1
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The crystallite size in the thin film D can be determined from XRD by applying

the Scherrer Equation

K\
D:
[ cost

(3.2)

....where K is the Scherrer numerical constant crystal shape factor (between 0.68
and 2.08, and 0.74 for tetrahedral crystallites with tetragonal symmetry symmetry
[199]). 3 is the line broadening of the domains at FWHM after removing broad-
ening due to the instrument, and is found by determining the FWHM of each XRD
spectra peak after fitting. From the crystallite size, the dislocation density d can

be inferred as d=1/D?.

The microstrain ¢ of a crystalline sample is defined by RMS variations in the
lattice parameters across the sample. These variations can be caused by a number
of factors, including non-uniform lattice distortions, faulting, dislocations, anti-
phase domain boundaries, and grain-surface relaxation. The microstrain can be
calculated by considering the percentage ratio of an XRD peak to its position, and

is found by observing XRD data by:

. B
4tan0

(3.3)

The overall crystallinity of the film can be crudely inferred by finding the area

under each XRD peak A,k in the dataset to the overall area A, . This provides

Apeak
Asotal *

the crystallinity index C'I=

Equations 3.2 and 3.3 both contain peak broadening terms (3, and therefore these
equations are only suitable if the peak broadening is dominated by either crys-

tallite size or microstrain. However, it is quite common that the broadening is
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caused by a mixture of contributions. A well-established method of addressing
this problem is to instead extract these quantities by a Williamson-Hall analy-
sis [200] where these quantities are inferred from extracting a fit to a linear equa-
tion constructed by deducing the relationship between the combined contributions

to the total peak broadening, and the diffraction angle 6.

The total peak broadening is simply the sum of the broadening terms due to crys-

. . . . . . KA
tallite size and microstrain, i.€. Sota=0Berystatiite + Bpstrain- SINCE Berystallite™= 75 g g AN

Bustrain=4€ tan 0, the combined peak broadening term is Btotﬂ:%o/\se + 46%. By
rearranging this so as to isolate the broadening contributions, a linear equation is
formed (Equation 3.4), which can be applied to fit the observations. The slope of

this fit gives the microstrain €, whilst the intercept provides the crystallite size D:

KX
Brota1 cos 8 = €(4sin§) + - (3.4)

3.3 Electron Dispersive Spectroscopy

Electron Dispersive Spectroscopy (EDX) is an analytical technique used to de-
termine the elemental composition of materials by detecting characteristic X-rays
emitted when a sample is irradiated with a high-energy electron beam. The beam,
focused onto the sample by magnetic or electrostatic lenses, interacts with the
sample’s atoms, causing inner-shell electrons to be ejected. As electrons from
higher energy levels fill these vacancies, X-rays unique to each element are emit-
ted. These X-rays are detected by a solid-state detector (Si(Li) or Silicon Drift
Detector) positioned near the interaction region and analysed to produce a spec-
trum that identifies and quantifies the elements present in the sample. The rel-
ative concentration of elements is determined by extracting the raw intensity [

of each element’s characteristic X-ray peak using peak fitting methods, such as
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Gaussian or Lorentzian functions. To obtain accurate weight percentages, ZAF

corrections—accounting for atomic number (Z;), X-ray absorption (Ay), and flu-

orescence (F})—are applied to calculate the corrected intensity [ ,;:m.
The concentration of each element is then determined as Ck:%, and weight
i=1"1

percentages are calculated using the atomic mass Ay as Wk:% x 100.
i=1\iad

3.4 Electron Backscattered Diffraction

Electron Backscatter Diffraction (EBSD) is a scanning electron microscope (SEM)-
based technique used to visualise a sample’s microstructure, including phase iden-
tification and distribution, grain size, grain boundaries, texture (degree of crystal-
lographic preferred orientation), and local strain variation. A typical EBSD setup
(Figure 3.3) involves an electron beam irradiating a tilted sample (typically at 70°)
to maximise backscattered electron yield. These electrons interact with the crystal
lattice, forming distinct diffraction cones detected by a phosphor screen coupled
to a charge-coupled device (CCD), which produces Kikuchi patterns. These pat-
terns contain information about crystal orientation, symmetry, and phase. The
Kikuchi bands, corresponding to specific crystallographic planes, are analysed

using a Hough transform [201], which identifies band positions and orientations.

The texture of a crystalline material describes the distribution of crystallographic
orientations, with random orientations indicating no texture and preferred orien-
tations indicating a certain degree of texture [202]. Kikuchi patterns are stereo-
graphically projected onto a two-dimensional plane known as a Wulff net [203]
to interpret crystal orientations known as a Wulff net. Pole figures (PFs) are
constructed from these projections, plotting the orientations of specific crystal-
lographic directions relative to a fixed sample reference frame. PFs help analyse

texture, with highly clustered regions indicating preferred grain orientations and
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Figure 3.3: Electron Backscatter Diffraction: (a) Schematic Diagram of EBSD
Hardware. An electrn beam is focussed onto a sample, which is tilted to maximise
the interaction volume between the beam and sample. As electrons are inelasti-
cally scattered from the sample, they form a diffraction cone and are collected by
a phosphor screen. (b) Example Kikuchi pattern of SBN: the backscattered elec-
trons are collected and reconstructed by an appropriate software to unveil crystal-
lographic information.

providing insights into the material’s macroscopic properties.

3.5 Spectroscopic Ellipsometry

Ellipsometry is a technique for determining material properties such as refrac-
tive index, extinction coefficient, surface roughness, thickness, and crystallinity.
It operates by analysing polarised light reflected from a sample and fitting the
measured data to a model. The term "spectroscopic” refers to the fact that the
technique measures how polarisation changes as a function of wavelength from
incident light provided by a broadband incoherent white-light source, enabling
deeper insight into the optical and physical properties of materials by subsequent
modelling. When polarised light interacts with a material, its polarisation state
changes due to the material’s optical properties and thickness. By measuring the
amplitude ratio ¥ and phase difference o of the reflected light, optical constants

and film characteristics can be inferred. Ellipsometry measures the complex re-
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flectance ratio p, defined as:

p= :—p = tan U - ¢” (3.5)

Here, r, and r, are the reflectance coefficients for the p- and s-polarised compo-
nents of light, respectively. W represents the amplitude ratio, while § denotes the
phase difference. Changes in ¢ depend on the angle of incidence and the film’s
optical thickness, with 180-degree phase shifts occurring near quarter- or half-

wavelength thicknesses due to constructive or destructive interference.

The real component of p reflects the amplitude ratio of the reflected electric field,
revealing information about polarisation and light intensity. The sign of r de-
termines whether interference between parallel and perpendicular components is
constructive (r > 0) or destructive (r < 0). The imaginary component of p relates
to the extinction coefficient (%), indicating the material’s absorption and scattering
properties. A positive 7 signifies greater absorption or scattering of the parallel
component, while a negative 7 suggests amplification. Together, these parameters
enable detailed characterisation of optical and structural properties, as discussed

further in Chapter 7.

3.6 White Light Cavity Spectroscopy

To investigate the cavity response and mode structure, a purpose-built transmis-
sion microscope was built (Figure 3.4). A SuperK Fianium supercontinuum light
source was focussed into single mode fibre and coupled into the microscope with
a translation-mounted fibre coupler. The light was collimated using a 7.5 mm as-
pheric lens, and guided onto the sample by two steering mirrors, via a rotational

variable ND filter wheel to help imaging on a CMOS camera. Prior to focussing
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onto the sample, the light is sent via a 90:10 beamsplitter to a CMOS camera,
which also images the sample when the white light source on the transmission side
is engaged. The sample was mounted on a ThorLabs 3-axis NanoMax300 open-
loop piezoactuator sample stage, and the supercontinuum light was focussed onto
the sample using a 80X, 0.85 NA infinity-corrected objective lens. After passing
through the sample, the laser light was collected and re-collimated with a 20X,
0.40 infinity corrected objective lens, and focussed into a fibre coupler by a 7.5
mm aspheric lens. A flip-mounted mirror in the beam path allows for white light
imaging of the sample on the CMOS camera. Another flip-mounted mirror in the
collection side allows the light transmitted into the cavities to be focussed into a
CMOS camera to image the cavity modes directly. For spectral analysis, the light
transmitted through the optical fibre was collimated and focussed onto an Acton
SpectraPro 2500i spectrometer with a 1200g/mm Grating, 500mm focal length,
and /6.5 aperture ratio. The practical resolving power is given by the Rayleigh
criterion, d:O.61ﬁ2457.15 nm. The fabricated cavity features in this work are
much larger than the spatial resolution of the microscope, and therefore very vis-
ible. The linewidth of the optical cavity modes are designed to be around 1 nm,
whilst the spectral resolution of the spectrometer is 0.05 nm. Therefore the spec-

trometer is more than capable of resolving these cavity modes.

3.7 Measurement of Pockels Coefficients by Polari-
sation Interferometry

Rigorously determining the Pockels tensor for any material can be a challenging
task requiring purpose built optical systems. In principle, certain elements of the
Pockels tensor could be deduced via spectroscopic ellipsometry, but practically

this is very difficult, since typically the diameter of the incident light beam in
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Figure 3.4: Schematic diagram of transmission microscope for characterising
optical response and mode structure of microcavities. Supercontinuum light
is focussed onto a cavity which is supported o n a piezoelectric actuator stage.
The light transmitted through the cavity is collected either at a CMOS camera
for directly imaging cavity modes, or at a spectrometer for recovering transmitted
optical spectra.

most ellipsometers by necessity is much larger than the practical spacing between
the electrodes on the material surface. Multiple other approaches have been effec-
tively employed, such as Teng-Man reflectometry [204, 205], transmission mea-
surements [206], prism coupling [207], and polarisation interferometry [42]. In
this work we study the effective Pockels coefficient by polarisation interferometry,

following the prescription for thin film BaTiO3 detailed in [208].

Whilst it is possible to extract each coefficient of the Pockels tensor by this method,
for the practical purpose of this work this is not required, since we are interested
only in the Pockels effect experienced along the optic axis. For SBN, this is the
coefficients 13 and 733, which are inseparable and are jointly experienced along
the optic axis. To investigate this, a purpose built polarisation interferometer was
built (Figure 3.5). In this method, polarised light incident on a sample is analysed

with an analysing polariser.
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Electrodes with a spacing of 20 ym were fabricated on SBN thin-films grown on
substrates of MgO, SrTiOs, and SrTiO3 with a sacrificial SrAl;Og layer. The elec-
trodes were formed lithographically via a bilayer photolithography process. First,
PMGI-SF6 photoresist was spun-coat onto each sample at a speed of 4000rpm
and acceleration of 10,000 rpm. After baking at 150° C for 90 seconds, S1813
positive photoresist was spun-coat on top at a speed of 3000 rpm and acceleration
of 10,000 rpm, and baked at 115°for 60 seconds. The electrode pattern was then
exposed into the samples with UV radiation (405 nm) using a Polos NanoWriter
Advanced direct laser writer, and the photoresist was developed using the base so-
lution MF319 for 60 seconds. Each sample was then coated with 100nm of gold
with a 10nm interfacial chrome layer by thermal evaporation in an Edwards Ther-
mal Evaporation bell jar system. The electrodes were finally formed by lifting off
the deposited metal in the exposed photoresist region by submersing the sample

in Microposit Remover 1165.

Figure 3.5: Schematic diagram of polarisation interferometer custom built
for measuring the effective Pockels coefficient. Light from a 637 nm laser is
polarised and the incident polarisation angle is set by a half-wave plate. After
passing through the sample, the light passes through a quarter wave plate and
rotating polarisation analyser, and the effective Pockels coefficient is numerically
determined from the transmitted light information.

A Toptica DLC Pro 637 nm tuneable diode laser provides the incident laser light
for the sample. A dichroic beamsplitter allows the sample (which is illuminated

with a white light LED via a 90:10 beamsplitter) to be imaged on a CMOS
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camera whilst blocking the laser light. The incident light is initially polarised
with a Glan-Taylor prism, and a half-wave plate on a motorised rotation mount
(ThorLabs K10CR2) sets the incident polarisation to the sample. The sample
is mounted on an XY translation stage. The incident light is focussed onto the
sample, between the electrodes, with a 20X / 0.40 NA objective lens, forming a
spot of F'W HM :1.22%:1.95 pm. The light transmitted through the sample is
then re-collimated with a 10X 0.25 NA objective lens mounted on a z-translation
stage. The white light source used for imaging the sample is focussed down the
same optics. Since the light transmitted through the SBN film will be slightly
elliptically polarised owing to the birefringence of the material, a quarter wave
plate and second Glan-Taylor prism, both mounted on motorised stages (Thor-
Labs ELL14), are iteratively rotated to minimise the transmitted power onto an
Si amplified photodetector (ThorLabs FPD510). From the piezoresponse force
microscopy measurements in Section 6.5, we know that the saturation voltage for
each film is below 10V. Therefore, to align the ferroelectric domains in the thin-
films, a DC offset voltage of 10V was applied for 1 minute. Then an alternating
voltage V,.=10.0 V,,,, with a 10V DC offset was applied at a frequency of 20 kHz

with a function generator.

3.7.1 Analysis Procedure

The optical components of the electro-optic polarimeter and their impact on the
polarisation state of the light is shown in Figure 3.6. The beam passes through
a Glan-Taylor prism, polarising it normal to the optical table. A half-wave plate
then adjusts the beam’s linear polarisation to any desired angle relative to the sam-
ple. Upon passing through the sample, where refractive indices are modulated by
an electric field, the beam acquires a small ellipticity. This is corrected using a

quarter-wave plate aligned 90° to the input polarisation, effectively linearising the
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beam and rotating its polarisation by an angle §. Finally, the beam passes through
a rotating analyser (Glan-Taylor prism) at angle 6,, enabling angle-dependent
power measurements. The transmitted power is primarily related to the angle
between the two polarisers in the optical path as P=P,,,, cos® (6, — &) [184].
Lenses are used to focus and collimate the beam before the sample and refocus it

onto the detector.

Before measurement, the setup is aligned by minimising the detected power us-
ing cross-polarised components to ensure linear polarisation through the quarter-
wave plate. During the measurement, the quarter-wave plate compensates the
modulated ellipticity caused by combined DC and AC electric fields. This re-
sults in small polarisation shifts, described by an effective modulation angle ™.
If 6* is small, the transmitted power variations A P should be proportional to the
derivative dP/df,. Therefore, the analyser is rotated combined with lock-in de-
tection and the iterative difference in both transmitted power A P and angle A6,
are recorded. The lock-in detection is provided by a RedPitaya microcontroller,

programmed to function as a lock-in amplifier following [209].

DOT D

A\ AN
NV N

Pol HWP SBN QWP Pol

Figure 3.6: Schematic of electro-optic characterisation of SBN. As light transits
through each component, its polarisation state is modified. This is reflected in the
inset figure, and explained further in the main text.
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The transmitted power through the sample is fitted to equation 3.6 with the extra
fitting coefficients 0, ,¢; accounting for any misalignment in the analyser angle,

and P, accounting for the finite extinction ratio of the polarising elements.

P(0,) = Pz cos® (04 — Oaor) + Pog (3.6)

The rotation of the polarisation J in response to an applied field is found by first
determining the derivative dP(0,)/df, of the fitted power, and then fitting this
with AP/P(0,) with equation 3.7, whilst accounting for background light contri-

butions with the fitting term A.

AP(0,) 1 dP(6,)
= 565 (5 a0 +A> (3.7)

For practical cavity tuning purposes, an effective Pockels coefficient r.y; which
accounts for the effective Pockels shift experienced for light transmitted through
the film is of interest. For the electric field applied parallel to the (001) SBN axis,
the electro-optic properties depend on the Pockels coefficients 713 and r33 which

define the c-axis Pockels coefficient . as:

3
No
Teff =T33 — (n_) T13 (3.8)
The combined r.;s Pockels coefficient is more practically meaningful than its
constituent coefficients, since r13 and r33 are correlated. The effective Pockels
coefficient can be determined by equation 3.9 [184, 210].

20"\

= —— 3.9
Teft mn3dvE,,. (3-9)
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Here, \ is the wavelength of the incident light (637 nm in this case), n is the ex-
traordinary refractive index value for SBN at wavelength A\ determined by ellip-
sometry; d is the thickness of the SBN layer determined by ellipsometry; 0 < v <
1 is a coefficient describing the proportion of ferroelectric domains aligned with
the optic axis (here ¥=0.7 as determined by the EBSD analysis in Section 6.4);

and F,. is the applied electric field.

3.8 Chapter Summary

This chapter introduced a variety of experimental methods used in the present
work, for material synthesis and characterisation.The thin-film SBN in this work
is grown by PLD, and the microstructure is characterised using XRD, EDX, and
EBSD. The dielectric properties of the thin-films were characterised using ellip-
sometry and subsequent modelling, and the electro-optic properties of SBN were
measured using a purpose built polarimeter. The cavity optical response was mea-
sured using a purpose built white light interferometer. This chapter will be fre-

quently referred back to in later chapters in this thesis.
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4| Background Theory

In this section, the theoretical background of the challenges of producing efficient
spin-photon quantum network interfaces is detailed, starting with an exploration
of the multiple factors which impede both the quantum coherence and photon in-
distinguishability. The primary focus of the present work is to enhance the photon
emission efficiency of a network node, by placing the emitter within a resonant op-
tical microcavity. Therefore, a brief overview of cavity quantum electrodynamics
follows, with a description of how Purcell enhancement can induce substantially
more emitted photons suitable for entanglement sharing in a network. Following
this background information, the analytic and numerical methods used throughout
this thesis for studying the performance of the designed optical microcavities is
detailed, covering transfer matrix analysis, Hermite-Gaussian modes. The optical
and electro-optic properties of SBN are imperative properties to study analytically
since they determine a number of key device design parameters. Therefore, the
electro-optic tensor of SBN is derived, and methods for determining the dielectric
properties are detailed. Finally, the finite-difference time domain (FDTD) method
is briefly introduced. This numerical technique will be used throughout this thesis
to make inferences on the impact of the cavity design on intended figures of merit,
and also to understand the impact of real-world materials on the performance of

the designed cavities.

4.1 Enhancing the Spin-Photon Interface with Op-
tical Microcavities

Entangled states are highly sensitive to noise channels such as amplitude damping,

depolarisation, and dephasing, which degrade quantum coherence and entangle-
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ment [211]. In NV centres, decoherence arises from mechanisms like two-photon
Raman scattering, Orbach processes (77 relaxation), spin-spin relaxation (73), and
spectral inhomogeneity (7%), partially mitigated by Hahn echo sequences [212].
The relaxation rate 1/7 is governed by radiative (7,.4) and non-radiative (7,,onrad)
processes, as expressed by 1/7) = 1/7,0q4+1/Thonraa- Efficient entanglement gen-
eration relies on device efficiency 7, with success probability P,,ccess = 1> /2[20],
where 7 depends on excitation (7)...), emission (7.,,), collection (7,,), transmis-
sion (1), and detection (74.;) efficiencies [32]. Decoherence from phonons, elec-
tronic spins, and nuclear spins limits 7,,,, as vibrational recoil from phonons intro-
duces which-path information, mitigated by operating in the recoil-free Mossbauer-
Lamb-Dicke regime. In solid-state systems, 7, is tied to the zero-phonon line
(ZPL) emissions, 7., = Yzpr /7, determined by the Debye-Waller Factor (DWF).
For NV centres, the DWF is low (2-3%), yielding a ZPL branching ratio of 2-
4%. This ratio can be significantly enhanced by embedding the emitter in a res-
onant cavity to exploit the Purcell effect [156], where the cavity Purcell factor
F.., boosts the ZPL emission rate ., , by suppressing phonon sidebands and non-

radiative channels.

4.1.1 Free-Space Spontaneous Emission

If an atom is in its excited state with energy F», it may spontaneously decay to a
lower energy state with energy £, and in doing so, release the energy difference
between the two states as a photon. The photon has angular frequency w and
energy hw, such that £y — E; = hw, where h is Planck’s reduced constant. If the
number of atoms in an excited state at a time ¢ is given by N (), the rate at which
N decays is related to the rate of spontaneous emission to a final state f from an

initial state 7, by:
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ON(t) 4
5, = —AyN() 4.1

A;y is referred to as the Einstein A coefficient, and is a constant of proportionality.
The rate equation can be solved for N (¢) to yield N (t) = N(0)e~4is!=N(0)e redt,
where N (0) is the initial number of atoms in the excited state, ¢ is the system time,
and +,44 1S the radiative decay rate of the transition from one energy eigenstate of
a quantum system to a continuum of eigenstates. Consequently, the number of
excited states N decays exponentially with time, and after one lifetime, this de-
creases to 36.8% the original value. The radiative decay rate 7,4 is inversely

proportional to the lifetime 7;;:

1
Aip =i = P 4.2)

The transition rate in response to a weakly perturbing Hamiltonian H’ can be de-
termined by perturbation theory from fermi’s Golden Rule. The resulting equality
is proportional to the coupling strength between the initial (|7)) and final (| f))
states of the system (determined by the square of the matrix element of the per-
turbation |(f| H' |i)|*), and the density of states (DOS) (p(w)). In free space, the

transition rate 7" is given by:

20 = T2 L) pleo)

2
— = 1My [? plo)

In free space, to determine the photonic DOS, usually a volume V) is applied to

allow for field quantisation. Consequently, in free space, the photonic DOS is
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given by:

w3V
Pw) =

4.3)

m2e3

The transition matrix element M, y= <—ﬁi Ix Evac> is the expectation value of the
dipole moment of the transition /;; and the vacuum electric field Evac. The am-
plitude of the transition dipole moment is proportional to the expectation value of
the emitter dipole moment 1; /= (\V;| /i |V s) with respect to the initial ¥; and final

V¢ states.
The vacuum electric field amplitude is:

hw

Evac -
260‘/0

E(Tem) (4.4)

....where € denotes a unit vector accounting for polarisation, and 77, is the specific
position of the emitter. Free space vacuum fields have no particular polarisation
preference, and therefore to account for the random orientation of the field with
respect to the transition dipole, a pre-factor of 1/3 is introduced to the matrix

element, giving:

1 12w
M |? = =252 =14 45
| f| Slj“zf vac 660% ( )
Consequently, the rate of spontaneous emission in free space is:
2,3
HizWo
7 =2 (4.6)

~ 3reghc®
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4.1.2 Cavity Enhanced Spontaneous Emission

Placing an emitter within a resonant cavity can significantly enhance the rate of
spontaneous emission by increasing the density of photonic states through Pur-
cell enhancement. For NV centres, this improves photon emission into the zero-
phonon line, facilitating the generation of indistinguishable photons for entan-

glement swapping. The confinement of light fields to a smaller mode volume

2
HigW

1/2
5 ) , which drives deterministic,
eghV

V' and enhances coherent coupling g= (
unitary evolution of the quantum system while preserving coherence. However,
practical systems experience non-coherent dynamics, such as cavity-photon decay
(k=w/Q) = 0w) due to finite mirror reflectivity, and spontaneous photon emission
into free space (y=1/(27}1)). Strong coupling, characterised by a cooperativity
C’:% > 1, ensures g > k,. For enhancing the photonic density of states in

the ZPL for NV centres, strong coupling is not required, and the present work

operates in the weak-coupling regime.

The finite lifetime of photonic emission gives rise to an exponentially decay-
ing light field intensity. When a photonic emitter is enclosed within an optical
microcavity, the photons bounce back and forth in the cavity, losing some en-
ergy via leakage through the mirrors, and decaying exponentially over time (Fig-
ure 4.2(a)). Taking the Fourier transform of a decaying exponential envelope gives
a Lorentzian function in the frequency domain, and hence in the frequency do-
main, the cavity fields are described by distinct Lorentzian peaks (Figure 4.2(b)),
with with a centre frequency w, and a full width half maximum (FWHM) given by
the strength of the cavity-photon decay rate x [213, 214]. Note, in Figure 4.2(b)
the mode amplitudes for each peak differ due to a finite discretisation in the fi-
nite difference time domain solver used to generate this data. The time-domain

electric field resolution is set by the solvers time step, which here is d;=0.0321
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Figure 4.1: Cavity quantum electrodynamics: Schematic representation of an
emitting atom within a cavity formed by two opposing mirrors. Atomic transitions
result in photon emission that couples to cavity modes at a rate vy, while cavity-
photon decay occurs at a rate .

fs, which sets a lower bound on the precision which can be acquired following
a Fourier transform. Therefore, following the Fourier transform, not all of the

spectral information for every peak may be perfectly visible.

K/ (2m) @)

P) = e Zw + (2P

The above Lorentzian transfer function accounts for detuning between the atomic
frequency wy and the resonant cavity frequency w,. As the cavity photons bounce
back and forth, at specific frequencies a pole is found in the transfer function,
describing a resonance of the cavity field. This occurs at specific intervals corre-
sponding to the cavity length L: the resonant frequencies w,, occur at intervals
wm=mmc/ L. This inter-peak spacing is known as the free-spectral range (FSR).

The linewidth of the cavity mode is related to the cavity loss rate x, which broad-
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Figure 4.2: Energy in a cavity: When a photonic emitter is contained in a cavity,
light bounces back and forth between the mirrors over time (a). Due to the finite
leakage through the mirrors, the intensity of light decays exponentially. In the fre-
quency domain, this gives rise to distinct modal peaks with a Lorentzian lineshape

(b).

ens the Lorentzian peak.

Describing the vacuum electric field inside a cavity may require a slight modifi-

cation of equation 4.4 to account for the permittivity of the surrounding media of

the emitter, €™, such that Egggz%fg - E(Tem). For generality, since the emitter

is now placed in a cavity medium, it may have a polarisation p preference, and
hence the non-dimensional mode function F(7) must be scaled accordingly. This

quantity is normalised such that |E(7)| = 1, and is scaled by a factor (:

max

p-E
(= — 4.8)
7] |E

For an optimally positioned emitter, the transition matrix element becomes |{f| H' |i)| =

(26?; V) (, and the rate of spontaneous emission into the cavity 7.4, 1s:
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_2u5Q (k/2)?

Yo = G o ot (/2R (4.9)

....where the quality factor () is the temporal confinement of the cavity mode given
by Q=w/k, and the mode volume V' is the spatial confinement of the mode. By
construction, the mode volume is defined by the energy normalisation condition
of the field per photon, Fj. This corresponds to the ratio between the total energy
in the mode U,,,=1 and the maximum value of the density of the electronic energy

maxima (¢ | E,,|* /2):

_ fV € (r) ‘Em(T)’2 + i (7) |Hm(r)’2 _ 2Un, 4.10
max (e(7) | Bp(r)[°) max (e(r) [ B m)P)

V

In practical systems, the construction of the mode volume in Equation 4.10 is an
approximation, since it makes assumptions such as Hermiticity, orthonormality,
and unphysical boundary conditions. For lossy systems, the mode volume is better
described using quasi-normal modes [215], but the cavities used in this work are

sufficiently low loss that the regular approximation above is appropriate.

The cavity only affects the DOS within a finite solid angle, and so the free-space
emission rate is unmodified. The total emission rate in a cavity then can be ex-
pressed as 7' = 7Y + .40, and the ratio between the cavity modified spontaneous

emission to free space is:

Yeav 3>\3 Q (’%/2)2
PV @ w2 b

When the emitter is tuned on resonance with the cavity, the detuning term in

eq 4.11 disappears, and the Purcell enhancement is:
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’Vca'u 3A3 Q
Fp=tlaw_2C 2 4.12
PE0 T2y (4.12)

This is expressed as though the emitter was in vacuum. In reality, the emitter
will be within a dielectric medium, and so the Purcell factor must be modified

accordingly by the effective optical path length \/n,,:

3 /7 2\
2
FP—Cm(nem)'

4.1.2.1 Dipole Placement

<0

(4.13)

This equation for the Purcell factor assumes perfect spatial overlap between the
emitter and cavity mode. When this is not perfect, a scaling factor needs to be
applied to capture any modal mismatch. For a hybrid-material Fabry-Perot cavity,
this can be captured by scaling the electric field at the dipole position E.,, with the
refractive index of the dipole medium 7., and comparing this to the the maximum

scaled electric field in the cavity. Therefore, the Purcell enhancement is scaled by

"3m|Eem|2

—emi_ar__ Therefore, the scaled Purcell enhancement is:
max(n?|E|?)

A\’ 2 | Feml?
FP: 2 3 < ) Q nem‘ | (414)

472 \New ) V' max (n2|E|?)

a factor

This additional scaling factor relates how well the dipole couples with the cavity
field in both the longitudinal and transverse directions. For maximum longitudinal
mode overlap, the emitter must be placed at a position in the cavity where the
electric field is at a maximum. This can be determined analytically by considering

the nodes and antinodes of the cavity.

The standing wave profile long the z—axis is approximated by E(z)  sin (‘IZ—Z),

76



University of Oxford Mansfield College

where ¢ is the longitudinal mode index and L is the cavity length. The nodes

of a cavity are where the electric field component £(z)=0. The antinodes are

where the cavity field is maximal, and are found where %: (m + %) 7 form €

{0,1,2,....}. Therefore, the longitudinal cavity field overlap is maximal so long

as the emitter is placed at any one of the cavity antinode locations.

For transverse displacement of the emitter from the cavity field, the cavity mode
field decays exponentially from the centre of the cavity beam waist w,. There-

fore, an emitter displaced transversally by r=+/x2 4 y? decays proportional to

|E(r)|* o exp (’2’2”2). So, the cavity scaling factor can be analytically decom-

Wo

posed into:

2 Eem 2 em _2 2
M| | _n . sin (@) -exp< " ) (4.15)

max (n?[E|?)  ng, L w;

The impact of even small displacements can be substantial for Purcell enhance-
ment. For example, if the emitter is displaced from the cavity mode at a position

2, corresponding to an 87%

r=w,, the mopde overlap will decay by a factor e
drop in Purcell enhancement. It is therefore crucial to have fine positioning accu-

racy of the emitter position during device fabrication.

4.1.2.2 Cavity Enhanced Branching Ratio

The Purcell enhancement affects both ZPL and PSB emissions, but has no impact
on non-radiative decay rates. The free-space ZPL branching ratio () p; is the

Debye-Waller factor () of the emitter is given by:

0 YzZPL YzZPL
v = [y = = (4.16)
ZPL ’ Yrad YzpL + YPSB

The presence of the cavity enhances the branching ratio of the emitter by modify-
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ing the cavity decay rate. Substituting v;pr=(1 + F,) and Yow=(1+ F},)vzpL +

vpsp gives a a cavity enhanced branching ratio 3., of

(1 + Fp)'VZPL
(1+ F))vzpL + vpsB
_ (1 + Fp)% 4.17)
1+ Fp)v+ (1 —)

Bcav -

Thus, embedding an NV centre within an optimised resonant cavity can offer a
means to dramatically enhance the efficiency of photon emission in the ZPL, a

crucial requirement for developing scalable quantum network nodes.

4.1.3 Hermite-Gaussian Modes

The Fabry-Pérot structures in this work are plano-convex structures, formed by
enclosing diamond with one flat side and another convex with DBR mirrors, since
this structure offers greater lateral field confinement, giving rise to a lower cavity
mode volume and a higher cavity-emitter interaction [216]. The field distribution
within planar-planar cavities can be simply described by Fresnel coefficients and
transfer matrices [217]. However, the field distribution in a plano-convex structure
is more complicated due to the Gaussian beam profile induced by the convex

mirror. To first order, eigenenergy of the electric field is:

wo ik _i _ ikr? .
E(r,z) = Ey sk T w@? L eT2RE) . 7 (4.18)
w(z)

.... where | Ey| is the peak amplitude of the Gaussian beam, wy is the beam radius
at the beam waist, w(z)=wg4/1 + % is the beam radius at position z, where

2 2
z R:% is the Rayleigh range. R(z)==z+ %R is the wavefront radius of curvature,
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ZR

k=2 /\ is the wavenumber, and {(z)=tan* ( = ) is the Gouy phase,which is an
additional phase occurring in the propagation of Gaussian beams which must be

accounted for in the cavity resonance condition design. In equation 4.18, the term

FEy-%. describes the amplitude reduction along the propagation direction z; e =™~
w(z)
2

—__r _ . .
is a plane wave beam propagation along z; e =(=? describes the Gaussian profile
ikr?

of the beam, with a spot size w(z); e~ 2R® is the wavefront radius of curvature at

position z; and e’ is the Gouy phase shift.

92, R;

g1, Ry

Figure 4.3: Gaussian beam in a microcavity. The Fabry-Perot cavity is formed
by a plano-convex DBR mirror combination, filled with a diamond:EO material
hybrid cavity medium. The convex shape of the diamond top establishes Hermite-
Gaussian mode propagation.

Figure 4.3 shows a schematic diagram of a plano-convex optical cavity, and fol-
lowing the approach in [216], a mirror geometric factor g;=1 — L /R;, where L is

the length of the cavity. The beam waist w at each mirror is given by:
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w? — AL 92 _ AL JR-L
Yor V(- gig0) ™ L
AL AL 2
wiol o AL RT 4.19)

s gg(l —glgg) m L(R—L)

The cavity is said to be stable if the line segments between the mirrors and their
centre of curvature overlap, but with one not lying entirely within the other. There-

fore, for a plano-convex cavity to satify the stability criterion, R — L > 0

The Gaussian beam profile detailed above assumes are applicable only to first or-
der. For higher order modes, the paraxial approximation to Helmholtz’s equation
can be decomposed using the orthogonal set of Hermite-Gaussian modes. Given
a mode of order (m, n) in reference to the x and y directions, the electric field

amplitude at positions X, y, Z may be given by:

2 2 . 2 2
w . _ x4y _ik(z“4y*) .
E(r,z) = By——-e"™"2.c” w7 .¢” 2RC) -62<Z(m+n+1)'Hm<

-H,
Wo Wo

(4.20)

w(z)

V2 \/53/)

....where the H,, ,, terms are the Hermite polynomials. In this instance, the reso-

nance condition of the cavity mode is given by:

S 1 L[ R= L
L—%<q+;(m+n+1)cos [ = ]) 4.21)

....where q is the longitudinal mode index. Higher order Hermite-gaussian modes
are typically undesirable, as they induce transverse mode coupling and diffraction

loss in the cavity spectrum, deteriorating performance.
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Where a cavity exhibits Hermite-Gaussian longitudinal and transverse modes, an
effective radius of curvature can be inferred. This describes the curvature of the
wavefronts of light oscillating within the cavity, and is related to the distance
between the longitudinal and first transverse modes. s is found by taking the
ratio between the physical length L of the cavity and the beam curvature term
containing the difference in resonant wavelengths between the longitudinal and

transverse mode 67 and the wavelength of the cavity modes A:

L

pr ) (4.22)
Y

Regr = s1n? (

4.1.4 Analytic Theory of Plano-Convex Cavities

Plano-convex cavities can be explored by analytic equations which, whilst not
accounting for real-world material peculiarities, do provide a good basis upon
which to build initial cavity designs and compare against for cavity analysis. The

sharpness of the mode resonance in an FP cavity is described by the finesse

™
F=— 4.23
1—+vVRiRs (429

....which depends on the reflectivities R; and R, of the cavity mirrors. A higher
finesse indicates a narrower linewidth of the cavity modes, corresponding to better

energy storage and more pronounced resonance effects. The quality factor

Q=F(q+ qn) (4.24)

....is related to the finesse, and quantifies the energy storage capability of the cavity

relative to the energy loss per cycle. It combines the finesse with contributions
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from the longitudinal mode index q:% (a measure of the optical path length)
and ¢,,,, which accounts for mirror-related losses or other factors. The free-spectral

range is related to the cavity length and mode linewidth by

)\2
FSR = — 4.2
S 2nL (4.25)

The normalised mode volume

(4.26)

....is a measure of the spatial confinement of the electromagnetic field in the cav-
ity. It depends on the beam waist wy, the cavity length L, the mode-matching
length L,,, the refractive index n, and the wavelength A. A smaller mode vol-
ume enhances the interaction between light and matter. Meanwhile, the numerical

aperture

Wo
NA=— 4.27
Zn 4.27)

....describes the focusing or divergence angle of the beam within the cavity. It is
the ratio of the beam waist wy to the Rayleigh range Zg, which is a measure of

the beam’s focus depth. A higher NA implies stronger focusing of light.

A summary table of each cavity parameter for the proposed device of this work
is given in Table 4.1. A Purcell enhancement Fp of 50 is ideal since it would
allow around two-thirds of photons to be emitted into the ZPL at cryogenic tem-
peratures. The enhanced branching ratio BR with /'/P=50 increases an initial

Debye-Waller factor DW=0.04 by:

82



University of Oxford Mansfield College

Fo -
BR — p - DW
Fp-DW + (1 — DW)
B 50 x 0.04
~ 50 x 0.04 + (1 —0.04)
= 0.676 (4.28)

So, for a reasonable Purcell factor, 68% of emitted photons can be emitted from
the ZPL. The Purcell enhancement is a function of the mode volume and qual-
ity factor of the cavity. Implicitely, the smaller the mode volume, the greater
the Purcell enhancement. However, since NV centres lack inversion symmetry
their charge state is particularly sensitive to surface chemistry effect, and therefore
NV’s need to be embedded a few pm away from the diamond surface to preserve
the charge state stability. This places a lower bound on the cavity mode volume,

which in this work, when normalised to the wavelength of interest is V.., =64.

The cavity finesse is set by the mirror reflectivity. A larger finesse would provide a
larger quality factor, which in term would provide a greater Purcell enhancement.
However, higher finesse cavities are difficult to interact with optically, since the
cavity modes are dim due to fewer photons leaving the cavity within an optical
isnpection window. A modest foness of F'=1200 coupled with a larger cavity
supporting g=30 longitudinal modes provides a large quality factor of ()=42000.

The cavity photon decay rate « follows from this quality factor.

The beam waist and Rayleigh range are set by the cavity stability criterion, which
in turn establishes the numerical aperture of the cavity. Since a very modest nu-
merical aperture for external collection lenses would be at least NA > 0.2 and
often much larger, with a cavity N A=0.15 the collection efficiency of cavity pho-

tons into external optics is increased with this design.
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Table 4.1: Summary table of plano-convex cavity design parameters from
analysis of Hermite-Gaussian modes.

Parameter | Value
F 1200
Q 42000
K 70 GHz
q 30
Zr 4 pm
Wy 580 nm
\%4 64
NA 0.15
F, 50

4.1.4.1 Hybrid Cavity performance with Absorbing Media

In the visible spectrum, diamond is highly transparent with a negligible absorp-
tion coefficient [218]. When introducing a secondary material into the cavity for
resonance tuning, the absorption of that material is an important consideration,
since it can have a significantly deleterious effect on the the cavity quality factor
by introducing absorptive round trip loss. However, the thickness of the mate-
rial with respect to the diamond thickness is also important to consider, since the
proportion of the cavity mode contained within the tunable layer depends on it’s

thickness.

The proportion of the cavity mode confined within the absorbing layer is described
by the mode-overlap factor n, which is the ratio of the optical energy confined in
the absorbing layer compared to that contained within the entire cavity. If the

diamond layer has thickness d; and the absorbing layer has thickness ds, then the
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mode-p factor is:

fvb 2)*dz
fv | dz
B f;?*dzn <z> E(2)|* dz w29)

St n2(2) |B(2))” d2

....where €(z) is relative permittivity at position z and F(z) is the electric field

distribution along the cavity.

To assess the impact of the absorbing layer on quality factor, it is instructive to
consider the case of a planar 1D Fabry-Perot microcavity, with a diamond region
bound to an absorbing layer, and surrounded by planar mirrors on each side. As-
sume a hybrid cavity with layer 1 being the non-absorbing region with refractive
index n; and thickness d;, and layer 2 being the absorbing layer with refractive
index ny + iko and thickness ky. The standing wave in each layer is sinusoidal
for each layer i as E(z) = Eysin(kn;z + ¢), where k is the wavenumber and ¢ is
the induced phase. The total field can therefore be approximated by a sinusoidal

function:

_ Tz
E(z) = Eysin (dl n dz) (4.30)

With this, the mode-overlap factor can be expressed as:

di+da 9 .. 9
o ni(z)sin” () dx

f0d1+d2 n2(z) sin’ (d o ) dz

(4.31)

This can be evaluated analytically. The sin? integral has the standard form Ik sin?(ax)dr =

z _ sin(2azx)

5 > S0 the numerator of 7 can be expressed as:
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i . 2m(dy+dp) . 2nd
, | dp  Sin ( drdy ) — sin <d1+é2>
Numerator = n, ) 4/ (s + o)

sin (27) — sin ( 2md, )

d di+d
2 2 1 2
— 2 4.32
25 A /(dy + do) (4.32)
....and the denominator can be expressed as:
B . 2rd 7 B . 2m(d1+d2) : 2md
Denominator o <dl+éz) + ns b0 ( SR ) - <dl+é2)
! 2 47T/(d1 —|—d2) 2 2 47T/(d1 +d2)
B . omd 7 B . : 2md
,|d, sin <—d1+ég> . d, Sin (27) — sin (—d1+c}2>
=N _———— n _
Y12 dx/(dy + dy) 212 4r /[ (dy + d)

(4.33)

So, the mode-overlap factor for the 1D Fabry-Perot cavity can be expressed as:

. . 2mwdq
9 ldy s1n(27r)—sm(d1+d2)
ny 5

47r/(d1+d2)
TI = . 27dy . . 27dy (4'34)
d sm(d 4 ) d sm(27r)—sm<d 4 )
nt [?1 - 47T/(d11:52):| +n3 {72 - 47T/(d1+d;)+ :

As the mode overlap factor approaches 1, the field becomes increasingly concen-
trated in the absorbing layer, and the impact of optical absorption becomes more
profound. The quality factor of this cavity is determined by the finesse F' and the
mode index g as Q=Fq, with the transverse mode index related to the Guoy shift

¢ ignored for this analysis since the cavity is a planar structure.
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The Finesse must account for the absorption present in the cavity media, since ab-
sorption induces a decay of the electric field intensity /(z) governed by the Beer-

Lambert law such that 7(z) oc e2%%, where the attenuation constant is related to

the extinction coefficient x by 04:4”7”. So, the round-trip loss due to absorption
is:
8mknL
Lo =20L = =2 (4.35)

The finite reflectance of the DBR mirrors provides a loss pathway for the optical

mode also, given by:

Emirror = - ln(RlRZ) (436)

.. where Ry, Ry are the reflectivities of DBR mirrors 1 and 2. The finesse in the

presence of loss can be expressed as:

2T ot
= = ; 437
Lmirmr + Eabs _ 1H(R1R2> 4 87r/;\ L ( )

So, the quality factor then is:

2mq

~ —In(RyR,) + 5k

Q = Fyq (4.38)

For a diamond thickness L=4 pum, the mode overlap factor is shown in Fig-
ure 4.4(a) for an increasing absorbing layer thickness. As the absorbing layer
thickness increases, more of the optical mode is contained within the absorbing
layer, and therefore it’s contribution to round trip loss increases. The result on cav-

ity Quality factor for a cavity with R;=R,=0.999, and varying absorption layer
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thickness and extinction coefficient, is shown in Figure 4.4(b). Naturally, if the ab-
sorbing layer thickness is small, the impact on the quality factor and finesse is also
small. However, even for very thin absorbing media, if the extinction coefficient
is adequately large, there is still a substantially deleterious impact on the quality
factor. For this reason, the best known chalcogen based phase change materials
are currently insufficient for providing cavity tuning, as was discussed briefly in
Section 1.3.1.1, since the extinction coefficient of such materials is typically on
the order of 10°, which would introduce substantial round trip loss. On the other
hand, as we show in Section 7.1, strontium barium niobate can be grown to have a
very small extinction coefficient of ~ 107°, so the negative impact on the quality

factor is expected to be minimal.

Modal Qverlap Quality Factor

1.0 A
% 80000
E 0.8 4 g 1.5+
2 =
§ 0.6 é 60000
S 2 1.0+
= 0.4 =l 40000
o 9]
Z 02 £ 0.5
: = 20000
L
001, ] I 0.0 ; !
0 2000 4000 50 100
Absorber Thickness (nm) Absorber Thickness (nm)

Figure 4.4: Mode Overlap (a) and Q factor (b) for a hybrid cavity with ab-
sorbing media.

4.1.5 Distributed Bragg Reflector

To create a microcavity, each side of the plano-convex feature must be surrounded
with a high reflectivity mirror, such as a distributed Bragg reflector (DBR), which
is constructed by stacking alternating layers of dielectric media together, formed
by \/4 layers of high and low index materials. In this work, the high index layer
is chosen to be TiyO, (n=2.58), while the low index layer is SiOs (n=1.46).
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Figure 4.5(a) shows a schematic representation of light propagation through a
DBR stack. During transit, each boundary layer results in a partial reflection of
an incoming electric field, whilst transmitted light is refracted. Electric fields
of a wavelength approximately four times greater than the Bragg period optical
thickness undergo constructive interference, and a wide range of wavelengths are

reflected by the Bragg layers, forming a photonic stop-band Figure 4.5(b).
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Figure 4.5: Distributed Bragg Reflector: (a) A DBR is formed by stacking lay-
ers of high-to-low index materials, designed to be a quarter wavelength. As light
is incident on the mirror, a portion of the light is reflected, whilst transmitted light
is refracted through the mirror. (b) Stacking multiple DBR pairs together forms a
high-reflectivity photonic stopband.

The propagation and matching matrix formalism detailed above provides a useful
means for analysing the reflection and transmission properties of this structure.
The system of equations for the DBR is found by considering the scattering and
propagation at each interface, i.e. between air and the high index layer, the high-
index to low index layer, and the low index layer to air. When light propagates
through a media, using an optical transfer matrix approach [217] it can be de-

scribed by a propagation matrix M,,:

M, = | (4.39)

On the other hand, when light crosses the boundary of two materials with re-
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fractive indices n and n’ and with reflection and transmission Fresnel coefficients

_2
n+n’

n—n’

p= n+n’

and 7= respectively, it can be described by a matching matrix M,,:

ay, = | TP (4.40)

p/T 1T

With these, the behaviour of light as it passes through a DBR stack with high and

low refractive indices is given in Equation 4.41

Eoy — f@ir/hi E6+ _ )\ y@ir/hi ( Jghi pphi/lo g rlo Mlo/hi) Ei+
Eo_ " Ey " T by
. ) AN
| .(M;“MQ/IOM;OMIE’/ hl) | By
_ M;lr/hl o MIlI(lJ/(M?“ + (4.41)
M 0

The reflectivity of the mirrors is found by first calculating the impedance Z in

terms of impermeability 7, and then rearranging for I' in terms of refractive in-

2
Mhi

2
Mo

2
dex n. The wave impedance Zy=-% 7, and the material impedance Z N:%nm.
lo

Therefore, the reflection coefficient I is:

. 2N
:ZO_nair: 1—(;{;)
ZO“‘T]air 1+ (ni)2N

Iy (4.42)

4.1.6 DBR Absorption

When a material such as one of the DBR layers has a non-zero absorbance, it’s re-
fractive index takes on an imaginary component given by the extinction coefficient

Kk, such that n’=n+ik. k is is related to the absorption coefficient by /-{:Z‘—T)r‘, and
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2.303A
d

« is related to the measured absorbance A by a= , Where d is the thickness
of the layer. This arises since A is determined by the decay of a transmitted light
intensity / compared to an incident intensity Iy as A=log, (%) Therefore the

light intensity I decays with o as [=1Iye =%

4.2 Derivation of the Electro-Optic Tensor of SBN

To tune the resonant mode of the optical microcavity, a secondary material needs
to be introduced between the diamond membrane and one of the DBR mirrors.
As explained in Section 1, one very promising means of achieving cavity tuning
is to introduce a strong electro-optic material into the stack, namely strontium
barium niobate (SBN). The behaviour of an electro-optic material in response to
an applied electric field needs to be carefully considered to understand how best to
grow the thin-film and to apply the electric field. This means that the electro-optic
tensor for the material must be derived, and the impact of an externally applied
electric field on each material axis must be deduced analytically. This information
is crucial to not only understanding the viability of a specific electro-optic material
for a given application, but also the technical considerations which must be met for
the material to function satisfactorily for the desired task. Given the important role
these considerations play in the device design, they are described in detail in this
section. Here, we describe the tensorial nature of the index ellipsoid of electro-
optical materials, and the electro-optic tensor for SBN is analytically deduced for
an electric field incident on each principal axis. Finally, the impact of the electric

field on arbitrarily oriented electro-optic domains in the thin film is deduced.
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4.2.1 Light in Optical Materials

When light propagates in a crystalline material, it interacts with the atomic struc-
ture, and the velocity of the light passing through is reduced by a factor related
to the materials index of refraction n. In isotropic crystals, light propagates in
such a way that its refractive index is uniformly affected regardless of the princi-
pal crystal axis, i.e. n,=n,=n.. However, in anisotropic materials, the refractive
index is impacted differently, depending on the direction of light with respect to
the crystal axes. In a biaxial crystal, all axes affect n differently, so n, # n, # ne.
In a uniaxial crystal one of the crystal axes affects the refractive index differently,
s0 ng,=ny # n.. SBN is a uniaxial anisotropic crystal, and therefore contains two
ordinary refractive indices n, (n, = ny = n,) and one extraordinary refractive

index n, (N.=n,).

The polarisation and incident direction of light with respect to the crystal impacts
how it will interact with the crystal lattice. For example, if vertically polarised
light travelling along the n, axes, the phase velocity of light v, is affected by the

extraordinary component n., with v,=-%. If the light is horizontal in this plane the

phase velocity is affected by the ordinary axis i.e. v,=;=. If lightis incident on the

optic axis of the crystal, the polarisation doesn’t matter, and for both vertical and

horizontally polarised light, the phase velocity is v,=-~. However, if the incident

Mo

light comes in at an angle ¢ from the optic axis, the phase velocity is affected

by both the ordinary and extraordinary axes depending on the incident angle, i.e.

v,=—>, since the interaction between the light and the crystal is subject to an
n(6)

Euler rotation, and therefore the combined total refractive index can be found

from:

— + (4.43)
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To harness the refractive index tunability of an electro-optic material for cavity
tuning, it is therefore crucial to carefully consider how light interacts with the EO

crystal, and design an integrated photonic device based on this understanding.

4.2.2 Derivation of the Electro-Optic Tensor

Light propagation in anisotropic media is quantitatively described by the optical
indicatrix / index ellipsoid [219]. This geometric description can be attained by

considering the energy density U of the electromagnetic field E with a flux density

ﬁzeoeﬁ, given by U E:@: LD . D. From the definition of the dot-product,

2€ep€

this can be decomposed in terms of individual components:
1 (D* D; D?
%:——<i+i+i> (4.44)
2€0€ €, €y €,

. . . . . . _ D
From this, the principal cartesian coordinates can be simply recovered as r= NCTIrL

__ Dy
y= V2eUE’

follows:

D,

and = el

The defining equation for the index ellipsoid clearly

.1'2 2 22
Tl 2 (4.45)
nZ  nZ  n?

The index ellipsoid is the quadratic representation of the impermeability tensor
nN=co€e }, i.e. > Mijrix=1, with 4, j=[1,2, 3]. The expanded impermeability

tensor is a 3 x 3 matrix of the form:

i1 M2 ™3
Nig = | 21 T2 73 (4.46)
31 732 7133
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To simplify notation, the contracted index Voigt notation is used which maps 2-
index pairs to a single index. This maps tensor components in the following way:
M1 = 115 Moz —> M25 N33 — N33 Ne3=T)32 — Na; M3=131 — 153 andnia=na1 — 7.

So, the tensor can be expressed as:

T MNe 175
i = | n6 m2 M (4.47)

Ns N4 N3

The ability of an electric field to re-distribute charges within a crystal depends on
it capacity to overcome the atomic field binding between charged particles. For
most materials, this binding energy is typically of order 10® V/cm, and therefore
an applied field of reasonable intensity is not sufficient to produce an electro-optic
effect. However, in certain non-centrosymmetric crystals, this binding may be
comparatively weak, and consequently the electro-optic effect may be strong in
these materials. In such materials, in the presence of an external electric field,
the impermeability tensor is modified by both rotations of the principal axes and
stretching and/or squashing of the ellipsoid vertices. Generally, the change of
the impermeability tensor with respect to an applied field £ can be understood
by finding the impermeability tensor with no applied field 7;;(0), and taking the

Taylor expansion for higher order terms:

. on;; 1 [ 0n;;
ii(E) = m;:(0 Y FE — Y E B+ - 4.48
77]( ) 77]( )_'_(aEk)E:o k+2(aEkEl)E_o kL + ( )

The first order term in this expansion is known as the Pockels effect, and is denoted

in Einstein summation conventional shorthand as 7;;;,, with r;;,= (aLEZ) . The
E=0
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second order term in this expansion is known as the Kerr effect, and describes the

quadratic electro-optic response of a material in response to an applied field. This

a277ij

is denoted in shorthand as s;;;, with s;;1= (W

) . So, the change in the
E=0

impermeability tensor in response to an applied field An;;=n;;(E) — 1;;(0) is:

Anigi(E) = rigu By + s Ec By (4.49)
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Figure 4.6: The rank-2 impermeability tensor 7 interacts with the rank-1
electric field vector (a). The linear mapping of the elctric field to the imperme-
ability tensor produces a rank-3 tensor (b), which is the Pockels tensor.

The Pockels coefficients describe the response of the crystal of an optically active
material in response to an applied field. In a non-centrosymmetric crystal, the
central cation is moved in a direction relative to the crystal axis, by a magnitude
measured in pm/V. The Pockels effect is described by a rank-3 tensor, since it
linearly connects a second-rank change in the optical properties of the material
dielectric response to a first-rank applied electric field 4.6. The tensor order fol-
lows directly from the nature of this physical relationship. connecting the electric
field Ej, to the change in the impermeability 7;;. The general form of a rank-3

tensor 7 for ¢ € {1,2, 3} is given in Equation 4.50.
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Tin Tz Ths Tonn T2z Tois Ts11 312 Tsis

T= Thor Theo Thos| s |Tom Tozo Toos| o |T321 D322 1303

Tisi Tise Tiss| |T2s1 Toss Toss| | Tssn T332 Tsss
(4.50)
A rank-3 tensor therefore contains 27 components, but the impermeability tensor
n;; 1s symmetric, so 7;;=n;;. Therefore the Pockels tensor r;;;, is also symmetric
in ij, so 7;,=7;ik, and for each fixed k, the first two indices ¢, j form a symmetric
3 x 3 matrix with 6 independent components. Since k € {1,2,3}, there are 18
independent components of r;;,. With Voigt notation, the rank-3 Pockels tensor
can be represented with two components i, j, where i € {1,2,3,4,5,6},j €
{1,2,3}. So, the Pockels tensor can be reduced to a 6 x 3 matrix which relates

the impact of the electric field on each crystal axis:

1 Ti2 T3
To1 Tao2 Ta3
31 T32 T33

41 T42 T43

st Ts2 153

Te1 Te2 T63

The Voigt notation contraction can be further applied to the Pockels tensor: 71,=711x;
T4k =T23k=T32k> T2k=T22k> T5k=T11k=T31k5 T3k=T33k> and rex=r11="21. With
this, the index ellipsoid in the presence of an applied electric field can be expanded

as:
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1 1 1
<—2 + leEk> ZL‘2 + (—2 + ’I"QkEk) y2 + (—2 + Tngk) 22
n; ny n;

+ 2rpyzEy + 2rspez By 4 2rgrry B = 1 (4.52)

The physical interpretation of this is that the electric field linearly maps to an
optical response. The three-vector of the electroc field £, maps to the change in
the optical properties of a material A7;; represented by 6 independent components
due to symmetry. The Pockels tensor describes how the electric field in direction

k modifies the optical response 7),; in coordinate space (i, j) as:

3

An; = Z Tik L, (4.53)

k=1

This describes a linear relationship between the electric field and its optical re-
sponse. Hence, despite the fact that the Pockels effect is a non-linear change of
the polarisation vector Pofa material, it is often referred to as a linear electro-

optic respoinse with regards to the dielectric permeability and applied field.

It is evident from eq. 4.52 for certain crystal axes and field orientations, the prin-
cipal axis of the index ellipsoid will be modified. The principal axes themselves
then may require a coordinate transformation to yield the change in each compo-

nent of 7 in the presence of an applied field.

4.2.3 Electro-Optic Response of SBN

SBN is a tetragonal tungsten-bronze crystal in the P4bm point group, with sym-
metry elements of the space group C?%,. Consequently, the Pockels tensor for this

crystal conveniently reduces to:
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0 0 r3
0 0 w13
. (4.54)
0 re90 O
rigs 0 0
0 0 0

....where ri{3=r93 and rys=r5,. In the literature, it has been shown that the 733
component of SBN is extraordinarily high, being measured in thin-film form
as r33=844 pm/V [44]. The remaining components are significantly weaker, at
r13=47 pm/V and r4,=67 pm/V, although are still substantially strong compared
to most other electro-optic media. Noting that SBN is a uniaxial material, and
therefore n,=n,=n, and n,=n., the expanded index ellipsoid in terms of these

components is:

1 1 1
(—2 + TlgEz) :Cz + <—2 + T13EZ> y2 + (-2 + T33EZ> 22
n; ny n;

+ 2rppyz By + 2rppxz b, = 1 (4.55)

Clearly, different Pockels coefficients can be exploited by applying the electric
field along different axes. Doing so, however, causes a modification of the index

ellipsoid in different ways.

4.2.3.1 Applying the Electric Field Parallel to z

If an electric field E, is applied parallel to the z-axis of the SBN thin film, the

index ellipsoid reduces to:
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1 1 1
<_2 + 7‘13Ez) z? + (_2 + 7"13Ez> v+ (_2 + 7"33Ez) =1 (4.56)
n n n

o o e

The impermeability tensor then contains updated values:

Mo + T13EZ 0 0
n= 0 Mo + TlSEz 0 (457)
0 0 Ne + 133,

Conveniently, this modified index ellipsoid is already diagonal, and therefore there

is no need to define new principal axes. Applying the differential relation:

dn = 1ngd (i) (4.58)

2 n?

....the corresponding changes in the refractive indices for each principal compo-

nent are:

1

Ngr = Ny — §n§r13EZ (4.59)
L 4

Ny = Ny — 5”07"13Ez (4.60)
1

Ny = Ne — 5ng’vqgg,Ez (4.61)

4.2.3.2 Applying the Electric Field Parallel to x

If a field E, is applied parallel to the x-axis of the principal coordinate system, the

index ellipsoid reduces to:
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2 2 2
x_2 + y_2 + 2—2 + 2rppxzE, =1 (4.62)
nO o ne

Correspondingly, the impermeability tensor is:

Mo 0 71k,
n= 0 Mo 0 (4.63)
T'42 E:E 0 Ne

Now the index ellipsoid contains mixed terms, and therefore requires a change of
basis to solve the system of equations to interpret the impact of the refractive index
components. Using singular value decomposition to achieve this transformation
can be quite cumbersome, but since the impact of applying an electric field is seen
as a rotation of the index ellipsoid, the principal axis transformation can be more

conveniently deduced by applying the Euler rotation matrix R:

cosf —sinf
R = (4.64)
sinf cos6

The goal is to determine a new coordinate system (x’, ¢/, z) in which the ellipsoid

of equation 4.62 contains no mixed terms, i.e. has the form:

$/2 12 Z/2
—+ i—Q + 25+ 2rpwzE, = 1 (4.65)

From inspection it is clear that the y-axis is unmodified, and y = 1/. Applying the
rotation matrix of equation 4.64 to the remaining new axes yields x = x’ cos —

Z'sinf, and z = x’sinf + 2’ cos . Substituting these terms into equation 4.65
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gives:

(2 cos O — 2’ sin 0)? N y'? N ('sin @ + 2 cos 0)?

ng ng ne
+2rE, (2 cos@ — 2’ sinf) - (2'sinf + 2’ cosf) = 1 (4.66)

By expanding the brackets and applying the relevant trigonometric identities,

equation 4.66 can be re-expressed as:

2 (1 —sin®§) — /2 sin 260 + 2 sin® 0 2

3 + —2+
nO no

2'2sin? 0 + 2’2 sin 20 + 22 (1 — sin? 9)

2
ne

+rpE, (x'2 sin 20 4 22’2 cos? 6 — 22’2 sin? 6 — 2% sin 20) =1 (4.67)

Now, by collecting like terms, a more convenient expression begins to emerge:

12

o 1 sin®@ sin?6
S R 2
n ng ng

o ( 1 sin®0 N sin® 0

+ 7’42Ex sin 29) + y_2
ny

+z

- = B B _T42Em sin 26
ng n n

€ o

2
ne o

in20  sin20
+a's (Sm — 4 214y Buc050 — 2 B, sin® 9) 1 (468)
n

This is still quite cumbersome, and the mixed terms are still present. This can
be satisfied however by taking an angle # which enforces that the mixed terms for

2’2’ vanish (in this case §=45°), and by applying further the trigonometric identity
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for tan 6:
sin 6 sin 20 sin 260
tanf = = = 4.69
an cosf 1+cos20 1—2sin%6 ( )
So,

1 2sin0 2 1 _ 2sin®6
22 (_ St + ryoF, sin 29) + v + 2" <— S rap By sin 29)

n  n2+n? n2 nZ  nZ+n?
n(l y” Y
=T ) + 7’42E$ tan @ + ) +z - = 7’42E$ tan 6 (470)
nO nO ne
The angle 0 is given by:
2rpE,
tan2( = 22 4.71)
n3  nZ

Finally, by applying the differential relation, the modified refractive indices n,/,

n,, and n_s are found as:

1
Ny = Ny — §n37“42E$ tan 6 4.72)
ny = no (4.73)
1
Ny = Ne + Enz'ngx tand (4.74)

With small 6, i.e. tan 8 ~ 0:

1 r4oF 1 n?n?
3 420y 3 2 e'’o
Ny &Ny nory By =n, — —n.(ryk;) (4.75)
1 1 2 2
nZ  n2 e o
o e
ny/ = ’no (4.76)
2,2
1ol 3 5 MM
Ny & Ne + —niranE, =ne + =n,(re )" —==2 4.77)
1 1 2 2
2 n—g — n—g 2 ne — no
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4.2.3.3 Applying the Electric Field Parallel to y

Similarly, if a field £, is applied parallel to the y-axis, the index ellipsoid reduces

to:

2 2 2
% + % + % + 2rypyzE, =1 4.78)

.... and the corresponding tensor form is:

Mo 0 0
n=10 n 1k (4.79)
0 T42Ey e

With this, the complete impermeability tensor of the crystal system is found as:

Mo + r13E, 0 ragFy
n= 0 Mo + 7’13EZ 7’42Ey (480)
r42Ez T42Ey Te + T33Ez

For the field applied to the y-axis, the impermeability tensor again contains mixed
terms, and hence a coordinate system transform is again required. In the same
manner in as for applying the field parallel to the x-axis, the change in refractive

index can be found for a field applied parallel to the y-axis as:
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Ny = N (4.81)
1 rak 1 n’n?
3 42y 3 2 e'%
Ny R Ny — §n0r42Ey 1 = Mo — 5, (raa k)" ——" (4.82)
2 Tz Ne — N
nO ne
1 Tl n2n?
3 42y 3 2 e'%
Ny R Ne + =Ty~ T = Ne + ne(rae k)" — 5 (4.83)
2 - — —5 2 ne — no
nO ne
T Bias Voltage Applied || x = Bias Voltage Applied | y = Bias Voltage Applied || z
2.28 1
2.26 \
2.24 4
o
S 222
2.20 4
—_— 8ny
2.18 1 — &ny
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Figure 4.7: Impact of bias field applied parallel to three different principal
axes, z, i, and z. The strongest change in refractive index is addressed when the
bias field is parallel to the optic-axis of the SBN domains.

Clearly the strongest Pockels coefficient is utilised if the electric field is incident
upon the z-axis of the thin film. This poses some technological challenges regard-
ing how to deliver the field in this direction, but it is not insurmountable. However,
since the extraordinary axis in this material is aligned along the crystal optical axis
(001), as described previously light incident parallel to the optic axis will not ex-
perience birefringence, and since the incident light on the microcavities will be
in -plane to the z-axis, no electro-optic tuning would be available. This could be
solved by growing the SBN thin film along a different crystal orientation, which
is challenging but potentially feasible. Conveniently however, as is shown in Sec-

tion 6.3, for this material a large number of the crystallites are oriented along the
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(310) axis as well as the (001), which means that sending light along the optic

axis will allow for interaction with the strongest Pockels tensor component.

4.2.4 310 Oriented SBN

The optic axis of (310) oriented domains is rotated by 90° with respect to (001)
domains. Therefore the above analysis for the impact of a field applied parallel
to each axis still applies, but the frame of optic-axis frame of reference is rotated.
To determine the angle between a (310) oriented domain and each principal axis,
we start by constructing unit vectors for each set of Miller indices, fl:(hl, ki, 1)
and B:(hg, k2, l3). The dot product of these two unit vectors is related to the
angle 0 between them by A-B= ‘A‘ ‘é‘ cos 6. Therefore, the angle between the
(310) face and each principal axis can be found by solving for . For a tetragonal

crystal:

X huhs + kiks + (2,
6 = cos™ (4.84)

12 12
VIR iy B 4B

The angle difference between a (310) oriented domain and each principal axis z,

1y, and z is shown in Table 4.2

Table 4.2: Angles between (310) oriented domains and principal axes

x (001) v (010) =z (001)
18.44°  71.55° 90°

The existence of a secondary (310) orientation mitigates the two aforementioned
problems of polarisation direction of the material and the difficulty with exciting
an electric field along the z-axis, i.e. through the film. Since the (310) domains are
no longer in plane with the lab-frame z-axis, they will experience birefringence

upon optical excitation along z. In addition, conveniently, the optic axis of a (310)
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oriented domains is fairly close to being perpendicular to the x-axis. Therefore,

applying a static field along the x-axis will excite the strongest Pockels coefficient

Tr33.

However, the fact that there are two preferred orientations, with only one of these
being optimal, will impact the yield of cavities which can be sufficiently tuned. As
shown in Section 6.4, approximately 70% of the SBN domains are oriented along
(310), and therefore for any film bonded to a diamond membrane containing cav-
ities, there is a 30% chance that the SBN tuning layer will not provide sufficient
tunability. This may be mitigated however by thin-film growth on different sub-
strates which may promote a much higher probability of (310) domain growth,
such as gadolinium gallium garnate, whose lattice parameters match closely to

the a/b lattice parameter of SBN.

4.2.5 Effect of Field Alignment

Since (310) oriented domains are not perfectly perpendicular to the z-axis, it is
sensible to consider the effects of a misalignment in the orientation of the do-
mains with respect to a field applied along the z-axis. Recalling equation 4.48,

the impact of misalignment is

- on;
ni;(E(0)) = n;;(0) + ( 77]) Eycosf+ --- (4.85)
Oy ) oo
....and the impermeability tensor is:
Mo + T13F, cos 0, 0 ryok, cosf,
n= 0 Mo +r13E. cosf,  ryk,cosd, (4.86)
ryB, cosf, 49, cos 0, Ne + 33k, cos b,
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Therefore, the differential relation of the refractive index along the z-axis given in

equation 4.61 is modified to:

1
n, =n, — EngT’ggEz cos (4.87)
The field alignment angle only affects the magnitude of the delivered field, and
does not interact with the core components of the impermeability tensor. There-

fore, field misalignment only translates to a lower efficiency of the delivery of the

electric field.

4.3 Dielectric Function Models

Once reflectance data has been acquired by ellipsometry, the dielectric function
can be inferred by the solution of an appropriate model. There are many differ-
ent examples of dielectric function models, such as the the Lorentz model [220],
the Sellmeier model [221], and the Cauchy model [222]. The choice of which
model is most appropriate depends on the material in question and the conditions
of the fitting procedure. For example, when fitting only the transparent region
of a material, the Sellmeier or Cauchy model may be perfectly adequate to cap-
ture the dielectric function. In the presence of free-carrier absorption, the Drude
model [223] may be more appropriate. Electric polarisation in the visible/UV re-
gion may best be captured by the Lorentz model, or extension to this such as the
Tauc-Lorentz model. An exhaustive description of such models is well beyond the
scope of this chapter, but an excellent guide can be found in [219]. Each of these
different models treat the dielectric function as being described as a harmonic os-
cillator with various extra terms accounting for phenomena such as behaviour in

the absorption edge.
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The Lorentz model is generally successful at modelling absorption in thin-films
where the absorption is due to some localised effect state [219]. However, if a
material contains an absorption term in the band gap, as has been predicted for
SBN [193], the Tauc-Lorentz model [195, 196, 224] is well known to capture this

behaviour more closely. Therefore this model is chosen for the present study.

4.3.1 Tauc-Lorentz Model

A complete and thorough description of the background of the Tauc-Lorentz model
is beyond the scope of this chapter, but the model is very well detailed in [219].
In this chapter, we provide a broader overview of the model background, focusing
the outputs of the model for the measured thin-films. The Tauc-Lorentz model re-
gards the dielectric function to be the sum of a real and imaginary component. The
real component is denoted as €, 71, where the subscript TL refers to Tauc-Lorentz,
whilst the imaginary component is denoted as €; 7. The imaginary component is
actually the sum of the original Lorentz component ¢, and the added Tauc com-

ponent e7. So, the Tauc-Lorentz complex dielectric function is:

€E=6rr+ €L = 6L+ iler +61) (4.88)

The real component of the dielectric function represents the material dispersion
and refraction properties, and is derived from the imaginary component via the
Kramers-Kronig relations [225, 226]. The imaginary component represents the
material absorption, and in the Tauc-Lorentz model it incorporates a Lorentz os-
cillator and a Tauc gap. The Tauc gap is defined for inter-band transitions above

the bandgap as:
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EF—-F
Ei,TL(E > Eg) = AT . ( 5 g) (489)

....where Ay is the Tauc coefficient, E is the photon energy, and £ is the optical
bandgap. The imaginary component gives the response of the material caused

only by inter-band absorption, i.e.

eir(E < Ey) =0 (4.90)

The Lorentz component of the complex dielectric function is given by:

Ap-Ey-C-FE
(E? — E2)? + C? - E?

er(E) = (4.91)

....where A is the strength of the e 1 (E) peak, C'is the peak broadening term,

and Ej is the central peak energy. So, €; v (E) is defined as:

1 A-BEyC(E—E,)?
F—mercrm > By
0

ei,TL(E> = €1 X €L = (492)

E < E,

....where A = Ay x Aj.

The real part of the dielectric function is derived by applying the Kramer-Kronig

relation to ¢, :

© F2 ..
er(E):er(oo)+%P : %E’(ECQCZC (4.93)

....where P is the Cauchy principal value containing the residues of the integral

at poles on the lower half of the complex plane and on the real axis.
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4.4 Numerical Analysis by Finite Difference Time
Domain Simulation

Analytic methods like transfer matrices and exact solutions to field equations pro-
vide a solid foundation for studying cavity performance and design but often over-
simplify real-world complexities such as material properties, electric field pene-
tration, and dispersion. These intricacies are better addressed using numerical
techniques like finite element and finite-difference time-domain (FDTD) meth-
ods. FDTD, a standard for simulating light propagation in physical structures,
solves time-dependent Maxwell’s equations using central-difference approxima-
tions on a discrete grid, known as a Yee cell [227]. This method accounts for
material properties, geometric factors, and field leakage through sequential time-
stepping. While a detailed exploration of FDTD is beyond this chapter’s scope,
comprehensive resources are available in [228, 229]. FDTD simulations in this
thesis were performed using the Lumerical FDTD software via a setup and post-

analysis library purpose built by the author called PyLumerical [230].

D(w) = e (@) E(w)

B = uou ()

Figure 4.8: Yee Cell: The Yee Cell is used to discretise Maxwells equations in
space, by placing electric and magnetic fields on a cubic grid, with dimensions
specified by meshing resolution.

In FDTD, Maxwell’s equations are discretized into finite-difference equations, it-

eratively solving for electric and magnetic fields until a steady state is reached [228].
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The simulation region is divided into Yee cells, where electric field components
are computed along the cell edges and magnetic components across the cell faces [227].
Time is discretized into steps of size At, ensuring compliance with the Courant-
Friedrichs-Lewy condition for numerical stability [231, 232]. After reaching a
steady state, time-domain fields are converted to the frequency domain via Fourier
transform. Accurate frequency-domain results require long simulation times to
prevent distortions like sinc-function artifacts. This poses challenges for high-
quality-factor cavities, as detailed in Section 4.4.2, where field decay to near zero

can demand impractically long simulations.

4.4.1 Meshing Accuracy

Since the FDTD algorithm discretises the simulation geometry onto a Cartesian
mesh, structural variations occurring within any one Yee cell cannot be accounted
for, resulting in a stepped permittivity mesh that coincides with the Cartesian one.
This may be accounted for by solving Maxwell’s integral equations near structural
boundaries. For example, the modelling accuracy of curved perfect electrical con-
ductor (PEC) surfaces can be enhanced with the Yu-Mittra method [233], where
the contour integral to is reduced to include only the region outside the PEC where
the electric field is non-zero (Figure 4.9a). This approach is suitable for simu-
lating structures at radio-frequency and microwave frequencies, but to extend to
optical frequencies, the material’s dispersion must be taken into account. This is

accounted for with Lumerical’s conformal meshing approach.

In Figure 4.9b, a convergence plot demonstrates the impact of mesh accuracy
refinement on the attained centre wavelength and quality factor from FDTD sim-
ulation, for an open-air cavity with radius of curvature R=4 pum, longitudinal
mode index ¢=2, N,=10, and N;=6. These parameters are chosen to allow for

a convergence test to be conducted within a reasonable execution time. A ‘mesh
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Figure 4.9: Mesh Accuracy: (a) The Yu-Metra mesh refinement method reduces
the contour integral for the simulation region to include only the region outside
a perfect electric conductor (PEC) where the electric field is non-zero. (b) Con-
vergence testing the impact of mesh accuracy on centre wavelength and quality
factor for a diamond filled cavity of R=4 um, ¢g=2, Ny=6, N,=10

accuracy’ setting is adjusted from 1 — 7, corresponding to a Yee cell size between
10—70 Yee cells per wavelength. The uncertainties in Table 4.3 are determined
by comparing the difference in the calculated figure of merit with respect to the
highest possible mesh accuracy setting of 7. Therefore, this represents an artificial
computation uncertainty which isn’t physically real, but is nonethelss constructive
in interpretting FDTD outputas, since it allows for an understanding of the possi-

ble range of solutions.

Below a mesh accuracy setting of 3, the Yee cell size is too coarse to sufficiently
render the fields with precise enough resolution. At high precision, on the other
hand, execution time becomes too long for reasonable simulation. Consequently,
for most simulations in this thesis, unless otherwise stated, a mesh accuracy set-
ting of 3 is chosen as a compromise between accuracy and execution time, corre-

sponding to ~ 0.05% error in centre wavelength estimation.
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Table 4.3: Results of mesh accuracy convergence testing on a Windows 10
Enteprise system with an AMD Ryzen 9 3905X 16-Core 3.49GHz processor and
64 GB RAM.

gy M) e Q) B ) e
1 41.8 638.60 0.250 262 48.12 4.25 43.75 1.00
2 27.2 637.90 0.140 364 16.16 5.74 14.39 2.78
3 19.5 637.30 0.050 398 7.26 6.12 8.00 15.35
4 15.2 637.14  0.020 416 2.84 6.37 4.00 24.95
5) 12.5 637.08 0.010 418 237 6.57 0.91 41.98
6 10.6 637.02  0.003 422 1.41 6.58  0.76 81.04
7 9.2 637.00 0.000 428 0.00 6.63 0.00 130.37

4.4.2 Quality Factor Determination

The quality factor () of a resonant cavity in FDTD simulations is typically
determined via Fourier transformation of the electromagnetic field, measuring
the resonance frequency wqy and its full width at half maximum FWHM, Jjw,
with Q=wp/dw. While straightforward for low-Q cavities, where fields decay
fully within the simulated time, high-Q cavities require alternative methods since

dw ~ 1/Tgm limits precision.

For high-Q cavities, () is derived from the decay envelope of the time-domain
signal E(t) = e @~0) where a=w,/2Q). The envelope slope m is obtained
by fitting log | E(t)|=mt, leading to Q:_wg—:;ge. Figure 4.10 illustrates the fre-
quency domain transmission spectrum of a diamond cavity (R=8um, ¢ = 15),
showing fundamental and transverse modes. These modes are identified by ob-
serving the electric field profile at each associated wavelength, which correspond
to Hermite-Gaussian modes of varying order (as demonstrated in Section 5.4.1).
The fundamental mode for wy is isolated with a Guassian filter, aiding () esti-

mation. However, due to mode interference, filter artefacts, and envelope-signal

separation [234] still remain. To mitigate these, a convergence test is always con-
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Figure 4.10: Frequency domain transmission spectrum: Following Fourier
transformation, the time domain spectrum is visualised in the frequency domain,
revealing a number of fundamental (2) and transverse (1) modes. The quality
factor is found by determining the slope of this spectrum, and the applying a
Gaussian peak filter to the fundamental mode of interest to extracting the resonant
wavelength.

ducted when calculating () over increasing portions of the time-domain data.

4.4.3 Calculating Cavity Mode Volume

The mode volume integral of Equation 4.10 can be computed directly, but is com-
putationally very expensive due to its four-dimensional matrix space. However,
this complexity can be significantly reduced by exploiting the cylindrical symme-
try of the Gaussian modes [235], thereby transforming the integral to a double-

integral in two-dimensions:

form“ f;"f” 27y f e(r,z) |E(r, z)|2 dzdr
Vap = S

4.94
max(e(r, z) | FE(r, Z)|2) .

....where dz and dr denote the size of the mesh cells. As such, the mode volume

calculation can be discretised to the Yee cell. To account for two-fold symmetry
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of the dipole emitter, frequency-domain monitors are placed along the x-z and
y-z axes, and the average field intensity taken from both monitors is used for the
mode volume calculation. A comparison between the simulated mode volume for
3D and 2D integration is provided in table 4.4 as the number of cavity modes is
increased from 1 to 7. It can be seen that the 2D integration tracks the full 3D

solution with minimal error:

Table 4.4: Comparison between mode volume calculations with 2D and 3D
integrals

q Vap (A/n)® Vop (A\/n)? unc(%)
1 0.98 0.974 0.93
2 1.41 1.39 1.22
3 2.46 2.46 0.74
4 2.97 2.93 1.15
5 4.05 4.01 0.99
6 4.55 4.50 2.43
7 4.97 4.82 3.1

4.4.4 FDTD Simulation of Diamond:SBN Microcavity

To study the impact of modifying the refractive index of an SBN layer when it is
hybridised with a diamond monolithic cavity, an FDTD simulation with a mesh
accuracy of 3 was constructed which considered each material as ideal dielectrics,
but with a modified refractive index of the SBN layer. The impact of this shifting
index on the centre wavelength of the microcavity is shown in Figure 4.11, for a
monolithic diamond cavity with longitudinal mode index ¢=30, radius of curva-
ture R=8 pm, and a 300 nm thick layer of SBN stacked between the diamond and
the planar mirror. An electrode bias voltage was assumed to range between 0-100
V, and the refractive index of the SBN layer was correspondingly adjusted based
on the theoretical change. The cavity resonance is seen to blue-shift from ~637.1

nm to ~636.6 nm. This constitutes approximately 2.4% of the intended free spec-
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tral range of the final cavity device, although this tunability range can of course be
improved further by applying higher bias voltages. The grey shaped confidence

band in this plot represents the computational uncertainty in the wavelength due

to the finite meshing, with uncertainties given in Tables 4.3 and 4.4
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Figure 4.11: Impact of SBN tuning on cavity figures of merit: With the applica-
tion of an electric field the SBN refractive index decreases linearly. This induces
a linear blue shifting of the resonant wavelength (a). During SBN tuning, both the
Purcell factor (b) and quality factor (d) increases. This is due to the corresponding
decrease in mode volume (c).

In addition to the potential impact on the centre wavelength, the effect of the tun-
ing layer on cavity quality factor, Purcell factor, and mode volume are also studied
by FDTD simulation. As the cavity resonance is tuned, the Purcell factor is ac-
tually substantially improved, 52.26 to 87.14 (Figure 4.11a) due to the reduced

mode volume (Figure 4.11b) induced by the optical path length modification dur-
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ing tuning. Correspondingly, the cavity quality factor is dramatically enhanced
from 42883 to 65461. These results strongly indicate that the cavity resonance
mode can be readily tuned in practice when bonding a strong electro-optic mate-
rial between the diamond and featured mirror, with little degradation to the cavity
figures of merit. The simulated FDTD results align well with expected analytic
solutions, and therefore provide a strong motivation for pursuing this approach as

a cavity tuning method.

4.4.5 Modelling Real World Parameters in FDTD

The true power of FDTD simulation lies in its capacity to model the impact of
real-world material properties, such as surface roughness, dispersion, and absorp-
tion. Throughout this thesis, each constituent element of the cavity device will be
characterised experimentally, and those experimental properties will be provided
to the FDTD model to build an understanding of each material’s impact on cav-
ity performance. Here we brioefly introduce how surface roughness and material

optical properties are provided to an FDTD simulation.

4.4.5.1 Modelling Surface Roughness

The impact of a rough layer on the quality factor would be to provide a path for

scattering, which increases round-trip loss and reduces quality factor, since @) is

limited by round-trip loss as Q= ig’i , and therefore the scattering losses S are
proportional to .S (4”7")2. With physical surface roughness data acquired, one

could in principal load the acquired dataset as a material directly into FDTD sim-
ulation. However, this is not an optimal approach, since the material resolution
may not align well with the capabilities of FDTD. It is better to create an arti-
ficially rough surface layer with boundaries informed by the surface roughness

measurements. This can be created by constructing the correlation function of the
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Hurst exponent:

H=E [%} = Cn' (4.95)

This is defined as n — oo, where n is the range of observations of the dataset;
R(n) is the range of the first n cumulative deviations from the mean; S(n) is
the series of the first n deviations; and C' is a constant parameter. The surface
roughness can be simulated by creating a matrix of uniform random numbers
in k space, removing high frequency components, and then converting back to
real space. The parameters of the correlation function of the Hurst exponent are

randomly sampled in this way, where:

(H(VH(r +6)) = 0% () (4.96)

....where H is the Hurst exponent; ¢ is a positional variation parameter; o is the
RMS roughness; and L.. Based on the measured surface roughness of the SBN,
an artificially rough layer is created, and then fed into the FDTD simulation. Once
this layer is defined, it can be added to the FDTD simulation as a rough layer with

either ideal or modelled optical parameters.

When simulating the rough layer with a finite difference solver, first an artifi-
cally rough layer is created from the above corellation function, and an ordinary
structure with a rough top layer is created. To capture the optical impact of the
roughness, it is crucial to set an appropriate mesh size. Since the smallest avergae
surface roughness expected is around 700 pm, the mesh should reflect this. How-
ever, meshing the entire structure with such a fine mesh would be computationally
intractavble. Instead, an extra mesh with much greater refinement can be added to

cover only the top rough layer. Meanwhile, a coarser mesh can still be applied to
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Figure 4.12: Refined meshing for surface roughness: For the majority of the
simulated structure, a fairly coarse mesh is suitable enough to capture optical
performance. However, to capture the effects of surface roughness, a much finer
mesh in the rough layer is needed.

the rest of the structure (Figure 4.12).

4.4.5.2 Modelling Optical Properties

If a materials refractive index and extinction coefficient (n and k) data is exper-
imentally known, this set of data can be used to build a material model using
any dielectric model of choice. For the practical application of the cavity, only
the transparrent region of the SBN films is of concern, and therefore the Lorentz
model confined to the bandwidth of interest is sufficient to capture the dispersive
and absorptive behaviour of this material. In Chapter 5, experimental data for the

DBR coatings is also added as a material property in FDTD simulation.

4.5 Chapter Summary

In this chapter, we explored the theoretical principles underlying the development
of efficient spin-photon quantum network interfaces, focusing on enhancing pho-
ton emission efficiency through resonant optical microcavities. We detailed the

challenges posed by quantum decoherence and photon indistinguishability, em-
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phasizing the role of Purcell enhancement in increasing zero-phonon line (ZPL)
emissions for entanglement applications. The analytic tools of transfer matrix
analysis and Hermite-Gaussian modes were presented alongside the numerical
technique of finite-difference time-domain (FDTD) simulation to evaluate cavity
performance. Additionally, the electro-optic properties of Strontium Barium Nio-
bate (SBN) were examined, with a focus on its tensorial behavior under applied
electric fields and its integration as a tuning mechanism for microcavities. To-

gether, this provides an analytic foundation for the coming chapters in this thesis.
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5| Microcavity Fabrication

In this chapter, the fabrication of monolithic microcavities in diamond by focussed
ion beam milling is detailed, alongside optical characterisations of the cavity fol-
lowing DBR mirror coating. The microcavities were fabricated into 10 pm thick,
single crystal, electronic grade diamond membranes and coated with DBR mir-
rors for prototyping. Their optical properties were measured using a purpose built
transmission microscope, and the optical response was compared to analytic and
numeric models. The cavity arrays exhibited strong and repeatable cavity longi-
tudinal cavity modes with accompanying transverse modes. The measured cavity
finesse was only around 10% what was expected, but this is explained following
a thorough characterisation of the DBR mirror coatings: high absorption in the
TiO, DBR layer negatively impacted the mirror reflectivity and therefore the cav-
ity finesse. Therefore with better coatings, it is expected that the cavities should

readily reach their full potential.

5.1 Cavity Formation by Focussed Ion Beam Milling

A number of different approaches of fabricating convex/concave cavity features
for Fabry-Perot structures are well established in literature, including nanoimprint
lithography [236, 237], polymer reflow [238-242], and focussed ion beam (FIB)
milling [243]. The latter is a well developed process in the photonic nanomaterials
group (PNG) at Oxford University, and therefore is the primary emphasis of this
thesis. In this approach, a beam of Ga™ ions is emitted and accelerated from a
cone source focussed onto the sample by electrostatic lenses. The high energy of
the incident ions causes a small number of atoms from the diamond to be sputtered

off the surface. In this work, the Zeiss Crossbeam 540 Analytic SEM/FIB is em-
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Figure 5.1: Cavity fabrication procedure.(a) A 10 ym thick diamond membrane
is prepared for milling by cleaning, sticking to an SEM stub, and coating; (b) The
diamond surface is bombarded with Ga™ ions using a focused ion beam, to form
convex cavity features; (c) The featured diamond is coated each side with DBR
mirrors, made of SiO5 and TiO, layers grown by ion assisted E-beam evaporation.

ployed for milling. To mill away the diamond in such a way as to produce a cavity
feature, a predefined map of FIB dwell times at each location is programmed into

the FIB, in a structure known as a ‘stream file’.

5.1.1 Stream File Development

The stream file is a set of coordinates governing the milling procedure. It contains
three columns of data - x- and y- positional coordinates, and a z coordinate which
relates to the FIB dose, i.e. the amount time the FIB stays at each x-y position to
deliver a desired charge. The intended field-of-view of the FIB during the milling
of each cavity is discretised into x and y coordinates, and the intended depth of
the features is initially designed as a positional coordinate z, which will later be

translated into a charge dose.

To design the cavity geometry, it is sufficient to define the z-coordinates from a
cross-section of the cavity (Figure 5.2) and transform the cartesian grid into polar
coordinates. To begin, the width of the cavity feature W is related to a desired

radius of curvature r and feature depth d by Wy.,, = 2v/r-d — d?. The total
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Z=+r2—R%2-r

Z = tan 6

Werench erut Werench

Figure 5.2: Cross-section of cavity design feature. The desired geometry is
determined analytically and a mesh grid of geometric values is determined com-
putationally, ready to be programmed into the FIB.

width of the cavity Weqity, is defined to include space for a ’trench’ region at the
minimum of the feature depth, and is set to be Weqyity = 1.5 - Wyeq. Therefore,

the width of the trench feature Wi encn 18 Wireneh = -5(Weavity — Weat)-

The 3D cartesian grid is first defined by creating an array of x- and y- coordinates

between some minimum (¥,,,;,) and maximum (¥, ) values, defined as:

Wtea Wiea
— ( 12” é + Wtrench) —c<uzy < ( g : + Wtrench) +c (51)

.... where c is some constant to account for the region outside of the cavity area. A
linearly spaced array of dimension n of x- and y- coordinates is defined between

TYmin and Y4, Therefore the x and y arrays are defined as:
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TYmaz — TYmin TYmaz — TYmin

T = | TYmin, TYmin + y LYmin + 2- y 0y TYmax
n—1 n—1
- [1'1,932,"' ax’n] (52)
TYmazr — TYmin TYmazr — TYmin
Y = | TYmin, TYmin + Y Y s TYmin + 2. Y Y y "y TYmax
n—1 n—1
= [y17y27"' 7yn] (53)

Ann x n grid of coordinates for x and y is then filled with coordinate values, such

that:

Ty To -+ Tn Y1 Y2 - Un
X: xl x2 xn Y: yl y2 yn
_:L‘l Lo - xn_ _yl Yo - yn_

This cartesian space is then converted to a polar coordinate system defined by
a grid R=v/ X2 + Y2, The Z grid of coordinates relates the depth of the cavity
feature at each radial point in R. The value of each element in the grid of Z co-
ordinates dependant on position R can be seen in the cross sectional profile of a
cavity design in Figure 5.2. Note the sloped path between Z= — d and Z=0: this
is to assist any etching which may be done on the cavity feature, to prevent over

or under etching in the corners.
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5.1.1.1 Relating Cavity Depth to FIB Dose

To relate the Z-coordinates to the physical ablation achievable by the FIB, the
intended milled depth at each point needs to be related to the amount of material
which can be sputtered away. The volume of the grid in the z-axis V, is defined by
multiplying each element z € Z weighted by the grid mesh discretisation factor

(5xy:ZE1 — XQ.

Vi= 2z (6xy)? (5.4)

z

The amount of charge required at each grid point is determined by the sputter rate
R of the FIB, 1.e. the rate at which material which is sputtered from the sample

surface:

¢=V:-R=V.- - SJp (5.5)

pN e~

The sputter rate is determined by the molar weight M of the target (kg/mol),the
density p of diamond (kg/m?), the electron charge e~ =1.6 x 10~'¥ C, the sputter-
ing yield S (atoms/ion), which is an empirically determined factor for each FIB
and sample material, and the primary ion current density j, (4/m?). In equa-
tion 5.5, N4 = 6.022 x 10~23 atoms per mole is the Avogadro number. With this
the dwell time required at each grid point for the FIB to deliver the required dose

for a given beam current Iy, 1S:

Ladwell = (5.6)

[beam
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5.1.1.2 Redeposition Mitigation

Redeposition is a common problem encountered during FIB milling. This is a
problem where material which has been sputtered away from the surface can be
redeposited onto or indeed into the surface, which distorts the resulting feature
from the designed pattern. To mitigate this, the combined matrix of coordinates
and dwell times were randomised by permuting the 3-dimensional grid so that the

ion beam randomly sampled discrete regions of the defined grid.

5.1.2 Milling Parameter Optimisation

The sputter rate of the diamond membrane when irradiated by the FIB needs to be
determined in order to correctly define the stream file. To determine this, the sput-
ter yield of the FIB must be found. A single crystal diamond sample was ablated
under the FIB for a varying incident beam current. In the Zeiss Crossbeam-540,
the FIB acceleration voltage is fixed at 30 kV, and therefore the beam current was
varied instead of the more common approach of varying the acceleration voltage.
The milling beam diameter of the focussed ion beam is a fixed quantity, at 10
nm, and the resolution of the beam positioning for the Zeiss Crossbeam 540 is
0.1 nm. After irradiation, the depth and lateral dimensions of the milled rectangu-
lar trenches were determined by optical profilometry, and the sputter yield S was

calculated as [244]:

. lllgze

S
N;It

(5.7)

....where [; and [, are the lengths and widths of the rectangle, z is the depth of
the trench, e = 1.602 x 107! C is the electron charge, I is the incident beam

current, and ¢ is the total sputter time. /V; is the the average atomic volume, and
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for diamond, N; = 5.67 x 10~24 cm?®/at [245].
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Figure 5.3: Impact of FIB beam current on diamond sputtering. (a) Sputter
yield of diamond irradiated with Ga™ ions from a Zeiss Crossbeam 514 FIB at
30keV, with varying incident beam current. (b) depth of milled trench; (c) length
of milled trench; (d) width of milled trench

Figure 5.3(a) displays the measured sputter yield of diamond monotonically in-
creasing with respect to the applied beam current. The length and width of the
trench (Figure 5.3(b) and (c) respectively) were both intended to be 18 um, and
broadly sustain this across each beam current. On the other hand, the trench depth
increases proportionally to the incident beam beam current before plateauing after
15 nA, since higher beam currents appear to cause damage to the diamond surface
rather than milling much deeper. Therefore, a beam current of 7 nA is chosen for

the FIB milling of the cavities, with a sputter yield of 2.2 particles/ion.

127



University of Oxford Mansfield College

5.2 10 pm Diamond Membrane Surface Roughness

Prior to milling, the surface roughness of the 10um HiQuTe diamond membranes
were characterised by optical profilometry. The quality of the diamond surface is
very important for the successful adhesion of DBR mirrors, since thin-films tend
not to bond well to rough surfaces. A rough surface may also inhibit the cavity

optical response by adding scattering pathways for light.

5.2.1 Membrane Surface Profile

The HiQuTe membranes are formed by polishing CVD grown diamond plates
from an initial thickness of several hundred pum down to 10m, using a polishing
wheel infused with a combination of olive oil and diamond dust (a method known
as scaif polishing). This results in a naturally rough surface due to polishing
damage leaving sp-2 carbon on the surface, and creating sub-surface damage of
typically a few um [246]. Surface level sp-2 carbon can be chemical etched away
using a tri-acid boiling method [247], whilst sub-surface damage can be plasma
etched by reactive ion species [246, 248, 249]. Figure 5.4 shows the typical sur-
face of the HiQuTe membranes, obtained by a Microxam-800 surface mapping
profilometer in Phase Scanning Interference (PSI) mode, with a 100X objective
lens. The diagonal striations are the sp-2 carbon caused by the polishing process.
Alongside this, there is evident debris among all the diamond surfaces, since pol-
ishing is a dirty process, and the manufacturers do not clean the final membrane
product. Cleaning membranes is very challenging due to handling, but can be

achieved by a piranha acid process.

Nonetheless, in regions without substantial debris, the RMS roughness (Rsq) of

the membranes is sub-nm (Table 5.1), which is more than sufficiently smooth for
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Figure 5.4: Surface profile of 10 ym diamond membranes, obtained via opti-
cal profilometry. The diamond membranes are initially very dirty due to residue
from the polishing process. Therefore, surface defects remain. However, the dia-
mond itself shows sub-nm smoothness.

device integration and cavity performance.

Table 5.1: Statistical information of diamond membrane surface obtained
from optical profilometry.

Average Value (nm) 22.93
RMS Roughness (Sq) (nm) | 0.773
RMS (grain-wise) (nm) 0.773
Mean Roughness (Sa) (nm) | 0.622
Skew (Ssk) (nm) 0.1466
Excess Kurtosis (nm) -0.1324

5.2.2 Membrane Mounting and Milling

The membrane was mounted by hand using a pick-and-place vacuum tool onto
a 100 pm thick fused-silica cover slip mount which contained a laser machined
hole providing for optical access both sides of the membrane. The membrane was
secured onto the cover slip with nail varnish, and mounted onto a scanning elec-
tron microscope (SEM) stub with silver dag (Figure 5.5(a)). To prevent sample
charging under the SEM, the membrane was sputter coated with a 4 nm layer of

chromium which was chemically etched away after milling.
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(b)

Figure 5.5: Cavity formation in 30xm membrane (a) Widefield image of
mounted membrane with cavity features; (b) SEM image of microcavity array
FIB milled into diamond membrane.

Arrays of cavities of radii of curvatures of 10pm, 20um, 30um, 40pm, 50um,
55um, 95um, 1204m, 250m, and 3104m were milled into 1 mm?, 10 pm thick

electronic grade diamond membrane provided by HiQuTe-Diamond (Figure 5.5(b)).

5.2.3 Cavity Physical Characterisation

Figure 5.6(a) shows an SEM image of a cavity feature formed in a 10gm mem-
brane by FIB milling, with a beam current of 7 nA and 10 repeated milling doses.
There is an evident steep trenching effect as desired, and a convex feature in
the centre of the cavity structure. To assess the surface roughness of the cavity
features, each cavity was analysed using a Microxam-800 surface mapping pro-
filometer. A 3D profile of the cavity feature in (a) can be seen in Figure 5.6(b),
and a cross section of this profile is plotted in Figure 5.6(c).The intended depth of

the cavity features is around 325 nm.

The surface roughness is found by fitting a polynomial function to the cross-
sectional profile, and assessing the root mean square deviation from the fitted

line. The results for cavity features etched between 50um to 300um are displayed
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Figure 5.6: Physical characterisation of cavity features: (a) SEM image of
FIB milled cavity feature in diamond membrane; (b) 3D optical profile of cavity
feature; (c) cross-sectional cavity profile; (d) the polishing effect of the FIB can
be observed as cavity radius of curvature increases

in Figure 5.6(d). Importantly, achieving sub-nanometer cavity surface roughness
does not require a super-polished diamond membrane a-priori. The FIB can pro-
vide a polishing effect itself due to the strong dependance of the sputter rate with
the angle of incidence of the beam [250-252]. Initially, the surface roughness of
the smaller radii features exceeds the natural diamond roughness due to inhomo-
geneous sputtering of the deposited Cr layer on the diamond surface. However,
above 150 nm the cavity features become much smoother than the original mem-

brane roughness, approaching an average roughness of around 500 pm.
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5.2.4 DBR Coating

After the cavity features were milled, the diamond membranes were coated in
DBR layers consisting of SiO, for the low-index layer and 770, for the high
index layer. The coatings were deposited by the Thin-Film Facility at Oxford
University, by argon ion beam assisted (IBAD) electron beam deposition, in an
Edwards E500 bell jar system under vacuum. 13 layers were deposited on each
side of the membrane, with the TiO, being both the interface layer with the dia-
mond, and the top layer to air, such that the layer stack was [TiO2, SiO,, TiO,,
Si04, TiO9, Si0,, TiO,, Si0O9, TiO,y, SiO2, TiO9, Si0O,, TiO2]. The deposition

system growth parameters for the TiO, and SiO, layers are detailed in Table 5.2

Table 5.2: Table of parameters for DBR growth in IBAD E-Beam deposition
system.

Layer | Current IBAD Pressure = Chamber Pressure Rate
TiO; | 120mA 2.5 x 107" mbar 1.6 x 107* mbar  0.1-0.5 nm/s
SiO, | 40mA 25 x 10"*mbar 1.6 x 107* mbar  0.1-0.5 nm/s

In principle, this should result in a DBR reflectivity of 99.80% and transmittivity
of 0.2% at 637 nm. Of course, a higher reflectivity is more desirable, but with each
deposited DBR layer, any imperfections in purity and absorption compound, and
therefore negatively affect the final reflectivity. A highly optimised coating pro-
cess is therefore required for very high quality cavities, which must be outsourced.

It is therefore useful to work with lower quality coatings for initial prototyping.

5.2.5 Optical Characterisation

To investigate the cavity response and mode structure, a purpose-built transmis-
sion microscope was built, as detailed in Section 3.6 (Figure 3.4). The optical

response of the cavity features is shown in Figure 5.8(a) cavity radii of curvature
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varying between 10 pm to 310 pm. The strong dominant peaks in the spectra are
the longitudinal mode of the cavities, and it is interesting to note that the centre
frequency of each peak is reasonably stable and impervious to the changing radius

of curvature, implying a fairly stable fabrication procedure across each cavity.
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Figure 5.7: Optical response of optical microcavities of radii of curvature be-
tween 10 - 310 4m milled into 10 xm diamond membranes: (a) Sample optical
spectra of each cavity radii of curvature; (b) Extracted average quality factor; (c)
Extracted average finesse; (d) Effective radius of curvature, determined by evalu-
ating difference between longitudinal first transverse mode positions.

The measured average quality factor () for each cavity radius of curvature is
shown in Figure 5.8(b). This is found by taking the ratio of the peak centre fre-
quency wy to the full-width half-maximum (FWHM) of the peak dw, i.e. Q=wj/dw.
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There is no apparent strong dependancy between the radius of curvature and the
measured quality factor, which suggests that the Q-Factor is dominated by the
cavity finesse, which itself is dominated by the reflectivity of the mirrors on each

side of the diamond.

The lower than expected Q-Factor corresponds with the measured cavity finesse,
which is found by taking the ratio between the wavelength FWHM of each lon-
gitudinal peak J\ and the free-spectral range FSR, i.e. F=0\/F SR. The finesse
is determined by the reflectivity of the mirrors and absorption processes. Assum-

ing no absorption, the finesse calculated as F'= . The thin film coatings

om
deposited here were designed to possess a reflectivity of 97%, and therefore the
expected finesse of the cavity is /'=105. Unfortunately, for these cavities the mea-
sured finesse is found to be around only 10% of what was designed for the cavity
geometry and DBR coating, at around /'=10. The cavity Q-factor depends on the
finesse, since Q=F(q + ¢ ), and hence the Q-Factor is correspondingly dimin-

ished. The reason for this lower than expected finesse is investigated in detail in

Section 5.3.

Despite the lower than expected finesse, a mode structure containing both longitu-
dinal and transverse modes are visible in some of the cavity spectra, albeit vaguely.
In Figure 5.8(a), the mode structure of a 55,m radius of curvature cavity is shown.
The dominant peaks are the clearly visible longitudinal Hermite-Gaussian modes,
corresponding to the simulated 7 G00 modes in Figure 5.8(b). A number of fea-
tures are evident in the remaining spectra. By fitting the resonance condition for
a Hermite-Gaussian mode (equation 4.21) to this spectra, as detailed in Section 4,
the features observed in the spectra overlap precisely with the transverse modes

HGO1, HG11, and HG21.

Each cavity radii of curvature appears to admit these HG modes, and therefore
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Figure 5.8: Cavity mode structure: (a) Observed cavity modes for 50um ra-
dius cavity, showing strong longitudinal modes and weak transverse modes; (b)
simulated profiles of Hermite-Gaussian modes corresponding to weakly observed
modes.

it is possible to infer the effective radius of curvature R.;s for each cavity (Fig-
ure 5.7(d)). Rcs¢ is found by taking the ratio between the physical length L of
the cavity (10 um in this case) and the beam curvature term containing the differ-
ence in resonant lengths between the longitudinal and transverse mode, as given
in Equation 4.22. In Figure 5.7(d), the effective radius of curvature is slightly
smaller than the physical radius, although it does appear to steeply increase with
larger physical radii. At the smallest physical radius of curvature of 10um, the ef-
fective radius is 10.135um, and the effective radius seems to approach this value
as a lower limit. Indeed the cavity stability criterion places a lower bound on the
effective radius of curvature for light to be confined within the cavity, as detailed

in Section 4.

The centre wavelength of each cavity is stable around a region close to the de-
sign resonance wavelength of 637 nm (Figure 5.9), implying a uniform membrane
thickness, uniform DBR deposition, and a stable FIB milling procedure. The av-

erage centre wavelength is slightly lower than the design wavelength, at 636.65
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nm, but this can be easily compensated in further fabrication iterations.
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Figure 5.9: Variation in cavity wavelength for different radii of curvature
cavities: (a) Cavity spectra; (b) resonant wavelength. For each radius of curvature
cavity, the measured centre wavelength is quite stable, varying within 0.8 nm.

5.3 Investigation of DBR Mirror Performance

The discrepancy between the designed cavity finesse and the measured value can
be attributed to the quality of the DBR mirror coatings. The process of depositing
DBR coatings with high reflectivity and low absorption is delicate and requires
specialised deposition systems. Any deviation in the deposition process can sig-
nificantly impact the quality of the DBR mirrors. As a result, such coatings are
typically applied by specialised industrial partners, such as Layertec or Manx Pre-
cision Optics. In this study, the mirrors were deposited by the Oxford University

Thin-Film Facility.

Using the transfer matrix approach described in Section 4.1.5, we can estimate
the expected transmission and reflection spectra of the DBR coatings based on

the number of layers deposited on the planar and featured sides of the diamond.
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For the 13-layer structure fabricated on each side of the diamond, the expected
minimum transmission coefficient is 0.0002, the maximum reflection coefficient

is 0.97, and the stop-bandwidth is 185 nm (Figure 5.10).

Top Bottom
=) 5 1.0 4
< <
C C
i) i)
b 2 0.5
€ €
2 2 = Meas
f_f g 0.0 - Analyti
400 600 800 400 600 800
Wavelength (nm) Wavelength (nm)
. 1.0 {— wieas 1 | — 1.0 — Meas
2 Analytic <D,: Analytic
é 0.5 - § 0.5 1
O O
o i
Y— Y
g & 0.0 YV a1
OO T |- — T T - — . T T T
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 5.10: Reflection and transmission profiles of the DBR coatings on the
top and bottom sides of the HiQuTe diamond membrane. Whilst transmission
through the DBR stack is close to what is expected, the DBR reflection data differs
significantly, explaining the diminished cavity performance.

The actual transmission and reflection spectra were measured using a spectropho-
tometer on SiO test pieces placed in the deposition chamber. These measured
spectra were compared with the expected spectra, as shown in Figure 5.10. Prior
to acquiring the transmission and reflection date for these samples, calibration
transmission and reflection spectra were acquired. First, 100% light transmis-
sion was acquired by allowing the spectrophotometer light source to irradiate the
detector with no sample in place. Then 0% light transmission was acquired by

placing a ’black standard’ (a black material which fully absorbs the transmitted
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light) in the optical path, and acquiring data across the entire spectral range. The
sample transmission data was then found by placing the DBR sample in the beam
path. To calibrate the reflection data, 100% reflection was found by placing a
"white standard’ (a white material which is highly reflective) in the reflected beam
path and measuring the reflected light. The 0% reflection was found by placing
no object in the beam path and acquiring data across the entire spectral range.
The sample reflection data was then acquired by placing the DBR mirrors in the

sample reflected light path.

The transmission spectra for both the top and bottom DBR mirrors match closely
with the theoretical expectations in terms of their absolute values in the stopband,
although deviate at the stopband edge and passband, possibly due to dispersion
effects not being accounted for in the modelling. However, the reflection spectra
show significant deviation from the ideal case in both the stopband and passband.
This result was consistently observed using both an ellipsometer and a reflection
probe. While the transmission coefficient aligns with expectations, the reflection
coefficient differs notably. At 637 nm, the reflection coefficients for the top and
bottom mirrors are measured to be Ry, = 0.8225 and Ryoiom=0.5389, respec-

tively.

The reduced cavity finesse can now be explained more clearly, given that the fi-
nesse is related to the reflection coefficients by the formula F'=—+~Z——. With
y 1_\/ Rloprmtom

the measured reflection coefficients, the calculated finesse is found to be F'=9.399,

which is in good agreement with the measured cavity finesse.

Table 5.3: Measured Transmission and Reflection Coefficients for the Top and
Bottom DBR Coatings of the Optical Microcavity at 637 nm.

Expected Top Bottom
Transmission | 0.00021  0.00879 0.01181
Reflection 0.9700  0.8225  0.5389
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In addition to the significant deviation in the magnitude of the reflection spectra,
there is no clear stopband, and its centre appears to be blue-shifted. Both the
attenuation and blue-shifting of the stopband suggest that absorption and thick-
ness inhomogeneities in the mirrors may be contributing to the reduced reflection
performance. These factors can be quantified and incorporated into the transfer

matrix model for further analysis.

The homogeneity of the mirror thickness can be assessed using cross-sectional
SEM imaging of the DBR mirrors. The DBR test sample was mounted in a Zeiss
Crossbeam 540 SEM/FIB, and a trench was milled into the mirror using FIB. The
trench was initially milled with a beam current of 1.5 nA for rough milling, and
then polished at a lower beam current of 300 pA to improve imaging resolution.
The layer stack is shown in Figure 5.11(a). While the TiO, layer appears fairly
uniform in thickness, the SiO, layer shows significant variation. This variation
could account for the observed blue-shifting of the reflection stopband but would

likely have only a minor impact on the intensity reduction.

(a) (b)
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Figure 5.11: (a) Thickness and (b) absorption of the TiO, and SiO, DBR
mirror layers, measured by spectrophotometry. The thickness variation of the
Si0, is significantly larger than that of the TiO, layer. However, the absorption of
the TiO, layer is substantial, and the dominating cause of loss.

The absorption spectra for the TiO5 and SiO, layers were measured using separate
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test pieces of each material. The absorption spectra, shown in Figure 5.11(b),
reveal that while SiO, exhibits low absorption, TiO, is highly absorbent. It is
well known that TiO, can lose oxygen during deposition, which is often desirable
for creating oxygen vacancies [253, 254]. In the case of e-beam evaporation,
TiO, films may lose oxygen due to excessive deposition energy or re-sputtering
effects. The argon plasma used during deposition could also contribute to oxygen
vacancies, particularly when impurities such as carbon are present, which can
form volatile compounds like CO,. We hypothesize that the enhanced absorption
in the TiO, layer may be due to carbon contamination in the deposition chamber,
with some carbon atoms being incorporated into the TiO,, thereby increasing its
absorption. The measured absorption spectra are consistent with those of carbon-

implanted TiO- films reported in [255].

By incorporating both the layer thicknesses and the absorption spectra into the
transfer matrix model, we can account for the real-world imperfections in the
DBR coatings. The absorption introduces a complex component to the refractive
index of both TiO, and SiOs layers n’=n + ik, as detailed in Section 4.1.6. Using
the absorbance data obtained by spectrophotometry and the layer thicknesses from
SEM, we can calculate the transmission and reflection spectra of the DBR coatings
using the transfer matrix model with an absorption term. The predicted spectra are

compared to the measured spectra in Figure 5.12.

By incorporating the measured thickness inhomogeneities and absorption proper-
ties into the transfer matrix model, the predicted spectra closely match the experi-
mentally measured spectra in the photonic stopband. There are further deviations
from the simulated spectra in the passband, likely caused by interdiffusion, where
the refractive index gradually changes near interfaces due to diffusion or surface
roughness, affecting performance outside the stop band more strongly. This is

challenging to experimentally characterise and analytically simulate, and since the
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Figure 5.12: Comparison between the expected and measured DBR reflection
(a) and transmission (b) coefficients. Incorporating the thickness variation of
each layer and the absorption spectrum provides a much more detailed model of
the DBR layers, and sheds light on the cause of diminished cavity performance.

breadth and height of the stopband is of primary interest, this effect is neglected

in this analysis.

5.4 Feedback from FDTD Simulation

The physical parameters of the monolithic cavities were incorporated into an
FDTD model in order to cross-validate the acquired spectra with what may be
theoretically expected, and to gain valuable information about the expected Pur-
cell enhancement and collection efficiency of each cavity geometry. These simu-
lations were performed using the Lumerical FDTD software with PyLumerical, a
substantive Python wrapper class developed by the author for creating the simu-
lation and analysing the results [230]. To establish the simulation, the diamond is
taken as an ideal, non-dispersive material of constant refractive index n=2.41. It
is useful to compare between an ideal case for the DBR mirror coatings and the

real-world impact of the measured thickness variations and absorption. Therefore
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the DBR mirrors are considered initially in their ideal case, but subsequently the

measured layer thicknesses and absorption are accounted for.

5.4.1 Cavity Electric Fields and Optical Spectra

The measured cavity fields of the 10um HiQuTe membrane were compared with
an FDTD model which incorporated the measured membrane thickness, average
thickness variation of each DBR layer and the measured absorption coefficients.
By placing a power monitor at the top of the cavity feature, the cavity mode pro-
file can be extracted for each peak in the cavity spectrum (left hand side of Fig-

ure 5.13)
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Figure 5.13: Comparison of measured spectra vs FDTD. On the left-hand side
is a comparison between the measured cavity spectra and that simulated by FDTD
methods. Aside this are the mode profiles for each FDTD peak.

A comparison of this model for the 90,m radius of curvature cavities is shown in
Figure 5.13. Encouragingly, the simulated response overlaps very closely to that
which was measured, indicating the completeness of the model, and therefore that
the impact of each material has been well characterised for its impact on cavity
performance. The peak data of the measured and the simulated cavity spectra were
fit to a Lorentzian function, and the Q-factor, FSR, and finesse were compared.
This comparison is shown in Table 5.4. It is clear that the simulated and measured

figures of merit very closely match one another. Therefore it is legitimate to make
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inferences on potential cavity enhancement based on this model.

Table 5.4: Comparison between the figures of merit for measured and simu-
lated cavities.

Measured FDTD
Q 866 914
FSR 7.426 7.270
oA 0.735 0.704

F 10.10 10.33

In the FDTD simulation, since the cavity dimensions are fairly large and the in-
clusion of modelled dispersive materials is computationally highly resource in-
tensive, a smaller grid mesh had to be chosen to allow the simulation to run in a
tractable time. The grid size ¢ was set to be 1/20 of the shortest wavelength (615
nm) in each region, using a conformally refining mesh [233]. A summary table of
the mesh grid dimensions for each cavity region is given in Table 5.5. Based on
the results of the impact of the meshing accuracy on the cavity figures of merit,
an approximate uncertainty in the centre wavelength and quality factor for this

FDTD simulation is 0.81% and 15% respectively.

Table 5.5: Summary of grid meshing parameters used in the FDTD simula-
tion of the optical microcavities

Meshing Method | Conformal
Amin 615 nm

)\e ff 255.6 nm

Agy TiOy 14.50 nm

Ay SiOy 21.21 nm

A,, Diamond 12.78 nm

Az, SBN 13.91 nm

The simulated spectra to some extent can illuminate the measured transverse mode
structure, although since the simulated finesse is intentionally low, it is again dif-

ficult to observe the spectra in detail. This problem is compounded by the mesh
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resolution, which was by necessity fairly coarse because the computational over-
head of the inclusion of the measured materials in the simulation can quickly make
the simulation for practical purposes intractable with fine meshing. However, en-
couragingly the transverse mode spectra overlaps the spectra inferred from the

measured data shown in Figure 5.8.

5.4.2 Cavity Enhancement

Without an emitter in the cavity, it isn’t possible to directly measure the cavity
Purcell factor. But based on the measured physical and optical properties of the
cavity, it is possible to infer the expected enhancement both analytically and by
numerical investigation. This is a crucial part of the device design process, since
the fabrication procedure is very labour intensive, and it is therefore imperative to

confidently infer the expected cavity enhancement.
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Figure 5.14: Analytic and numeric calculation of Purcell factor: (a) for smaller
and (b) larger radii of curvature cavities. For the larger radius of curvature cav-
ities, the expected Purcell enhancement is fairly low, even in the ideal scenario
of lossless DBR coatings. On the other hand, by shrinking the cavity mode vol-
ume by reducing the radius of curvature, the expected Purcell enhancement can
be quite significant.

For the larger radius of curvature cavities, given the fairly thick membrane of
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10um, the mode volume is quite large at between 98.50(n/\)? for 10um radius
of curvature cavities, and 2067.29(n/\)? for the 313um RoC cavities. Therefore
the Purcell enhancement is expected to be fairly low, even in the ideal scenario of
lossless DBR coatings. This would be improved substantially by opting for higher
reflectivity DBR coatings of course, and indeed the intended membrane thickness
of the final device is between 3-5 pm, which would substantially improve the

enhancement.

The results of the FDTD simulation Purcell factor simulation is shown in Fig-
ure 5.14 for smaller (a) and larger(b) radius of curvature cavities. In each case,
the ideal case is shown in black, whilst the cavity objects with the modelled mate-
rials based on the acquired information in this chapter is shown in red. The black
confidence interval in each plot represents the uncertainty in the estimate of the
Purcell factor based on earlier testing. The uncertainty in the red dataset from

modelled materials is too small to see in the figure.

Table 5.6: Table of Inferred Purcell Factor and Branching Ratio

Materials | Ideal Modelled
FP 17.5 1.27
BR 0.3505 0.0256

Even in the ideal scenario, the larger radii of curvature cavities produce modest
Purcell enhancement due to the large mode volume. However, the smaller radius
can provide more substantive cavity enhancement. In the ideal scenario with low
reflectivity mirrors, the Purcell enhancement could reach around 17.45, whilst
even with the absorbent coatings observed in this chapter, a maximum Purcell
enhancement of 1.27 is numerically extracted. In the ideal scenario, this translate

to a branching ratio (B R) enhancement of the Debye-Waller Factor DW F' ~ 3%

for a typical NV centre of BR= 1 Fi!; f(vlv x DWEF) 35.05%. Therefore, the rate

at which entanglement could be generated, with all other factors held constant,
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could be enhanced by a factor of 32%. In the non-ideal case, the low Purcell
enhancement of 1.27 would provide a branching ratio of 2.56%. Therefore, in
future work it is vital to work with higher quality optical DBR coatings to realise

sufficient cavity enhancement. These results are summarised in Table 5.6.

5.5 Chapter Summary

In this chapter, the fabrication of microcavity features in thin diamond membranes
by focussed ion beam milling was reported, along with it’s subsequent surface
characterisation. After coating the cavities with DBR mirrors formed of SiO,
and TiO,, the optical response of the cavities was characterised with a purpose
built spectroscopic microscope. Whilst cavity modes very evidently visible, the
inferred finesse was around only 10% what was expected. From further study,
it was found that the mirror deposition environment inhibited the growth of high
finesse mirrors, and the deposition system and approach of the Thin-Film Facil-
ity at Oxford requires repair. Therefore, with better mirrors, it is expected that
the cavity finesse should meet the design expectation. In the process of investi-
gating the cause of the lower than expected cavity performance, a good design
workflow and set of experimental characterisation and theoretical validations was
established. In future work, the DBR coatings should be either outsourced to a
coating manufacturer whom can ensure low absorption and uniform thickness, or

the mirrors deposited in-house could be improved.
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6| Thin-Film Growth of SBN by PLD

In the present work, thin-films of strontium barium niobate were grown epitax-
ially onto a variety of substrates by Pulsed Laser Deposition (PLD). For ini-
tial prototyping, the thin-films were grown onto MgO substrates, and their mi-
crostructure was thoroughly characterised using a variety of techniques including
X-Ray Diffraction (XRD), optical profilometry, Electron Dispersive Spectroscopy
(EDX), and Electron-Backscatter Diffraction (EBSD). The final goal is to inte-
grate these thin-films onto diamond membrane cavities, so it is necessary to find
a way to remove the substrate of the thin-film. Here we propose that this can be
achieved by growing the SBN film onto a sacrificial layer of strontium aluminate
on strontium titanate. This section details the preparation of the PLD targets, the
EO thin-film growth, microstructure characterisation, and the release of freestand-

ing membranes of SBN.

6.1 Fabricating the Ceramic Target Material

To grow a thin film by PLD, a pulsed laser vaporises atoms of the surface of
a target material, which then become energetically drawn to a substrate, where-
upon the atoms nucleate [198]. The strong EO phase of Sr,Ba;_,NbyOg is present
when the x € [0.2,0.8][180], and the strongest reported EO coefficient in thin-film
form has been seen when x=0.75 [44]. Since control of the material stoichiom-
etry is required, the PLD targets need to be fabricated from powders. Therefore,
the targets were fabricated by mixing, pressing, and sintering powders of SrCO3,

BaC03, and Nb206.

To achieve the desired ratio of constituent powders, the required molar concen-

tration of each powder mixture was calculated. Based on the molecular weights
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of the constituent powders given in Table 6.1, the relative concentration of each

powder for a desired ratio is calculated, and also shown in Table 6.1.

Table 6.1: Molar Concentration of SBN target Powders

Compound | Molar Weight || Concentration | Total Molar Conc.
SrCO4 147.6300 0.75 110.7225
BaCOj3 197.3400 0.25 49.3350
Nb,Og 265.8100 1.00 265.8100

For a desired total powder amount, for a desired Sr:Ba ratio of 0.75:0.25, the re-
quired percentage of each constituent powder by weight was calculated, as shown
in Table 6.2. Based on this, the required powder weight was measured on a digital

scale and poured into a shared container.

Table 6.2: Mixed quantities of each target powder

x | Compound  g/mol J%wt  grams
0.75 SrCO;3 110.7225 25.9993 3.120
BaCO; 493350 11.5846 1.392
NbyOg 265.81 62.4161 7.488

To each powder mixture, polyvinyl buterate (PVB) dissolved in hot ethanol was
added at 1.5% of the total final weight, to act as a binding agent. Since the powders
are carbonates which will burn off when heated, the final powder weight is the sum
of the non-carbonate products in Table 6.3. Therefore, 0.175 g of PVB was added
to the mixture.

Table 6.3: Weights of powders after with carbon burned off

compound grams
Sr 2.1550

Ba 1.1236
Nb,Og 8.7192

The combined powders were milled by mechanical agitation with yttria stabilised

zirconia milling media for several hours to provide a heterogeneous mixture, and
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the added ethanol was evaporated in an Erlenmeyer flask rotating in a hot bath of
DI water until only the powders remained. The powder was ground with a mortar
and pestle, and filtered through a very fine, lab-grade sieve to produce very small

granules.

With the powder prepared, the targets were prepared with a two step sintering
process. First, the powders were mechanically pressed into 10 mm diameter 3
mm thick pellets by placing the powder into a die cast and hydraulically pressing.
Each target was then sintered in a Carbolite sintering furnace. To remove the
carbonates, the furnace temperature was ramped to 600°C at a rate of 25°C/min,
and held at this temperature for one hour. Next, the furnace temperature was
ramped to 900°C at a rate of 5°C/min, and held for 7 hours. To provide better
heterogeneity, the resulting target was ground down again using a mortar and
pestle, and then sieved, mechanically pressed, and re-sintered, this time ramping
at 10°C/min up to 600°C, holding for 1 hour, and then ramping 3°C/min to the
final sintering temperature. For the PLD growth the final sinter temperature was

1350°C, held for a duration of 48 hours.

6.1.1 Compaction Pressure

The compaction pressure set at the hydraulic press when pressing targets for thin-
film growth is an important consideration, since it impacts the density and poros-
ity the target. These are important factors which may impact the quality, effi-
ciency, and consistency of the resulting thin films. A higher density target can
ensure a more uniform material composition, and therefore more consistent abla-
tion [198]. More consistent ablation provides a more consistent flux of material
onto the substrate, leading to more uniform thin films with desired stoichiometry
and thickness. The target density can also influence the density of the deposited

film. A denser target tends to produce films with fewer voids and a more compact
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structure, which may provide better electrical properties and higher mechanical

strength.

A more porous target material can lead to uneven ablation, faster target degrada-
tion, and fracture during the deposition process. More porous targets are more
likely to trap gases or impurities within their structure, which can be released dur-
ing ablation, contaminating the deposited film. In addition, the target porosity
can affect the laser-material interaction, potentially leading to non-uniform plume
formation, which may result in non-uniform deposition rates, and varying and
compositions. Consequently, in targets with significant porosity, differential ab-
lation rates can occur where certain components ablate more easily than others,

making it challenging to maintain the stoichiometry of complex oxide films.

The density and porosity of the ceramic targets were determined by the method
of Archimedes. Archimedes principle states that a body at rest in a fluid is acted
upon by an upward pushing force, known as the buoyant force F;. This force is
directly equal to the weight of the fluid which the body displaces, and if the body
is completely submerged, the fluid volume displaced is equal to the volume of the
liquid. Formally, F,= — pgV', where p is the fluid density, g is the acceleration

due to gravity, and V' is the fluid volume.

The target density is found by first weighing it when dry, giving the targets dry
mass Mg,,, and the submersing the target in water until saturated and measur-
ing it’s wet weight IW,,;. Since the target experiences the buoyant force Iy, its
apparent weight is reduced. Meanwhile, the volume V' of the sample is calcu-
lated using the difference between the dry and wet weights. The dry weight is
simply the weight of the pellet when it is dry, but the wet weight is found by ac-

counting for the impact of the water M ,e;=M tierboitinwater — Maftervoit + Mary.
Mdry_Mwater

Pwater —Pair

Therefore the volume is calculated as V= . The density of the pellet
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is found by relating the dry mass of the target to the density of water and air as

p=Mgy, - m + pair- The pellet porosity is found by relating the pellet

mass to the density of water as @open= (Mo t”b"“_‘]/w dry)/Pwater o 1)),
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Figure 6.1: Density and porosity of SBN PLD targets. The targets were sub-
merged in water and the porosity and density of each target as a function of com-
paction pressure was determined by the method of Archimedes.

The porosity and density of the sintered pellets were measured by Archimedes
method for targets pressed at pressure between 25-200 bar. As the compaction
pressure increases, the density increases roughly linearly, whilst the porosity pre-
cipitously declines polynomially. However, at target pressures above 150 bar,
structural defects were seen to commonly occur and the integrity of the target was

diminished. Therefore it is desirable to not exceed this pressure.

6.1.2 Composition

The compaction pressure of the target influences the target elemental composition,
since a higher compaction pressure leads to denser packing of the powder parti-
cles, and a reduced porosity. This can help minimise the loss of volatile elements

during sintering because there are fewer pathways for gases to escape. Conversely,
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lower compaction pressures result in higher initial porosity, increasing the risk of
volatilisation of elements such as strontium and barium oxides during sintering.
This can alter the stoichiometry of the final material. In addition dense packing
from higher compaction pressures enhances contact between particles, promoting
solid-state diffusion during sintering. This can lead to more uniform elemental

distribution and better incorporation of elements into the desired phase.
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Figure 6.2: EDX spectra of SBN target compacted at 150 Bar and sintered for
48 hours. Multiple species are evident at increasing beam energy, whilst the car-
bon coating used for imaging is ignored in the analysis. Inset: Target composition
by weight percentage.

To evaluate the composition of the target ceramic as a function of both compaction
pressure and sintering temperature, the targets measured in a Zeiss Evo Scanning
Electron Microscope (SEM) and studied via Electron Dispersive X-Ray Spec-
troscopy (EDX). The background of this measurement technique is detailed in
Section 3.3. An exemplary x-ray spectra of the target is shown in Figure 6.2 for
incident beam energies up to 6 keV. In the inset figure, the atomic percentage of

each constituent element for this dataset is shown.

The impact of compaction pressure on the target composition is show in Fig-
ure 6.3, by weight percentage (a), atomic percentage (b), and relative ratio be-

tween Sr and Ba (c). As the compaction pressure is increased, the constituent

152



University of Oxford Mansfield College

Sintering Time = 7 Hours

50 « e
0.74 1
Nb 061 Nb ¢
40 L 0.72
R ° S © = .
£30 2o £ 04 =5 2 0.70 °
()]
8 I Ba s Ba g
= < & 0.68]
201 gm0 -8 0.21 L
s B " = = 0.66
= | | ]
10 . I 5.3 X = = " . . . . . °
r - r r 0.0 T T r r 0.64 - r - : T
50 100 150 200 50 100 150 200 50 100 150 200
Compaction Pressure (Bar) Compaction Pressure (Bar) Compaction Pressure (Bar)

Figure 6.3: Summary of extracted composition of SBN targets sintered at
1350C for 7 hours with a variety of compaction pressures. (a) Weight % of
each constituent element, extracted from the EDX spectra. (b) Corresponding
atomic percentage of each constituent element. (c) Ratio of strontium to barium
as a function of compaction pressure.

elemental ratios asymptotically reach a steady-state value. The desired Sr:Ba ra-
tio of 0.75 : 0.25 1s reached when the compaction pressure is 175 bar. However
as noted earlier, at this pressure the target structure degraded. Therefore a slightly
lower compaction pressure of 150 bar is chosen for the final target, with very little

deviation from the desired ratio.

6.1.3 Impact of Sintering Temperature and Duration

In addition to the compaction pressure, the sintering temperature and duration
can play a significant role in determining the elemental composition of the target,
as well as structural components such as grain sizes. In choosing an appropriate
sintering temperature, it is important to avoid heating the powder above its melting
point, since doing so would drastically alter the target composition. The melting
points of each constituent powder in the target is given in Table 6.4. Although
the melting point of BaCOj is low, when mixed with the other powder the overall
melting point is much higher. Nonetheless, the low melting point of BaCOsmay

result in a trade-off between grain size and elemental composition.
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Table 6.4: Melting points of SBN target constituent powders

Compound Melting Point (°C')

SrCO3 1494
BaCOg 811
Nb,Og 1512

Sr,Ba;_;NbyOg 1480 - 1500

For the present work, a sintering temperature of 1350 °C was chosen which sinters
the powders without melting the combination. When sintering for too brief a
period, the powders may only diffuse on the surface, leading to less homogeneity,
smaller grains, and mechanical weakness. On the other hand, sintering for too
long may lead to coarse grains and and weak pellets. Initially the powders were
sintered (for the second sintering run) for 7 hours. Figure 6.4(a) shows an SEM
image of the surface of a pellet sintered for this time. It is visibly evident that the
target has not properly densified and bonded. On the other hand, a target sintered
for 48 hours is shown in Figure 6.4(b). It is clear that this target has more fully
densified. Therefore the sintering time of the targets in this work was chosen to

be 48 hours.

(a) 7 Hours Sintering

Figure 6.4: SEM image of SBN target surfaces sintered for : (a) 7 hours; (b) 48
hours. In (a) the target has not properly densified and bonded, but in (b) the target
is more densified. Note the SEM scale of (a) is smaller than (b) in order to full see
the finer, non-bonded structure, which is not present in (b).
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Importantly, the sintering time does not appreciably affect the elemental composi-
tion of the target, as measured by EDX. A comparison of the target compositions
is provided in Table 6.5. The invariance of the composition with sintering time
suggests that the constituent components are not volatilising or reducing/oxidising

during the sintering process.

Table 6.5: Composition of SBN targets sintered for 7 and 48 hours

7 hours 48 hours
Element | Weight % Atomic % | Weight % Atomic %
Nb 48.05 23.34 50.70 25.67
o 23.22 65.45 21.13 62.15
Sr 12.82 6.60 12.81 6.88
Ba 13.91 4.57 15.45 5.29

6.1.4 Grain Analysis by Electron Backscatter Diffraction

The grain boundaries and microtexture of the SBN target sintered for 48 hours was
analysed by EBSD using a Zeiss Merlin SEM fitted with an Oxford Instruments
EBSD system consisting of a phosphorescence screen and CMOS camera. The
incident electron beam acceleration voltage was set to 30 kV at a beam current of
2 nA. Prior to the analysis, the SBN target was polished using progressively finer
sandpaper and ultimately diamond infused polishing disks. This smooth surface
was essential for observing the lattice planes of the target. When the incident
X-Ray diffracts through the crystalline sample, inelastically scattered electrons
are collected by a phosphor screen, and the crystal information is reconstructed
(as detailed in Section 3.4). The Zeiss Merlin EBSD uses a proprietary Oxford
Instruments software package which performs the necessary Hough transforms,
stereographic projections, orientation interpolations, etc. The user must program
in crystal information, including lattice parameters, crystal symmetry, atom site

locations, and atom occupancy, from which the empirical crystal information can
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be determined.

Figure 6.5: EBSD analysis of SBN75 target: (a) Kikuchi pattern, displaying
strong lattice bands; (b) Pole figure projected along (001) axis, showing polycrys-
tallinity with no texture; (c) Pole density figure shows no texture either, confirming
polycrystalline nature of target/.

In Figure 6.5(a), the reconstructed Kikuchi pattern observed by the EBSD detector
is shown, displaying strong lattice bands. The pole figure acquired for the SBN
target is shown in Figure 6.5(b), with respect to a (001) plane. Each point shows
an individual pole found, and it is clear that the target is highly polycrystalline
with no texture, as expected. Figure 6.5(c) shows the density of poles across the

figure, which corroborates the observation of polycrystallinity.

In Figure 6.6(a), an inverse pole map with respect to the z-axis (IPF-Z) is shown
for the target. The variations in colour indicate a range of crystallographic orienta-
tions in the grains, demonstrating the polycrystallinity of the ceramic. A uniform
colour across many grains would suggest a texture or preferred orientation, but the
diversity in colour implies a more random orientation distribution. The black re-
gions represent non-indexed orientations, which could not be resolved. This could
be due to due to the roughness of the SBN target, but since the target was highly
polished in preparation for the analysis, this is perhaps not the most likely expla-
nation. Rather, it is more likely that this is the result of lattice distortions occurring

near the grain boundaries which obscure the diffraction pattern. Alternatively, this
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could indicate the presence of amorphous phases, since non-crystalline regions in
ceramics often do not produce distinct diffraction patterns.
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Figure 6.6: EBSD analysis of SBN target grains: (a) Inverse pole map with
respect to the z-axis (IPF-Z) is shown for the target. The variations in colour
indicate a range of crystallographic orientations in the grains, demonstrating the
polycrystallinity of the ceramic.The black regions represent non-indexed orienta-
tions, which could not be resolved.(b) histogram of the grain areas (um?) based
on the observed EBSD orientation data is provided. The strong bias toward
smaller/medium sized grain areas suggests that the target is structurally hard. (c)
grain orientation spread (GOS) is concentrated below 0.05°, suggesting that the
majority of the grains have minimal internal strain.

In Figure6.6(b), a histogram of the grain areas (1m?) based on the observed EBSD
orientation data is provided. A grain boundary in this analysis is defined as
standard [256] where neighbouring pixels are misoriented with respect to each
other’s Euler angles by > 10°. The preponderance of the grain areas are between
0.5—1.25 um?, whilst some grains are in excess of 6 ym?. The strong bias toward
smaller/medium sized grain areas suggests that the target is structurally quite hard,

and therefore likely to withstand the energetic sputtering process of PLD.

Meanwhile, the grain orientation spread (GOS) is concentrated below 0.05° (Fig-
ure6.6(c)), which signifies that the majority of the grains have minimal internal
strain. This is desirable in ceramics as it indicates that the grains are largely strain-
free, which enhances mechanical stability and reduces the likelihood of cracking

under stress. The combination of small/medium size grain areas and low GOS
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suggests that the sintering and recrystallization processes have been effective, pro-

ducing a predominantly strain-free microstructure.

6.2 Growth of Epitaxial Strontium Barium Niobate

by Pulsed Laser Deposition

6.2.1 Substrates

In this work, the SBN thin film was grown onto two different substrates: MgO
and SrTiO3, which were chosen for their relatively close lattice parameter match
to SBN 3.1. MgO was initially chosen as a prototyping substrate since it was
this substrate on which the large Pockels coefficient of 844 pm/V was originally
measured [44]. However, due to the large misfit strain between SBN and MgO,
it may not be the most optimum choice of substrate, and SrTiO3 may provide

thin-film SBN with better microstructural properties.

6.2.1.1 Growth of SBN onto SrAl,Og

To develop a tunable monolithic cavity, the goal is to integrate the SBN layer
on a diamond substrate. This is challenging however, due to the large lattice
parameter mismatch between diamond and the c-axis of SBN (Table 6.6). At

~ 10% interfacial strain, epitaxial growth is unfavourable.

SBN can grow epitaxially onto substrates of MgO and SrTiOs, however, due to the
typically large dimensions of such substrates, this cannot be integrated with the fi-
nal device directly. Chemically etching away the substrate can be challenging, and
therefore a means of producing a freestanding membrane of SBN is highly desir-
able. We propose to achieve this by growing the SBN thin film onto a SrTiO3 sub-

strate which possesses a sacrificial SrAl;Og grown by ablating a powder pressed
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Table 6.6: Comparison of lattice parameters for SBN and various substrates.
Epitaxial growth of SBN onto diamond is challenging due to the large interfacial
strain, but growth onto MgO or SrTiOg is possible.

Material Lattice Param (nm) Strain (%)

SBN 3.932
Diamond 3.567 10.23
MgO 4.213 6.70
SrTiO3 3.905 0.69
SrAl;Ogq 3.756 4.69

target by PLD. It is known that this material can grow well onto SrTiOs substrates,
and since it is soluble in water [257], if a new material is grown epitaxially on
top, submerging the device in DI water could produce freestanding membranes of

SBN.

A freestanding membrane of SBN can then be transferred to the diamond mem-
brane and directly bonded. This bonding process could be achieved by cleaning
both the diamond and SBN membranes, enriching them with O, plasma, and then
placing both membranes in DI water. Since the membranes have been enriched
with oxygen, they will become hydrophillic, so subsequently bringing both mem-
branes into contact with one another would cause them to form a capilliary bond,

which can be hardened to a covalent bond by subsequent annealing.

6.2.1.2 Growth Models

The c-axis lattice parameter of SBN is close to the lattice parameters of both MgO
and SrTiOs. Therefore SBN can grow epitaxially on these substrates. However,
since aspn >> asro/mg0, a-axis SBN cannot be grown epitaxially onto these
substrates, and therefore the substrates favour c-axis growth. As detailed in [258]

the relationships between lattice parameters of SBN and MgO/STO are:
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|aMgO/STO| ~ |CSBN|

\anigossTol” + (3lengosstol)® = |espn? (6.1)
CspN grown onto a- or b-oriented MgO or SrTiOs tilts at an eigen-angle of tan ™! % =
18.4° away from the interface, whilst cggn grown on c-oriented MgO or SrTiO;

tilt 18.4° in-plane to the interface. Therefore SBN grows in the manner of a unit

cell.

6.3 Microstructure Characterisation by X-Ray
Diffraction

X-Ray Diffraction (XRD) is a powerful technique for studying the crystalline
properties and microstructure materials. As detailed in Section 3.2, by this method
the lattice parameters, crystallite size, microstrain, dislocation density, and crys-
tallinity can all be studied by irradiating a sample with X-rays and analysing the
resulting spectra for a given material. In this work, the Empyrean XRD was em-

ployed to make 26 measurements.

6.3.1 Data Fitting and Structure Refinement

Analysis of the acquired intensity values with respect to diffraction angle can be
a cumbersome process requiring careful treatment, involving four steps: (i) the
data must be pre-processed to properly identify the peak positions; (ii) the shape
of each peak must be identified (e.g. Lorentzian or Gaussian); (ii1) an appropriate

fitting model must be chosen; and (iv) a least squares fitting algorithm must be
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applied to the data to extract quantities of interest. Whilst there are specialised
XRD analysis software packages which can facilitate this treatment, such as the
industry standard X pert High Score, it is often necessary to treat the peaks manu-
ally. In the present work, the complexity of the dataset made the manual approach
necessary, and therefore the data was processed using OriginPro. The individual

steps are detailed in the subsequent subsections.

6.3.1.1 Pre-Processing

Before fitting the peak data, the peaks in the dataset must be properly isolated.
First, the baseline of the data must be corrected. The intensity data contains back-
ground data which includes noise and drift, and which must be subtracted before
analysing the peaks. To remove the baseline, the background data was fitted with
an asymmetric least squares smoothing algorithm [259] and subtracted from the
original data. Next, the data was smoothed with a Savitzky-Golay filter algo-

rithm [260] to reduce noise without distorting the peaks.

Finally, the peaks in the dataset were matched with reference material patterns to
index the individual peaks and provide phase and orientation information on the
respective materials. For the substrate materials MgO and SrTiOs, and the inter-
facial SrAl,Og, matching the peak positions is simple since there are well-known
reference patterns available in material databases. For SBN however, this is more
complex since the reference intensity data is highly dependent on the ratio of
Sr:Ba. To circumvent this problem, it is possible to simulate a diffraction pattern
using the Vesta software based on atomic positions attained by density functional
theory (DFT) [183]. With this, the peak position matching was optimised using

Rietveld refinement [261].
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6.3.1.2 Peak Fitting

Each peak in the acquired intensity data possess unique characteristics. Some
peaks are found to be Lorentzian in nature, some Gaussian, and some Voigt. Oth-
ers are found to a convolution of two peaks, typically two Gaussians. These situa-
tions are generally found when the K «; and K as peaks overlap. To mitigate this
problem, a double-Gaussian was fitted to the data and the peaks were separated
by Fourier deconvolution. With each peak shape identified and separated, the
individual peaks were fitted to their respective fitting models using a Levenberg-

Marquardt [262, 263] least-squares fitting algorithm.

6.3.2 XRD Analysis

The temperature at which a thin-film material is grown can profoundly impact
the nucleation and crystallinity. At higher temperatures, atoms on the substrate
surface are much more free to move and diffuse than at lower temperatures. This
allows the deposited material to order itself into energetically favourable sites on
the substrate surface, promoting better epitaxial growth and single crystallinity.
On the other hand, at lower temperatures polycrystallinity is more likely to emerge

due to increased nucleation density.

The role of the growth temperature on the crystallinity of SBN was studied by
growing SBN onto MgO substrates at chamber temperatures of (300°C, 500°C,
700°C), and 900°C, and evaluating the peak formation in 260 XRD. The resulting
XRD intensity data for each temperature is shown in Figure 6.7. At lower temper-
atures (300°C, 500°C, and 700°C), the SBN thin-film appears to posses multiple
different crystal phases, and no particular strong dominant phase. However, by
900°C, the thin film clearly favours a strong (001) orientation, whilst the other

phases are suppressed.
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Figure 6.7: Comparison of XRD spectra for SBN grown by PLD onto MgO
substrates at temperatures of 300°C, 500°C, 700°C, and 900°C. The MgO spectra
has been removed for clarity.

6.3.2.1 Microstructure Figures of Merit

Each peak found in Figure 6.7 was fit to the appropriate functions, and we at-
tempted to deduce microstructural figures of merit as detailed in Section 3.2.
However, we found that the peak broadening was dependent on both crystallite
size and microstrain, making it impossible to discern these quantities by simple
peak fitting, and therefore a Williamson-Hall analysis (as detailed in Section 3.2)
was performed. Williamson-Hall plots for SBN grown onto MgO at increasing
chamber temperatures is shown in Figure 6.8. The error bars in these plots are
found by determining the error in each broadening term due to the sample and the

instrument itself. In (a)-(c), the gradient of the slope is slightly increasing which
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implies a small degree of tensile strain, where the film is stretching to match the
MgO lattice during epitaxial growth. However, in (d) the strain becomes com-
pressive at the higher growth temperature of 900°C', which implies that the film is

becoming epitaxially compressed to match the substrate.
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Figure 6.8: Williamson-Hall Plot for SBN grown onto MgQO: at (a) 300°C;
(b) 500°C; (c) 700°C; and (d) 900°C. The slight positive gradient in (a-c) indi-
cates tensile strain in the film, whilst the negative gradient of the fitted line in (d)
indicates compressive strain.

Whilst generally capturing the trend, the linear fits in Figure 6.8 are not per-
fect, with low goodness-of-fit metrics such as the R? value. The fitted coeffi-
cients are displayed in Table 6.7. This indicates that the peak-broadening, strain,
and crystallite size are not necessarily perfectly captured by the assumptions of
the Williamson-Hall plot. This can be due to further mixed broadening mecha-

nism such as non-uniform strain or anisotropic stress; anisotropic crystallites; or
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stacked defects, and therefore a deep understanding of each mechanism would be
required to reduce the uncertainty further. Operationally however, within the lim-
itations of the method, the approximate results it yields are sufficient for making

inferences about the impact of the film on the full device fabrication process.

Table 6.7: Coefficients of linear fits of the Williamson-Hall data for SBN
grown on MgQO.

Tyrowth Intercept Slope R?

300°C" | 6.01859FE—4 £ 1.34786 E—4 3.94817E—5 £ 6.84517TE—-5 0.05253
500°C" | 5.94761FE—4 £1.43151E—4 9.91021E—-5 £ 7.90185E—-5  0.2393
700°C | 5.7633E—4 £2.75205F—4 1.41029FE—-4 £ 1.29761E—4 0.12865
900°C 0.00248 £ 0.00148 —6.0821F£—4 +0.0013 0.03978

By this method, the crystallite size and microstrain were found for SBN grown
onto MgO substrates for each growth temperature. Since the dislocation density
depends on crystallite size, this quantity was also deduced for each growth tem-
perature. The impact of the growth temperature of the crystallinity of the thin-film
was determined by integrating the peak spectra with respect to the total spectra for

each growth temperature, as described in Section 3.2.

Figure 6.9 shows the crystallite size (a) microstrain (b) dislocation density (c)
and crystallinity index (d) of thin-film SBN grown onto MgO at temperatures
increasing from 300° C to 900° C. As the temperature increases, the dislocation
density can be seen to decrease exponentially as the film crystallises. In the same
manner, as the temperature increases, the microstrain is seen to increase due to
the enhanced crystallinity of the thin-film. The dislocation density at the final
sintering temperature of 900°C is on the order of 10'2 m~2, which is fairly large,
indicative of the lattice mismatch between SBN and MgO. The nature of these
defects could be studied in greater detail using an SEM based technique known
as electron channeling contrast imaging (ECCI) [264], but gathering such data

for thin ferroelectric films is very challenging due to the large interaction volume
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Figure 6.9: Figures of Merit of SBN thin film extracted by XRD, as a function

of growth temperature: (a) crystallite size; (b) microstrain; (c) dislocation density;
(d) crystallinity index.

of the SEM compared to the thin film depth. Regardless, a defect density of the

order seen for the 900°C' film is not uncommon or disqualifying for thin-film

materials. Flnally, as the temperature increases, the crystallinity index does also,

to a maximum value of 88%, therefore indicating a decently crystalline material.

This can likely be improved further by a subsequent thermal anneal in oxygen.

Table 6.8: Lattice parameters of SBN grown on MgO at 900°C

d (4)
3.93254

a(A)
12.48211

b (A)
12.48211

c(A)
3.93254
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6.3.3 SBN75 Grown onto SrTiO;

After determining the growth temperature required for thin-film nucleation using
MgO substrates, our attention turned to growing a thin-film on a structure com-
patible with cavity integration, i.e. a SrTiO3 substrate with a SrAl;Og interfacial
layer. Just as for growth on MgO, a strong (001) peak is present, but this time
much narrower due to to a closer lattice match. Figure 6.10 shows a comparison
of the (001) SBN peak grown onto the three different substrates. The left-hand
plot shows the real peak 26 positions, which have been shifted in the right-hand

plot to overlap one another to show a clear comparison between peaks.
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Figure 6.10: Comparison of the SBN 001 peak when grown on MgO and on
STO, along with the STO 001 peak. SBN grown onto SrTiO3 and the sacrifi-
cial layer possess much narrower linewidths than that grown on MgO, since the
lattice parameters of SBN and STO are more closely matched than SBN-MgO
(Table 3.1).

In comparison to the SBN (001) peak grown onto MgO, the SBN peak grown
onto SrTiOs and the sacrificial layer possess much narrower linewidths, since the

lattice parameters of SBN and STO are more closely matched than SBN-MgO
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(Table 3.1). Indeed, the microstrain for thin films grown on STO and STO+SAl
is correspondingly lower than growth on MgO. Despite the narrower peak broad-
ening however, the crystallite size of these films is smaller than for those grown
on MgO. This may be a consequence of several factors: for example, the strong
lattice match of SBN to STO may actually lead to significant epitaxial strain in the
early stage of growth, inhibiting the coalescence of crystallites into larger domains
as the film relieves strain through mechanisms such as misfit dislocations [198].
On MgO on the other hand, the weaker lattice match may allow for relaxation far
more easily through strain relaxation mechanisms such as defects. Other factors
may be at play such as the substrate surface energy, island growth dynamics, and
chemical interactions, which are beyond the necessary scope of the present work,

but would be an interesting avenue of further study.

Table 6.9: Comparison of XRD figures of merit for SBN grown on MgO, STO,
and STO+SAl

Substrate 260 Peak Centre (deg) FWHM (deg) D (nm) € (%)
MgO (900°C) 22.57928 0.14700 459.69  0.00060
STO 22.82857 0.02872 232.16  0.000297
STO + SAl 22.8354 0.04237 157.26  0.000439

6.3.4 3-Axis XRD (¢-Scans)

X-ray diffraction (XRD) analysis confirms that the SBN thin films exhibit near-
single-crystal quality, with a prominent (001) peak indicating a strong preferential
orientation. However, it is well-documented that SBN may also support a sec-
ondary (310) orientation. Due to the inherent crystal symmetry, this secondary
orientation cannot be observed in the standard 260 XRD spectra obtained using a
simple spinning goniometer. Identification of such secondary orientations require
a ¢-scan along multiple axes. Due to the long a-axis of SBN compared to it’s

c-axis, this presented a significant challenge for the Empyrean X-Ray Diffrac-
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tometer used in this work, as it could not be directed along the necessary crystal
planes to achieve an adequate signal-to-noise ratio. Consequently, the ¢-scans ob-
tained with the available hardware were insufficient to conclusively determine the

presence of a secondary orientation.

6.4 Electron Backscatter Diffraction

Since it was not possible to acquire 3D XRD information, EBSD was employed
as an alternative method for crystallographic analysis. EBSD offers the addi-
tional advantage of providing precise orientation maps across the entire sample,
enabling both the quantification of (001) and (310)-oriented domains and the spa-
tial identification of their distribution within the film. However, the application of
EBSD to thin-film ferroelectric materials such as SBN presents several technical

challenges:

* Interaction Volume: The SBN thin films used in this study are approxi-
mately 100 nm thick, whereas the interaction volume of the electron beam
with the sample is significantly larger. This discrepancy poses a challenge
for acquiring EBSD data, as a considerable fraction of the backscattered
electrons may originate from the substrate rather than the thin film, poten-

tially complicating the interpretation of the data.

* Pseudosymmetry: Pseudosymmetry is a phenomenon frequently encoun-
tered in perovskite materials, where the atomic arrangement appears to ap-
proximate a higher symmetry than that of the true underlying space group
[265]. This can cause significant complications in the interpretation of
EBSD data, as the resulting diffraction patterns may yield multiple pos-
sible solutions instead of a single, definitive solution, making the indexing

of crystallographic orientations more challenging.
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Both these limitations were surmountable by carefully considering the interaction
of the SEM with the SBN surface and the symmetry operations on the point group

of SBN. The mitigation of these problems is detailed in the following subsections.

6.4.0.1 Interaction Volume

When an electron beam interacts with a material, the interaction occurs within a
defined volume, which depends on several factors. The size of this interaction
volume is determined by the atomic number of the material, as higher atomic
numbers absorb more electrons and thus have smaller interaction volumes. It is
also influenced by the acceleration voltage of the electron beam, with higher volt-
ages allowing deeper penetration into the material, and by the angle of incidence,

where greater angles result in smaller interaction volumes.

For the SBN thin films studied in this work, which are only a few hundred nanome-
ters thick and deposited on a 500 pm-thick MgO substrate, it is important to ensure
that only the backscattered electrons originating from the SBN layer are included
in the analysis, whilst eliminating substrate electrons. This requirement sets an up-
per bound on the acceleration voltage and beam current of the SEM, and a balance
between signal-to-noise ratio and backscattered electron (BSE) signal origin must
be found. To determine this, a Monte Carlo simulation of electron trajectories was
conducted to model the interaction of the electron beam with the material. The

results for acceleration voltages of 5 kV and 30 kV are displayed in Figure 6.11.

EBSD is primarily a surface-level sensitive technique, and analyses crystalline
information from the top 10—50 nm of a material [266]. Whilst at high accelera-
tion voltages the electron beam penetrates deeper, the generated Kikuchi pattern
is formed from a shallow subset of backscattered electrons which originate from

a shallow region near the surface, since the Kikuchi pattern is formed only by
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Figure 6.11: Monte-Carlo simulation of electron beam interaction with the
SBN thin film at acceleration voltages of SkV and 30kV. The red paths in (a)
and (c) denote backscattered electrons, while the blue trajectories represent in-
cident electrons from the SEM. (b) and (d) show the frequency of backscattered
trajectories with respect to depth.

inelastically backscattered electrons which undergo coherent, channeling interac-
tions with the crystal planes near the surface. These interactions only produce
well-defined patterns if the electrons exit the crystal with relatively low angular
spread and energy loss, which strongly favours electrons emerging from the near-
surface region. However, elastically scattered electrons do not contribute usefully
to Kikuchi band formation because they lack the inelastic interaction needed to
initiate the channeling process that produces the patterns. Instead, they can con-

tribute a diffuse background noise signal, which can reduce the contrast of the

171



University of Oxford Mansfield College

Kikuchi bands. Therefore, even though the Kikuchi pattern formation is primarily
a surface-level technique, if many electrons are backscattered from deeper into the

sample, resolving the Kikuchi can be problematic.

This scenario cana rise at higher acceleration voltages, such as 30 kV, where the
incident beam penetrates deep into the substrate, and correspondingly many of the
elastically backscattered electrons may emerge from the substrate, which would
corrupt the subsequent orientation analysis. On the other hand, at 5 kV compar-
atively few electrons are backscattered from the substrate. Therefore, to success-
fully acquire enough backscattered electrons from the SBN film rather than the

substrate, the acceleration voltage was set to 5 kV with a beam current of 10 nA.

6.4.0.2 Pseudosymmetry

Figure 6.12(a) shows an inverse pole figure Z-map for SBN grown onto MgO. In
this data, the AzTec indexing software is unable to discern between these (001)
and (310) indices, as reflected in the two colouring schemes, red and green. Each
pixel in the figure represents a unique orientation, but these do not overlap well
with the band-contrast image (Figure 6.12(b)),implying that there are two overlap-
ping phases. Therefore, a pseudosymmetry axis complicates the analysis, since
the measured spectral pattern possess two solutions instead of one unique solu-
tion. This must be accounted for before the indexing software can successfully

identify the orientations.

The presence of a pseudosymmetry axis in SBN has not been previously been
documented in the literature, to the best of our knowledge, but is predictable from
first principles, since SBNs space group is a lower symmetry subgroup. From
the group theory of the SBN crystal structure, the P4bm space group is a sub-

group of the higher-symmetry group P4/mmm. P4/mmm is a high-symmetry,
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Figure 6.12: EBSD map of SBN on MgO: (a) IPF Z-map without pseudosym-
metry correction. The indexing software is unable to discern between these (001)
and (310) indices, as reflected in the two colouring schemes, red and green.(b)
the orientations in the IPF-Z map do not overlap with the band contrast image,
implying an axis of pseudosymmetry.

centrosymmetric space group with the point group 4/mmm, including inversion,
mirror planes, and higher-order symmetry operations. On the other hand, P4bm
is a lower symmetry, non-centrosymmetric subgroup, derived by removing inver-
sion symmetry and certain mirror planes. It has the point group 4mm, retaining
the fourfold axis and polar characteristics. During the thin-film growth at high
temperature, the higher-symmetry P4/mmm may actually be the correct symme-
try, but as the film cools, SBN relaxes into a stable tetragonal PAbm symmetry at

room temperature [182] due to slight distortions.

To define the axis of pseudosymmetry, it is necessary to investigate the symme-
try operations of both the 4mm and 4/mmm point groups, and determine which
symmetry axes are common. This can be achieved by observing the character
tables for the irreducible representations of each group. Both groups share the
fourfold rotational symmetry C, along the c-axis, whilst inversion symmetry and
some mirror planes are lost in the 4mm group. Therefore, the pseudosymmetry

axis is the c-axis, (001). This correction can be compensated for in the index-
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ing software, and with this the true IPFZ figure is found (Figure 6.13(b)), which
maps the Kikuchi bands in Figure 6.13(a) to indexed orientations. Now the index-
ing displays unique solutions, with red pixels indicating a (001) phase and green

pixels representing (310).

In Figure 6.13(c), an Inverse Pole Figure (IPF) of the data is displayed. While
the pole figure plots the crystal direction relative to sample axes, the inverse pole
figure plots the sample direction relative to crystal axes. This is more useful for
visualising grain orientations, since it shows that the sample’s reference axes are
oriented with respect to the crystal lattice, and indicate which crystallographic
direction is parallel to the specified sample direction, providing insight into the

orientation of grains relative to the sample geometry.

A further highly useful property of the IPF is the ability to discern the orientation
distribution function (ODF) which provides information on the density of crystal-
lites arranged in specific orientations. In Figure 6.13(d) the frequency of domain
orientations is shown. There is evidently a large frequency of both (001) and
(310) orientations present over an area of 2.5 mm?, with a preference for (310)
oriented grains. Since the SBN film is not a perfect single crystal, there is a small
frequency of other orientations present, namely (410) and (516). However, these
are dwarfed by the high density of (001) and (310) oriented domains. A summary
of the frequency of each orientation is provided in Table 6.10. The strong prefer-
ence for (310) is extremely promising for both the delivery of an external electric
field to the thin film and for the birefringence of light incident along the crystal

c-axis, as described in Section 4.2.

Whilst the preference for (310) oriented growth is encouraging, it isn’t necessarily
a given, and a reasonable frequency of domains will still be inaccessible in the

proposed cavity architecture. In future work, it is possible that the thin-film growth
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Figure 6.13: EBSD of SBN75 thin-film grown onto MgO: (a) EBSD Kikuchi
pattern showing a strong (310) centre orientation; (b) Inverse pole map in the
z-axis, mapping grain orientations to a z-axis IPF, The green grains are (310) ori-
ented, and the red grains are (001) oriented; (c) Upper inverse pole figure display-

ing a density of (310), (001), (410) and (516) grains; (d) Normalised histogram
of grain orientations

could be encouraged to substantially suppress (001) growth. One potential means
to achieve this would be to carefully select the substrate surface termination to
encourage one orientation over another. Another means could be grow on novel

substrates such as gadolinium gallium garnet, which have a principal axis closely

matched to the a-axis of SBN.
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Table 6.10: Summary frequency of domain orientations

Orientation | Frequency (%)
(001) 30.61
(410) 0.78
(516) 1.58
(310) 67.02

6.5 Observation of Ferroelectricity by Piezoresponse
Force Microscopy

It is well established that SBN when in the tetragonal tungsten bronze phase is a
relaxor ferroelectric, and therefore it is prudent to determine the degree to which
the grown thin film can be polarised by an externally applied field, since this is a
strong indicator of the successful growth of the thin-film with desirable optoelec-
tric properties. More importantly, in a ferroelectric film with multiple domains,
varying orientations of the ferroelectric domains will result in the bias electric

field having a different affect on differently oriented domains

Ferroelectricity can be measured directly in thin-film materials using the piezo-
response force microscopy (PFM) technique, in which an atomic force microscopy
(AFM) probe is brought into proximity with the sample film and biased with an
AC electric field to induce deformation in the sample film via the converse piezo-
electric effect (CPE) [267]. When the probe is brought into contact with a ferro-
electric material, the sample becomes deformed proportionally to the magnitude
of its piezoelectric tensor components. The magnitude of the piezoresponse force

induced by the bias field can be detected with a lock-in detection scheme.

The polarisability of SBN in the presence of an externally applied electric field
deposited on MgO, SrTiO3+ SrAl;Og and diamond is shown in Figures 6.14,6.15,
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and 6.16 respectively. In each figure, a bias voltage is applied to the sample at a
magnitude of 1V, 5V, and 10V moving left to right on the figure. The AFM tip is

scanned across an area of 5m? and the phase response is plotted.
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Figure 6.14: Piezoresponse Force Microscopy (PFM) mapping of SBN on
MgO. At a 1V bias, the ferroelectric domains are randomly oriented, but as
the bias voltage increases to 5V and 10V, the ferroelectric domains are become
strongly aligned. The histograms in the bottom half show the distribution of fer-
roelectric domain phase orientations in response to each applied bias voltage.

For SBN grown onto an MgO substrate, at a 1V bias, the ferroelectric domains
are randomly oriented (Figure 6.14). However, as the bias voltage increases to
5V and 10V evident regions where the ferroelectric domains are aligned become
apparent. The histograms in the bottom half of Figure 6.14 show the distribution
of ferroelectric domain phase orientations in response to each applied bias volt-
age. With increasing voltage, the collective orientation moves from being evenly

randomly distributed, to tightly oriented in a common phase orientation.

The phase histograms for the SBN grown onto MgO and STO+SAl are sum-
marised in Table 6.11. For SBN grown onto MgO, it takes a higher bias voltage

to pole the domains compared to SBN grown onto STO+SAl, and therefore the
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Figure 6.15: Piezoresponse Force Microscopy (PFM) mapping of SBN on
STO+SAl The ferroelectric domains are already quite well aligned at a bias volt-
age of 1V. At higher voltages, the phase behaviour becomes more complicated
suggesting a more dynamic response possibly due to interfacial effects.

phase distribution is uniform for V;;,s=1 V. At low bias (5V"), the phase ampli-
tude is low (0.009), and the distribution’s mean value is high (4.302), with large
standard deviation o (46.179) and FWHM (108.743). This indicates a broad distri-
bution of phase values with a relatively weak response. At higher bias (10V"), the
amplitude increases significantly to 0.030, and the distribution becomes sharper
(reduced 0 and FWHM). The mean value also decreases sharply to 0.208, sug-
gesting a transition in domain behavior or alignment. On the other hand, for
SBN grown onto STO+SAl, at 1V, the amplitude is 0.026, with a mean phase
of 10.060. The standard deviation (o) and FWHM indicate a moderately narrow
distribution. At 5V, the mean phase shifts strongly negative (—26.824), the ampli-
tude decreases to 0.018, and the spread (0 and FWHM) increases. This suggests
a redistribution of domain orientations with weaker overall alignment. At 10V,
the mean returns closer to zero (—6.285), with a sharp drop in amplitude to 0.009

and a large spread (0=44.800, FWHM=105.496), implying a highly disordered
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or mixed domain state.

The film grown onto MgO exhibits a more pronounced amplitude increase with
voltage than STO+SAl, suggesting stronger domain polarisation response to higher
fields. It also shows narrowing of the distribution (smaller 0 and FWHM) with in-
creased bias, indicating improved domain alignment or polarisation uniformity.
The film grown onto STO+SAI demonstrates more complex behaviour, with the
distribution widening and the mean shifting significantly, suggesting a more dy-
namic or less stable response. The sign and magnitude of the mean phase vary
significantly between samples and voltages, reflecting differences in domain ori-
entation and material-specific ferroelectric properties. These results suggest that
SBN grown onto MgO responds more uniformly to increasing bias, while SBN
grown on STO+SAl exhibits more complex domain dynamics, possibly due to

interface or domain interaction effects.

Table 6.11: Summary of the ferroelectric domain orientation histograms ob-
served by PFM for SBN grown onto MgO and STO+SAl

Sample | Vhiis Amp  Mean o FWHM
1V

MgO 5V 0.009  4.302  46.179 108.743
10V 0.030  0.208  12.145 28.600
1V 0.026 10.060 12.994 30.598
STO+SAl | 5V 0.018 —-26.824 16.131 37.986
10V 0.009 —6.285 44.800 105.496

Since the intention of the final application is to incorporate a thin-film of SBN
onto a diamond membrane, it is worthwhile considering the quality of the thin
film when grown directly onto diamond. Therefore SBN was also grown onto
a single crystal electronic grade piece of bulk diamond, provided by element6.
When measuring the microstructure and optical characteristics of the deposited

thin film, it was not possible to acquire reliable data. PFM is not so limited by
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the small size of the diamond chip, and therefore it is useful to consider whether

a ferroelectric effect is found in the film deposited on diamond.
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Figure 6.16: Piezoresponse Force Microscopy (PFM) mapping of SBN on Di-
amond. The apparent alignment of domains at higher bias voltages is an artefact
of tip-sample charging, and is not revealing of a ferroelectric response.

Figure 6.16 shows a phase map for SBN grown onto diamond. Although at first
glance it may appear that there is a strong polarisability of the thin film, but the
apparent phase change here is not due to a ferroelectric effect. Rather, this is an an
artefact due to the charge interaction between the AFM probe and the sample. In-
deed, consistent with the microstructural and optical measurements of SBN grown

onto diamond, there does not appear to be a ferroelectric effect in this film.

Figure 6.17 shows a hysteresis curve of the phase response for each thin-film sam-
ple, in the "on-field’ and ’off-field’ states. The on-field state of the piezoelectric
response is measured when a DC bias field (in addition to the AC driving voltage)
is applied to the material, directly influencing the orientation of the ferroelectric
domains. Domains aligned with the field will switch or stabilise their polarisation
direction, altering the piezoelectric response phase. This can reveal information

about switching dynamics and coercive fields. On the other hand, the off-field
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Figure 6.17: Piezoresponse Force Microscopy (PFM) measurement of SBN
on various substrates. Induced phase hysteresis curve in (a) ’On-state’ and (b)
“off-state’. The coercive and saturation voltages can be found from these hystere-
sis curves. In the on-state, SBN grown on diamond has an apparent hysteresis.
However, this is not present in the off-state, suggesting that the observed domain
alignment is an artefact of the tip-sample interaction, not ferroelectricity.

State is the phase of the piezoelectric response when no external DC bias field
is applied, but only the AC driving voltage is present. The phase corresponds to
the material’s inherent polarisation state without external bias influence, and re-
flects the natural polarisation direction of the domains after a switching or poling
event. This helps to indicate the the stable remanent polarisation state of the ma-
terial, and distinguish between real poling effects, and a response which is due to
tip-sample interactions. Since there is no remanent response for diamond in the
off-field state, the apparent effect seen in the on-field state is likely an artefact of

a tip-sample interaction.

PFM does not extract directly the polarisation field of the materials ferroelectric
domains: rather, it extracts epiphenomena which arise as a result of the ferro-
electric behaviour, such as hysteretic phase switching. From this, it is possible
to deduce a number of important parameters such as saturation field and coercive

field.

The coercive, saturation, and remanent voltages and electric fields for SBN grown

onto MgO and STO+SAl, obtained by PFM, are given in Table 6.12. The coercive
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Table 6.12: Coercive, saturation, and remanent field of SBN grown onto MgO
and STO+SAl, observed by PFM

SUbStrate ‘/coerc Ecoerc V;at Esat V;em Erem
MgO 1.0V 10MV/m | 225V 225MV/m | 6.5V 65 MV/m
STO+SAl [ 0.5V 5MV/m | 20V 20MV/m | 2.75V  27.5MV/m

field for MgO is twice as high as that for STO+SAl, indicating that it requires a
higher electric field to switch the polarisation. This could imply stronger domain
pinning or larger energy barriers for domain switching in the MgO sample, poten-
tially due to interactions at the interface. The saturation field values are relatively
close, suggesting that both substrates allow the domains to fully polarise under
similar electric field strengths. However, MgO requires a slightly higher field to
reach saturation, consistent with the higher coercive field. The remanent field
(after the external voltage is removed) is significantly higher for MgO, indicat-
ing much stronger polarisation retention. This suggests that SBN grown on MgO
has more stable domains or better polarisation locking compared to STO+SAL.
All voltage values for MgO are higher than for STO+SAl, reflecting the overall
stronger polarisation retention and higher energy barriers associated with the MgO
substrate. The large Vi, for MgO (6.5 V) compared to STO+SAl (2.75 V) could

point to substrate-induced effects, such as strain or stronger interfacial bonding.

The MgO substrate enhances the stability and strength of ferroelectric domains in
SBN, as seen in the higher E oerc, Fsar, and Eiep, values. This suggests it may be a
better choice for applications requiring robust and stable ferroelectric properties,
and the MgO sample may be more favourable to allowing a higher electro-optic
coefficient than the STO+SAl film. On the other hand, the STO+SAl substrate,
with lower fields, indicates easier polarization switching, which might be advanta-

geous for applications requiring low-power operation or rapid domain switching.
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6.6 Surface Roughness

The surface roughness of the SBN thin-film is a crucial fabrication parameter
which must be considered, since a rough layer may have a profound impact on
the optical properties of the microcavity. The surface roughness for the SBN thin-
films was measured by optical profilometry, and after mean plane subtraction was
found to be below 1 nm (R25,=0.9306 nm and Rg,=0.7436 nm). A summary table
of the measured surface roughness is provided in Table 6.13

10

y-distance (um)
Height (nm)

0 10 20 30 40 50
x-distance (um)

Figure 6.18: SBN:75 on MgO surface roughness measured by optical pro-
filometry. Whilst the maximum peak height is around 10 nm, root mean square
roughness is sub-nm, and so the thin-film has promise for further device integra-
tion.

Table 6.13: Surface roughness of SBN75 on MgO substrate

Parameter Value
Average Value 4.118 nm
RMS Roughness (Sq) 0.9306 nm
Mean Roughness (Sa) 0.7436 nm

6.6.1 Impact of Roughness on Cavity Quality Factor

To assess the impact of a rough surface on the performance of an optical microcav-
ity, it is not resource efficient to do so by physical experiment. Rather it is more

prudent to feed real-world information from measured samples into an appropriate
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model. Therefore, the FDTD method was applied to assess the impact of an ar-
tificially rough surface with the roughness parameters determined experimentally
above. An artificially rough surface was therefore numerically generated by the
correlation function method detailed in Section 4.4.5.1 (Figure 6.19(a)), and pro-
vided as a surface layer in FDTD simulation. Figure 6.19(b) shows a comparison
between the resonant cavity wavelength of a monolithic microcavity with an ideal
SBN layer, one with rough numerical layer corresponding to the measured sur-
face roughness in Figure 6.18, and one more with a very large surface roughness
of Sa=35 nm to demonstrate the extreme case of surface roughness. To reduce
computation time, the cavity longitudinal mode index was kept small at ¢ = 6.

The other cavity parameters used in this simulation are shown in Table 6.14

(a) Artificial Rough Surface nm (b) FDTD Analysis
a _F:"‘-,_ . o 3.5 — 58N foughness = 0 nm
. . va o 0.30 = = SE8N Rughness = 0.75 nm
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Figure 6.19: Impact of surface roughness on cavity modes: (a) An artificially
rough surface was generated by a correlation function and provided to the FDTD
software. (b) The impact of this layer on the cavity fundamental mode was as-
sessed by FDTD simulation.

In the FDTD simulation, the quality factor of the resonant mode of the cavity with
an ideal SBN layer Q=3600, while adding a layer with roughness Sa=750 pm
and 35 pm yielded ()=3551 and ()=3067 respectively. Since a surface roughness
of 750 pm is quite small, the impact on the cavity was correspondingly negligible

at a reduction of 1.36%, corresponding to an additional round trip loss of approxi-
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Table 6.14: Cavity parameters used in FDTD simulation of impact of surface
roughness on cavity mode.

Parameter Value
q 6
Radius of Curvature 3um
N # Featured Mirrors 11
No # Planar Mirrors 16
SBN thickness 325 nm
Mesh Accuracy 3
Average Roughness (rms) | 35 nm

mately 0.022%. Even in the highly unlikely scenario of a substantially rough SBN
layer of 35 nm, the reduction in Q factor is approximately 25%, corresponding to
an enhanced round trip loss of 0.48%, which would be practically a manageable

tolerance. These FDTD results are summaries in Table 6.15

Table 6.15: Summary of the impact of artificially rough layers of SBN on
quality factor of a cavity mode.

Roughness (nm) | Q Factor Q Factor Reduction Round Trip Loss
0 3600
0.75 3551 1.36% 0.022%
35 3067 25% 0.48%

6.7 Chapter Summary

In this chapter, we detailed the growth of SBN thin films onto a variety of sub-
strates by Pulsed Laser Deposition. The growth conditions of the ceramic target
materials are important factors for the grown film and were therefore carefully
considered and characterised. The microstructure of the SBN thin-films was char-
acterised by XRD and the impact of substrate choice on the microstructure was
studied, revealing that compared to thin-film growth on MgO substrates, growth

onto SrTiO3 provides lower microstrain and dislocation density and smaller crys-
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tallites. Meanwhile growth onto SrTiO3 with an interfacial layer of SrAl,O¢ also

provides improvements in these figures of merit compared to MgO.

Through EBSD, the domain orientation of the grown thin-films was studied, re-
vealing preference for growth in the (310) orientation over (001). This is a crucial
factor for the proposed cavity tuning architecture. This preference can be im-

proved further by pre-treating the substrate with a TiO, layer.

By PFM, we demonstrated that the thin films grown onto MgO and SrTiOs +
SrAl,Og possess an intrinsic polarisation consistent with ferroelectricity, and we
characterised polarisability and ferroelectric domain size. Unfortunately, growing
directly onto a diamond plate does not appear to yield a film with this property.
The surface roughness of the grown thin-films were shown to be sub-nm, and the
potential impact of the measured surface roughness on cavity performance was

studied by FDTD simulation, and was found to be negligible.
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7| Optical and Electro-Optical Characterisa-
tion of SBN Thin-Films

The optical properties of electro-optic thin films are key to understanding both
their tunability by external electric fields and the influence of their integration
on the overall optical performance of a cavity. In Chapter 4.2, we derived the
electro-optic tensor for SBN and demonstrated how the application of an external
electric field modifies the index ellipsoid. To fully comprehend the films grown
in this project, it is essential to populate the impermeability tensor with accurate
values for the ordinary and extraordinary refractive indices. Additionally, since
cavity photons oscillate and decay with time constants proportional to the losses
in cavity materials, it is critical for materials incorporated into the device to exhibit
minimal loss at the operational wavelength. This first part of this section details

the measurement of both refractive indices and absorption coefficients for SBN.

In the second part of this section, the effective electro-optic coefficient for the
SBN thin-film is reported following measurement on a purpose built polarisation
interferometer. Consistent with the strong Pockels effect observed in literature,
we extract a Pockels coefficient of 399 pm/V, 436 pm/V, and 318 pm/V for SBN
grown onto MgO, SrTiO3, and SrTiO3 + an SrAl;Og sacrificial layer respectively.
With this, the complete FDTD model reflecting the real-world materials is con-

structed to predict the cavity tunability for this material.

7.1 Spectroscopic Ellipsometry of SBN Thin Films

The complex reflectance of SBN thin films grown on MgO, SrTiOj3, and SrTiO3

with a SrAl;Og sacrificial layer is plotted in Figure 7.1 for wavelengths between
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200-1650 nm. In Figure 7.1(a), the reflectance spectra does suggest the presence
of an absorption edge at lower wavelengths, corroborating a prediction in the liter-
ature [193]. The observed absorption edge possesses an elongated tail, which may
be explained by first principles studies conducted on Bag 5Srj 5TiO3 [268], which
suggested that the presence of an absorption edge with a tail implies localised

defect states which are at least in part responsible for the absorption.
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Figure 7.1: Complex reflectance of SBN thin-films measured by ellipsometry:
(a) Amplitude coefficient; (b) phase shift; (c) real component of the complex re-

flectance; (d) imaginary component of the complex reflectance. The black dashed
lines in each plot are the fitted data from the Tauc-Lorentz model.

These data give extra vindication for the choice of the Tauc-Lorentz model, which
was developed specifically to calculate the band gap unambiguously in the pres-
ence of defect state absorption [195, 196]. Although the model was initially

developed with amorphous semiconductors in mind, it can be employed when-
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ever interband absorption is not the only absorption source, as was demonstrated

in [269].

Figure 7.1 shows the amplitude coefficient ¥ (a), phase component A(b), and
real (c) and imaginary (d) components of the complex reflectance p, for SBN
grown onto MgO, SrTiOs, and SrTiO3 with a sacrificial layer. In each plot, black
dashed lines show the result of the data fit to the Tauc-Lorentz model. Thin-films
grown onto MgO and SrTiO3 possess very close optical characteristics, with the
harmonic response of films grown on SrTiOj slightly leading (in terms of phase
response) those grown on MgO. On the other hand, the oscillation of the film

grown on a sacrificial layer substantially lags behind the other other substrates

The Tauc-Lorentz model is a model of the dielectric function and not directly the
complex reflectance. The two quantities are related though, since in ellipsometric
data, the s- and p- reflected light components are given by Equation 7.2, where
0, are the incident and transmitted angles respectively, and n=/e. Therefore
the components of the complex reflectance can be found in terms of the dielectric

model.

r = 11 cos 8; — ng cos O, 7.1)
ny cos 8; + nq cos 6,

Ty cos 0; — ny cos O
e = — L (7.2)
Ny cos B; + nq cos 6,

For each thin-film measured, the data fitting was performed using the Comple-
teEase software, standard to the Wolfram M-2000 ellipsometer. For SBN grown
onto SrTiO3; and MgO substrates, the thin film material was represented as in-
finitely deep SrTiO3 and MgO respectively with optical parameter well defined

by a standard dielectric model library. The SBN layer was defined as a effec-
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tive medium described by a Tauc-Lorentz oscillator, and with surface roughness
and film thickness included. For the SBN grown onto SrTiO3 with a sacrificial
SrAl;Og layer, the secondary layer was modelled as a simple Cauchy material.
Since the SrAl;Og layer likely has it’s own absorption edge which would be de-
fined properly with the Tauc-Lorentz model, for practical purposes, attempting to
fit a model with two Tauc-Lorentz oscillators can be extremely cumbersome, and
since the absorption edge of this material is not of interest here, it is appropriate

to consider the material to be a generic oscillator.

Table 7.1: Fitted parameter from the Tauc-Lorentz model applied to SBN
thin films

Material MSE €oo E,
SBN + SrTiO3 1.2461 4.4944 £0.0472 3.938 £ 0.001
SBN + MgO 0.7175 4.4521 £0.0658 3.896 + 0.001
SBN + SrTiO5 + SrAl,Og | 1.2254 4.8026 £+ 0.0622 3.589 £ 0.001

To refine the fit of the model, thickness and surface roughness were included as
variable parameters, and both thickness non-uniformity and depolarisation data

were included.

In Figure 7.2, the modelled components of the complex dielectric function for
each thin-film is shown as a function of photon energy. The complex component
€5 (Figure 7.2(b)) clearly demonstrates a long absorption tail at energies above
4 eV and indeed appear very close to one another up to energies of 5 eV, and
therefore the band-gap energies are correspondingly close to one another at 3.938
eV and 3.896 eV for films grown onto SrTiO3 and MgO respectively (Table 7.1).
For the SBN grown onto the sacrificial layer however, the absorption edge and

band-gap is shifted to 3.58 eV.

The real component of the dielectric function is represented by €., in Table 7.1,

and expresses the high-frequency dielectric constant excluding contributions from
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Figure 7.2: Dielectric function of SBN thin films: (a) Real component €;; (b)
Imaginary component €,. The real component €; (a) is related to the complex com-
ponent by the Kramers-Kronig relations. The complex component €5 (b) demon-
strates a long absorption tail at energies above 4 eV. Photon energies of SBN films
grown on MgO and STO are close to one another up to energies of 5 eV, but for
SBN grown onto SAL+STO, the absorption edge and band-gap is shifted to 3.58
eV.

free carriers and lattice vibrations. Since the imaginary and real components of e
are related by the Kramers-Kronig relations, the absorption edge in Figure 7.2(b)

is reflected by broad peak in the real component (Figure 7.2(a)).

For inclusion as a tuneable material in optical microcavities, the refractive in-
dex and extinction coefficient are very important quantities. These quantities are
shown in Figure 7.3 for each thin-film, but here the presentation of the analysis is
confined to the primarily transparent region of interest (although the initial fitting
was conducted over a region including the absorption edge.) SBN grown onto
SrTiO3; demonstrates negative uniaxial birefringence, corroborating earlier opti-
cal studies in the literature [191, 192]. However, the SBN grown onto MgO here
is shown to be positive uniaxial. This is likely due to the misfit strain of the in-

terface revealed by XRD analysis in Chapter 6.3.2. Meanwhile, thin-films grown
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Figure 7.3: Comparison of refractive index and extinction coefficients for SBN
grown on different substrates. SBN grown onto SrTiO3 demonstrates negative
uniaxial birefringence, but on MgO here is positive uniaxial, likely due to the
misfit strain. Thin-films grown onto the sacrificial layer are negative uniaxial with
a slightly higher refractive index. The extinction coefficient for all substrates is of
the order 1075.

onto the sacrificial layer remain negative uniaxial with a slightly higher refractive
index. For all substrates, the extinction coefficient is of the order 1072, making

the material highly suitable for integration into an optical microcavity.

7.1.1 FDTD Simulation with Modelled SBN

The measured refractive index and extinction coefficient for the SBN grown onto
SrTiO3 and SrAl;O¢ were included into the FDTD model of the optical microcav-
ities to asses the potential impact of the SBN layer on the cavity performance. A
highly absorbing material will inhibit the cavity quality factor since the round trip

photon loss would inhibit temporal mode confinement. Therefore it is important
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to consider what the impact would be of any absorption on the cavity performance.
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Figure 7.4: FDTD analysis of impact of SBN on cavity fields: (a) Impact of an
ideal dielectric SBN layer on cavity field profile - the field intensity in the ideal
SBN layer is marginally larger than that in the SBN layer possessing the refractive
index and extinction coefficients of the SBN thin-film grown onto SrTiOj3 (b). In
(c), there is a comparison of impact of ideal and measured SBN layers on cavity
resonance peaks, which is clearly minimal.

Figure 7.4(a) shows the normalised field intensity simulated by the FDTD method,
in a 8um radius of curvature cavity with longitudinal index ¢g=30 and an SBN
layer represented as an ideal dielectric. In this model, the dipole source sits at
an anti-node at the centre of the diamond, and the cavity is enclosed by ideal
DBR mirrors. The field intensity in the ideal SBN layer is marginally larger than
that in the SBN layer possessing the refractive index and extinction coefficients
of the SBN thin-film grown onto SrTiO3 (Figure 7.4(b)). In the ideal case, the
normalised field intensity maxima in the SBN layer is 0.9492, whereas in real
case, it is 0.9188. Correspondingly, the SBN layer has much smaller impact on the
cavity resonance modes compared to the ideal case (Figure 7.4(c)). The inclusion
of the measured SBN layer also reveals minimal impact on the quality factor and
Purcell factor (Table 7.2). The SBN layer here is modelled as being 100 nm thick
since this was the measured thickness of the grown film. Ideally, the SBN layer
would be thicker, up to 1 pum, since this would allow provide a larger quality
factor (since Q depends on the number of longitudinal modes supported within

the cavity, which depends on cavity length) whilst having a small impact on the
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mode volume. However, in practice, growing such thick SBN layers would require
rather a long growth time, with a growth rate of approximately 1 nm per minute.
Therefore, for the present work a compromise of film thicknesses of 100 nm was

chosen.

Table 7.2: Table of cavity figures of merit for the ideal and real SBN materials
modelled in FDTD simulation.

SBN Layer | Q-Factor Purcell Factor
Ideal 40289 49.527
Modelled 39871 47.219

7.2 Measurement of Pockels Coefficients by Polari-
sation Interferometry

Following the procedure in Section 3.7, the effective Pockels coefficients ()
for SBN films grown on MgO, STO, and STO+SAl substrates were measured
using polarisation interferometry. The transmitted power, varying sinusoidally
with the polarimeter analyser angle, was fitted using Equation 3.6. Exemplary data
for SBN on MgO is shown in Figure 7.5(a), with a high fit quality (R*=0.999).
The normalised transmitted power change, AP/ P, increases linearly with bias

voltage, confirming the linear electro-optic effect (Figure 7.5(b)).

The polarisation rotation ¢ under applied fields was extracted by differentiating
P(6,) and fitting AP/ P using Equation 3.7, accounting for background contri-
butions with a term A. The modulated power was fitted using P=F,,,, COSQ(QQ —
84.0f7)+ Ppc- Results for SBN on (a) MgO, (b) STO, and (c) STO+SAl are shown
in Figure 7.6. In each case the derivative decreases polynomially due to the cos-
inusoidally varying power term in the denominator of Equation 3.7. The slope

and peak magnitude of the fits are related to the rotation § of the polarisation as
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Figure 7.5: Optical power transmission through SBN: (a) As thye analyser an-
gle is rotated through 360°, the detected powervaries sinusoidally; (b) Normalised
power transmission vs. bias voltage. The increase in this power transmission
confirms the presence of a Pockels effect.

the light passes through the SBN sample, which relates to the effective Pockels

coefficient, determined by Equation 3.9.
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Figure 7.6: Fitted power differential with respect to analyser angle. For SBN
grown onto (a) MgO; (b) STO; (c) STO+SAl, the fit to the differential power
reveals the magnitude of the effective Pockels coefficient (see main text).

A table summarising the ¢ and background A values extracted from the fitting pro-
cedure, as well as the resulting r.;¢ values, is provided in Table 7.3. The largest

Pockels coefficient of r.;y=436 pm/V was observed for SBN grown onto STO,
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whilst SBN grown onto MgO was slightly lower at 7.¢r=399 pm/V. The lowest
Pockels coefficient was observed on the hybrid STO+SAl substrate, at 7. ;=318
pm/V. These values are smaller than the r33=844 pm/V observed in [270], al-
though this is not a fair comparison since we are inferring an effective Pockels
coefficient combining two tensor components, r33 and ry3 as opposed to just the
r33 coefficient. A more fair comparison is with the 7.y ;=387 pm/V for SBN grown
onto STO by RF sputtering, recently reported in [271]. The PLD growth in this

work provides a substantially higher electro-optic effect.

Table 7.3: Measured Pockels Coefficients for SBN films.

Substrate 0 A Tefr (pm/V)
MgO | 251x10° 1.19x 10 12 399
STO 36.0 x 107 1.00 x 102 436

STO+SAl | 20.0 x 10™® 1.24 x 1072 318

The incident angle 6; set by the halfwave plate also plays an important role. Fig-
ure 7.7 shows the impact of 6; on r. s for each thin film sample. When the incident
polarisation varies the observed Pockels coefficient correspondingly varies, with
a peak r.¢ observed at 90° and a minimum 7.7 seen at 0°. The average effective
Pockels coefficients for each thin-film device were 181.19 pm/V, 182.40 pm/V,
and 139.62 pm/V for SBN grown on MgO, STO, and STO+SAI respectively.

7.2.1 Feedback from FDTD Simulation

With a measured effective Pockels coefficient for the SBN membrane, the ex-
pected effect on cavity performance and tunability can be remodelled. An FDTD
model was built using the simulation parameters summarised in Table 7.4, whilst
manually varying the set ideal refractive index of the SBN layer according to the
expected shift in refractive index for a given bias voltage. For the cavity design,

the electrodes are spaced by d=6um, and therefore a bias voltage of 0 < V' < 400
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Figure 7.7: Dependence of the Pockels effect on incident polarisation angle.
As the incident polarisation angle is modified, the alignment of the incident field
with the ferroelectric domains of the SBN film is changed. There is therefore an
ideal incident angle of transmission.

V relates to a bias electric field E=V/d of 0 < E < 70 x 105 V/m. The mate-
rials in this simulation are set to be ideal dielectrics, since any dispersion and

absorption should have a negligible impact on the wavelength tunability range.

Table 7.4: Parameters of FDTD simulation for wavelength tuning with SBN

Length | 4 um
RoC 8 um
q 30
Nf 11
Np 16
MeshAcc 3

Figure 7.8 shows the results of the FDTD simulation for each thin-film sample.

Over a bias voltage range of 400 V, the resonant wavelength is predicted to be

substantially tunable, by 3.644 nm for SBN grown onto STO, 3.318 nm for SBN

grown onto MgO, and 2.612 nm for SBN grown onto STO + SAl. Since the
A2

intended free-spectral range of this cavity is F'SR=5~+=21.05 nm for a cavity
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of length L=4pm, with a bias voltage of 400 V, the cavity could in principal
be wavelength tuned 15.764% of an FSR for SBN grown on MgO, 17.315% for
STO, and 12.411% for STO+SAl, which is more than sufficient for practical ap-
plication. Of course, growing SBN with even higher effective Pockels coefficients
would enhance this tunability range even further. A summary table of the expected

wavelength shift for a maximum bias voltage of 400 V is provided in Table 7.5.
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Figure 7.8: FDTD analysis of SBN tunability: Based on the magnitude of the
effective Pockels coefficients r.s¢, the SBN tunability of thin films grown onto
substrates of (a) SrTiOs; and (b) MgO, with a bias voltage of up to V};,,=100 V.
The resonant wavelength is predicted to be substantially tunable, by 3.644 nm for
SBN grown onto STO, 3.318 nm for SBN grown onto MgO, and 2.612 nm for
SBN grown onto STO + SAI.

Table 7.5: Wavelength shift and tunability as a percentage of free-spectral
range

Sample | AX (nm) % of FSR
MgO 3.318 15.764%
STO 3.644 17.315%

STO+SAl 2.612 12.411%

7.3 Chapter Summary

In this chapter, we detailed the dielectric and electro-optic properties of SBN thin

films grown onto MgO, SrTiOs, and SrTiO3 with a sacrificial SrAl;O4. From an
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investigation by spectroscopic ellipsometry and thorough subsequent modelling
using a Tauc-Lorentz approach, the optical properties of the thin-films were de-
termined. The band gap energy of SBN grown on the sacrificial layer was found
to be slightly lower than for films grown onto MgO or SrTiOs3, with a correspond-
ingly red shifted absorption edge. Unlike previous observations in the literature,
the uniaxial birefringence of SBN was shown, and was found to be negative for
SBN grown onto SrTiO3 and SrTiOg3 plus the sacrificial layer, but was found to be
positive for SBN grown onto MgO, likely due to the large interface misfit strain.
For each film, the extinction coefficient was found to be around 10~°, making the
film is highly suitable for integration into an optical microcavity, since its impact

on round trip photon loss will be minimal. This is confirmed by FDTD simulation.

The electro-optic properties of each film were determined by polarisation inter-
ferometry, using a purpose-built optical system. Since only the effective Pockels
coefficient is of interest for the present work, the Pockels tensor analysis was
limited to this quantity only, and substantial 7., coefficients were found for each
film. Using the determined electro-optic coefficients, an FDTD model was built to
investigate the wavelength tunability range for each film based on the know shift
in refractive index. This revealed the possibility of substantial frequency tuning
with each thin film. These characterisations complete the development of each

individual constituent component of the intended final cavity device.
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8| Conclusions

Rapid progress towards achieving fault tolerant quantum computation is being
made, and significant breakthroughs in quantum sensing and secure communi-
cations are continuing to come to fruition. A separate significant challenge re-
mains to connect distant quantum processors over a quantum network. Diamond
is a highly promising substrate for quantum network nodes, since it possesses a
very low nuclear spin environment ensuring a noise free environment for quan-
tum states, a variety of defect centres which can act as artificial atoms capable of
quantum processing, and an optical interface allowing easy integration into optical
communication networks. The NV defect centre in diamond is highly promising
as a qubit candidate for quantum technology, and can be deterministically created
in electronic-grade diamond by a novel laser writing process. However, the NV
centre nascently has a poor spin-photon interface for quantum networks due to a

low Debye-Waller factor.

To ensure the the NV centre can generate photons suitable for entanglement effi-
ciently, it is necessary to couple the defect to the eigenmode of an optical micro-
cavity. In the present work, we presented prototype results for the first monolithic
microcavities in diamond for this purpose. The monolithic structure, combined
with the ability to deterministically place a high-density of NV centres with high
positional accuracy in diamond, makes substantial progress toward developing a
scalable quantum network node based on NV centres. Tuning the resonant mode
of a monolithic cavity is a substantial challenge, but progress towards a solution
in this work by synthesising a membrane of a very strong electro-optic material
which can be bonded to the diamond, and provide resonant wavelength tuning
by modifying the optical path length of the cavity in situ with an applied electric
field.
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8.1 Summary of Research Achievements

This work demonstrated the first prototypes of monolithic Fabry-Pérot cavi-
ties in diamond using focused ion beam (FIB) milling to fabricate hemispherical
features in 10pm membranes. DBR mirrors were deposited on these cavities,
and the mode structure was probed by optical spectroscopy using a purpose built
white light interferometer. While the DBR coating quality presented a limit to
the achievable cavity finesse, the prototype structures revealed a stable longitu-
dinal mode structure across a variety of radii of curvature cavities, which even
with low reflectivity mirrors would provide a reasonable Purcell enhancement.
This work provides a solid base for further optimisation. Indeed, with improved
DBR coatings, the potential Purcell enhancement for embedded emitters could be

substantial.

We proposed a novel means of tuning the resonant mode of these cavities using
SBN, an extraordinarily strong electro-optic material. We derived the electro-
optic tensor for this material and used this to inform device design considerations
and we grew the material by pulsed laser deposition. We rigorously characterised
the microstructure of SBN using techniques such as XRD and EBSD. To the best
of our knowledge, our EBSD analysis and observation of the pseudosymmetry is
the first analysis of its kind for this material, and reveals a strong (310) electro-
optic domain growth axis. We also proposed a growth platform for producing
releasable freestanding membranes of SBN by growing the films onto a sacrificial
layer of strontium aluminate. This has the potential to open up platform indepen-

dent photonic device integration for SBN thin-films.

In addition to the microstructural characterisation, optical and electro-optical

properties were studied for SBN grown onto MgO, STO, and STO+SAl. We
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improved on analyses of the dielectric function previously reported in literature
by building a Tauc-Lorentz model and fitting this to complex reflectance data
acquired by ellipsometry. An impact assessment of the dielectric properties of
the SBN thin-films on potential cavity performance was undertaken, using the
modelled optical properties of the SBN layers. In addition, using a purpose built
polarimeter, we extracted high effective Pockels coefficient values for each thin-

film.

Throughout the thesis, we endeavoured to build a complete model of the cavity
devices by FDTD simulation using the real-world measured material parameters,
in order to understand the impact of each constituent component in the cavity
device design. With this insight, it is possible to isolate the effect of each element

of the design and make specific improvements and optimisations in future work.

8.2 Current Status of the Technology

The work presented in this thesis contributes to overcoming some of the major
technical barriers to realising efficient and scalable quantum network nodes. The
aim of this work was to first identify how to fabricate monolithic microcavities,
and crucially how best to allow for resonant mode tuning. With this achieved, the
aim was to study each constituent component of the cavity design to build a rigor-
ous understanding of each element. Some challenges remain, however. First, with
each element of the design well characterised, further progress on DBR coating
needs to be made. Second, the constituent elements of the cavity design need to
be brought together to the final device. Finally, the scalability of the proposed
fabrication methods, particularly FIB milling, requires further exploration. De-
spite these challenges, the synthesis of a very strong electro-optic tuning material,

and the observance of cavity modes in monolithic structures, are significant steps
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forward in the development of quantum optical devices.

8.3 Potential Impact

The enhanced coupling efficiencies and spectral tuning capabilities which will
emerge from the cavities in this work improve the feasibility of long-distance
quantum communication using NV centres in diamond, and offer the prospect of
a substantial increase in the branching ratio of the NV centre. Due to anomalously
high absorption in one of the DBR layers in the prototype cavities in this work,
we infer a Purcell enhancement of 1.27 leading to an enhanced branching ratio
of 2.56%. However, without the absorbance issue but with still low reflectivity
mirrors, we infer that a Purcell enhancement of 17.45 is possible leading to an en-
hanced branching ratio of 35%. With substantially better DBR coatings available
commercially, we expect the enhancement in branching ratio to be considerably

higher again.

The techniques developed in this work could contribute to broader advancements
in integrated photonics, including quantum information processing and hybrid
quantum-classical devices. SBN is an extraordinarily strong electro-optic ma-
terial, and we have discussed how freestanding membranes of this material can
be synthesised and bonded to other substrates. This opens the door to substrate
independent, highly tunable layers which can be readily integrated into a variety
of optical platforms. In addition, since SBN retains its crystal symmetry at low
temperature, we predict that the high Pockels effect should remain in cryogenic
environments, making this material well suited to a variety of quantum optical

applications.

In addition to extraordinary linear electro-optic and piezoelectric responses, SBNs

tetragonal tungsten bronze crystal structure contains many vacant sites, allowing
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it to be doped with a wide range of dopants such as rare earth and transition met-
als, allowing for many interesting optoelectronic applications such as frequency
conversion. Introducing rare earth dopants into SBN could allow the material to

operate as a quantum memory with a highly tunable interface.

8.4 Proposals for Future Work

Building on the foundation laid in this thesis, the following areas are proposed for
future research. Most importantly, the prototype cavities in this work were limited
by an anomalously high absorption in the TiO, DBR layer, which we attribute to
contamination. With better DBR coatings, the performance of these cavities is
expected to be substantially improved. With improved cavities in thin membranes,
the SBN layer grown on the sacrificial SAI layer should be released and bonded
to the planar side of the diamond membrane, and the full cavity device should be
fabricated and integrated, with embedded NV centres. With this, integration into

a quantum network via entanglement protocols can be explored.

Whilst FIB milling of the cavity features is an effective and highly controllable
method, questions remain as to whether the process can inhibit device perfor-
mance by the implantation of Ga™ ions into the diamond membrane from the ion
beam, and therefore it is prudent to investigate other methods of cavity formation.
Another promising approach is to define the cavity features lithographically using

a positive photoresist reflow method.

Further optimisations of the SBN thin-film can be made. Whilst we report a
substantial effective Pockels coefficient between 318 to 436 pm/V, with refined
growth and subsequent annealing procedure, we may be able to enhance this fur-
ther, reducing the power requirement for tuning the cavity mode. In addition,

whilst we observed around 70% of EO domains were oriented in the desirable
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(310) orientation, we may be able to encourage further orientation by introducing
other surface layer to the substrate during SBN growth. Whilst we characterised
the room temperature Pockels coefficient, it would be highly useful and novel to
study this as a function of decreasing temperature, down to the operation cryo-
genic temperatures. Indeed, studying the effects of operational conditions on the

entire cavity performance would be prudent.

8.5 Final Remarks

The research presented in this thesis bridges critical gaps in the development of
quantum optical devices, advancing the realisation of scalable quantum networks.
By addressing fabrication, material, and integration challenges, this work con-
tributes to the broader goal of harnessing quantum technologies for transformative
applications in communication, computation, and sensing. While challenges re-
main, the methods and insights developed here pave the way for future innovations

in this rapidly evolving field.
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