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“Don’t panic.”

Douglas Adams, The Hitchhiker’s Guide to the Galaxy
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Abstract

Faculty of Sciences
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Doctor of Philosophy

by Matthew Ryan Henderson

Diamond, prized as both a gemstone and a cutting and polishing material, has recently
been recognised for another remarkable property, a host of optically active colour centre
defects. With the rise of interest in these colour centres, due to the unique optical
properties, comes a need for interfacing with other optical platforms. Recent advances
have attempted to fabricate optical structures from the diamond itself, or to combine
these colour centres with the well-known fabrication techniques of other materials by
placing nanodiamond crystals on the surface of other structures, such as microdisks,

microspheres, and optical fibres.

This thesis presents a new approach to this integration by demonstrating the fabrica-
tion of a hybrid nanodiamond-glass material. This technique embeds the nanodiamond
within the optical structure, offering interaction with the bound optical fields, protec-
tion, and ease of fabrication. A range of optical structures has previously been fabricated

from the chosen glass, tellurite, and fabrication of an optical fibre is demonstrated here.

Also presented is the derivation of a model describing coupling of an emitter to an optical
fibre. While used here to investigate coupling of diamond colour centres to the optical

fibre modes, it is more generally applicable to any emitter.

These results show the first steps of a new approach to diamond integrated photonics.
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Introduction

Diamond has become an important material in our present day technology, used in a
wide variety of fields including industry, jewellery, and scientific research. Many prop-
erties of diamond are exceptional — high hardness and thermal conductivity, a good
electrical insulator, and a large transmission window. There is also a strong interest in
another property of diamond: colour centres, which are defects in the crystal lattice.
Diamond hosts a variety of lattice defects that have recently garnered interest. One
such colour centre, the nitrogen-vacancy (NV) centre, has applications in a wide range
of fields, including single photon generation, magnetometry, and quantum computing.

An introduction to the NV colour centre follows in Section 1.1.

The research presented in this thesis aims to integrate these diamond centres with other
photonic systems, to take advantage of the unique colour centre properties, by combining
them with optical fibre. This would lead to a device that is easily introduced into existing
photonics and could take advantage of the large field of optical fibre research knowledge.
Integration of diamond colour centres with optical structures is discussed in Section 1.3.
In the work presented here, diamond was added to the initial stages of fibre creation,
at the glass fabrication stage. This is the first demonstration of a hybrid diamond-glass

material designed to leverage the advantages of diamond colour centre emission.

The application was for efficient collection of single photon emission, for the realisation
of a single photon source with a fibre-coupled output. A low melting point glass, tellu-
rite [1], was chosen as the host glass because of possible damage to the diamond at high
temperatures. Tellurite has previously been used to fabricate microstructured optical
fibres (MOFs) [1], a fibre design that can achieve a high core-cladding index contrast
and thus a high emission capture, which would be an advantage for the proposed single
photon source. An overview of MOFs is presented below in Section 1.4. Although the

initial application was for single photon collection, optical fibre coupling to the diamond
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FIGURE 1.1: Diagram of an NV colour centre, consisting of a substitutional nitrogen
atom adjacent to a lattice vacancy, in the diamond carbon lattice. From Ref. [2].

NV centre could also be used for magnetometry, for example allowing remote read-out

and probing.

1.1 Nitrogen-vacancy colour centres

Colour centres are defects in a crystal that are optically active. This defect can be a
vacancy in the lattice, a substituted atom or an interstitial atom (an atom between lattice
positions). One such centre in diamond is the NV centre [2], consisting of a substitutional
nitrogen atom adjacent to a vacancy in the lattice (as shown in Figure 1.1). There are
over 500 identified colour centres in diamond [3], however many of these do not have
proven single photon properties. In addition to NV [4, 5], proven single photon emitters
include emitters based on nickel-nitrogen [2, 6, 7], silicon [8], and chromium [9], and
a recent review of single photon emitters in diamond can be found in Ref. [10]. NV
centres can occur naturally at low concentrations in diamond, but are more commonly
produced artificially. In nitrogen-rich diamond samples, they can be formed by creating
lattice vacancies by radiation damage and annealing to mobilise these vacancies next to
the nitrogen impurities [11]. For specifically low-nitrogen diamond, the centres can be

accurately located by implanting nitrogen in the desired region [12, 13].

The NV defect can be used to create a triggered single photon source [4, 14], a photon
source that emits only a single photon on demand. Although this property is common

to all single emitters (fluorophores [15], quantum dots [16, 17], etc.), the NV centre is
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FIGURE 1.2: Energy levels of the NV~ colour centre showing pumping and photolu-
minescence. The 637 nm emission corresponds to the ZPL in the emission spectrum.

photostable at room temperature and does not exhibit photobleaching [18, 19]. These
properties are advantageous when compared to other single dipole sources that operate

at cryogenic temperatures [15, 17] or that are unstable and photobleach during use.

The NV centre has been found in either of two charge states; the neutral nitrogen-
vacancy (NV') state, and the negative nitrogen-vacancy (NV~) state [20]. The centres
are photochromic [21], where intense irradiation can switch the state of a centre between
NV? and NV~. The NV~ energy levels are shown in Figure 1.2 [22], and the transition
from 3E — 3A emits a photon at 637 nm wavelength, although this zero phonon line
(ZPL) at 637nm is broadened significantly by phonon sidebands. The neutral state has
a ZPL at 575nm [21], and also shows broad phonon sidebands. Either is suitable for
use in single photon applications, as both states have large dipole moments (and hence
emit photons at a high count rate) and also have negligible non-radiative decay rates

(hence every cycle emits a photon).

Due to the particular energy level structure (see Fig. 1.2), NV~ shows quantum prop-
erties, such as spin polarisation and room temperature coherence [20], which is not seen
in the NVV state and have, so far, not been seen in other colour centres. The 3E ground
state of NV~ is split into a spin zero and spin +1 states, with an energy gap of 2.88 GHz
(see Fig. 1.2). Excitation and emission from 3E — 3A is generally spin-conserving (an
excitation-emission cycle returns to the same spin state), although continuous illumi-

nation spin polarises the NV~ by optically pumping into the spin zero state via the
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singlet transition [20, 23]. Emission is ~30% brighter for the spin zero state, so that the

intensity of the fluorescence signal can be used to distinguish the ground state spin [24].

The energy splitting between the NV~ spin zero and spin £1 state can be measured
optically, known as optically detected magnetic resonance (ODMR), by using the differ-
ence in photoluminescence (PL) intensity [25]. An applied radio frequency (RF) signal
can, if at the same frequency as the ground state splitting energy, populate the spin
+1 states from the spin zero ground state. This spin +1 population will decrease the
PL and so, by scanning the applied RF frequency and monitoring the PL intensity, the

splitting energy can be measured.

NV~ defects are sensitive to perturbation by external magnetic fields, allowing these
centres to be used for magnetometry [22, 23, 24]. An applied external magnetic field

splits the degenerate spin £1 states, and the ground state Hamiltonian becomes [23]

Ho = hDS? + gupB.S., (1.1)

where hDS? is the crystal field splitting term (where D = 27 x 2.88 GHz), B, is the
component of the external magnetic field along the NV~ centre axis, g = 2 for NV,
up is the Bohr magneton, and S, takes the values ms = 0,£1. The spin +1 state is
now split by an amount A = 2gupB, (see Fig. 1.2), and measuring the ground state
splitting using ODMR will now show two dips in PL as a function of RF frequency. The
frequency difference between the two PL dips can be used to calculate this splitting and

so the external magnetic field.

1.2 Other candidate single photon sources

As mentioned above (see Section 1.1), any single emitter can potentially act as a single
photon source. For instance, both fluorescent molecules [15] and quantum dots [16, 17]

have been used as sources of single photons.

Fluorescent molecules are unsuitable for direct inclusion within the optical glass, due
to destruction by the high (~700°C) glass melting temperatures, and so would have
to be included after fibre fabrication. Post-processing methods such as coating of the
fibre core could be used to couple the fluorophore to the fibre, although only by the
evanescent field. Fluorescent molecules are also affected by photobleaching, whereby
the molecule is eventually destroyed (i.e. becomes non-fluorescent) by exposure to the

pumping light.
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The high glass melting temperatures would be of less concern for semiconductor quantum
dots (such as InAs, CdS, or CdSe). Most quantum dots are, like diamond colour centres,
not affected by photobleaching, although they can suffer from photoblinking (where the

quantum dot will intermittently stop emitting).

Both fluorophores and quantum dot emitters also generally operate under cryogenic
temperatures [15, 16, 17], compared to the room-temperature operation of diamond

colour centres.

1.3 Combining diamond and photonic structures

To take advantage of the diamond colour centre properties, the centres must be inte-
grated with other photonic structures. Methods of integration can be split into two main
categories; using diamond as the photonic material, or combining diamond nanocrys-
tals with other optical materials. See also Ref. [26] for a review of diamond photonic

structures.

Optical device fabrication techniques for diamond are immature compared to other, more
studied, materials such as silicon, but there has been some successes in fabricating optical
structures from diamond crystals. Nanopillars have been fabricated in NV-containing
diamond crystal by masking and etching [27, 28]. Focused ion-beam milling has been
used to fabricate solid immersion lenses in diamond [29, 30]. Diamond waveguides [31,
32] and microrings [33] have also been milled in a two-step process, in which a layer of
diamond was first converted to graphite (sp® carbon to sp?) by irradiation in the desired

pattern, and then selective etching of the graphite revealed the final diamond structure.

In general, though, diamond fabrication is difficult and so combining nano-scale diamond
crystals, containing colour centres, with existing optical structures is an attractive so-
lution. Use of these nanodiamonds (NDs) can also be split into two main approaches;
either locating the ND outside the photonic structure and coupling using evanescent

fields, or embedding the ND inside the structure.

External coupling of NV centres in ND has been achieved using a variety of photonic
structures. Diamond nanocrystals have been nanopositioned, using scanning near-field
optical microscope (SNOM)/atomic force microscope (AFM) equipment, onto optical
fibre endfaces [34, 35], microspheres [36], microdisk resonators [37], and photonic crys-
tals [38]. Solution coating has also been used to attach ND onto microspheres [39].

Nanopositioning of a gallium phosphide photonic crystal cavity on the surface of a
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poly(methyl methacrylate) film showed coupling to embedded nanodiamond NV cen-
tres [40].They have been grown, using chemical-vapour deposition (CVD), onto the
endfaces of optical fibre [41], and coated onto optical fibre tapers [42].

Creating a hybrid diamond-glass material leads to new possibilities for fabrication. The
diamond is embedded within the optical material and this removes the restriction of cou-
pling only to the evanescent fields. The colour centre and photonic structure may also
be protected from the environment, as access from outside is not required for ND place-
ment. It combines the fabrication properties of a soft glass with the optical properties

of diamond, and more specifically the diamond colour centre.

A limitation common to the previously mentioned techniques of colour centre integration
is the low device yield obtained in fabrication. Either labour-intensive nano-positioning
is required, decreasing output due to time constraints, or (such as in the case of CVD
deposited diamond) the useable device yield is low due to random placement of the
colour centres. The hybrid diamond-tellurite material shown here would allow the use
of macroscopic fabrication techniques to produce the diamond-fibre hybrid device for
large quantity production, without the need for high precision placement equipment
such as nanometre-resolution SNOMs, AFMs or confocal microscopes. This strategy
would also improve overall device yield by allowing a large number of devices to be
fabricated at the same time from a fibre pull of up to a few hundred metres. Well-
known glass processing techniques, for example extrusion [43] (see Section 3.2.4), are
available for fabrication of a wide variety of fibre designs that will then incorporate the
attractive colour centre properties of room temperature single photon emission and spin

coherence, and photostability.

1.4 Microstructured optical fibres

Optical fibres can be thought of as guiding light by internal reflections, where the light is
constrained to the core area by reflecting from the cladding. The reflection mechanism
is typically total internal reflection, relying on a core refractive index that is higher than
the cladding index so that light is reflected at low angles of incidence. However, other
reflection methods are also effective — for example, photonic crystal bandgap fibres use
a bandgap effect, where the light is not able to propagate in the cladding material due to
a periodic interference condition. These guidance mechanisms rely on a refractive index
pattern across the fibre cross-section, and there are a range of methods to achieve this
patterning. For instance, standard telecommunications fibre uses doping to raise the
refractive index of the core region. A class of fibres, known as microstructured optical

fibres (MOFs), use micron-scale refractive index patterning for guidance [44, 45, 46].
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The patterning can either lower the average cladding refractive index, for guidance by

total internal reflection, or create a periodic array for a bandgap effect.

A refractive index variation can be achieved in several different ways, however; such
as index-changing doping of specific components (e.g. combining doped silica rods in
undoped silica capillary stacking) or using different materials. For many MOF designs,
the refractive index changes are introduced by incorporating air holes in the structure.
By using a combination of the fibre material and air, complex fibre structures can be
fabricated using well-controlled techniques. There are a range of techniques available for
fabrication of MOFs, with a common workflow of creating a macroscopic shaped glass
piece which is then drawn down to microscopic dimensions using a fibre draw tower.
Methods such as capillary stacking, where air holes are introduced by the capillary
holes, and extrusion [43], creating patterns by forcing the material through a die, can
be used to create complex cross-sectional structure that, when drawn down, can result
in the micron-scale features needed for light guidance. Other methods such as casting
or drilling are also available, although any process that allows a pattern or structure to

be formed in the glass can be used.

MOFs allow great flexibility in the design of the structure. Generally, as air is used for
the refractive index variation, a large core-cladding refractive index contrast is available,
which leads to a high numerical aperture (NA). Also, the air holes can be filled with
liquids or gasses for sensing applications [47], giving a long interaction length and a close

proximity to the guided core light.

In this project, the optical fibre development was focused on a suspended core fibre
design. A suspended core fibre would allow a maximal core-cladding index contrast
by using air as the cladding material, which is advantageous for emission collection.
The tellurite glass used for ND inclusion had also been successfully used to fabricate
this type of fibre structure previously [1]. In this design, the glass core is suspended
in an air cladding with a supporting structure used to locate the core within an exter-
nal glass jacket (required for structural strength and to isolate the air cladding). The
particular variation used here, called a ‘wagon-wheel’ fibre, supports the micron-scale
core with three equally-spaced radial struts connected to a large (~200 pm) glass jacket
(see Fig. 1.3). Between these struts are air holes used to form a cladding. As the
strut thickness decreases, the fibre approaches a pure air-clad suspended core design.
This is an established MOF design and has been previously fabricated in a variety of
materials [1, 48, 49, 50, 51].
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F1GurE 1.3: SEM image of a wagon-wheel suspended core fibre.

1.5 Outline

This thesis will present the first demonstration of a hybrid diamond-glass, experimental
characterisation of this glass and the resulting optical fibres, and theoretical modelling

of the expected emission characteristics of a fibre-embedded colour centre.

Chapter 2 shows the development of a general analytical model for emission coupling
to an optical fibre, based on a dipole emitter in a step-index fibre geometry. The
analytical model was used to explore the effect of fibre design on the expected NV
emission capture into the optical fibre modes, and to study the change in the radiation
pattern and emitted power of a dipole in the vicinity of the optical fibre. The model
was then verified using finite-difference time domain (FDTD) modelling, an independent
method. An interesting result of this modelling was the appearance of strong resonances

in the emission, and these are explored in Section 2.2.3.

To integrate the diamond nanocrystals with an optical fibre, a hybrid diamond-tellurite
glass was fabricated. Characterisation showed that the diamond, and the unique optical

properties of the NV centres, survived this process. These results are shown in Chapter 3.

A successful diamond-tellurite glass led to the fabrication of the first suspended core
optical fibre structure with embedded ND, and a variation of the design allowed confocal
imaging of the fibre core region for direct optical pumping of the embedded NV colour

centres. Concluding remarks are then presented in Chapter 5.



Modelling

This chapter focuses on development of a theory describing emission of an emitter in
the vicinity of an optical fibre. This is then used for numerical analysis of the proposed
diamond-fibre device, to better understand the effects of the fibre parameters on the
device performance — in this case, the collection of NV colour centre emission from
diamond nanocrystals embedded within the glass from which the fibre is made into the
fibre guided modes. There are many degrees of freedom in the fabrication of an appro-
priate fibre and so an accurate computer model of the system is essential. To ensure
high efficiency photon collection, the combined fibre & ND system must be understood
and optimised. In particular, the effect of core diameter, emitter position and refrac-
tive index on device properties must all be understood. Computer modelling plays an
important role in exploring this design space as fibre fabrication is relatively costly in

time and materials, and some degree of randomness in emitter position is unavoidable.

A suitable model for the emitter-fibre system had to represent the fibres that could be
fabricated, as the model would be used to guide this fibre design. In this project a
step-index fibre geometry was used to approximate the microstructured geometry. This
allowed a reasonably accurate description of the air-clad suspended core fibre that would
be fabricated, but at the same time reduced the complexity of the problem such that a
(relatively) simple analytical solution was available. this analysis was primarily to see
the effects on the collection of emission, and so the simpler step-index model was chosen

for a faster, more transparent solution.

The step-index modes of the fibre were used to describe the fields of the combined
emitter-fibre system. These fibre modes form a complete basis set, and so can be used
to describe the electromagnetic fields of any system. The fields were written in terms
of a complete orthogonal basis of modes of the fibre and this modal description could
then be used to calculate the expected coupling of emitters to the fibre. The basis set

was separated into guided modes of the fibre and radiation modes (all other modes, that
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aren’t guided, needed to form a complete basis set). The equations for the modes of the

step-index fibre are derived in Section A.l.

Once the fibre modes had been found, introducing an emitter allowed investigation into
coupling of this emitter to these derived modes. To approximate an NV colour centre,
the emitter was modelled as an electric dipole. The derivation of a model that describes
the coupling of the emitted light from this dipole into the fibre modes is shown in
Section 2.1 (with a complete derivation in Appendix A.3). This model was then used to

perform calculations of the expected coupling over the fabrication parameter space.

Single NV centres emit as single photon sources — the emitter is pumped into the excited
state, and there is then a delay due to the ~10ns lifetime before emitting a photon. The
NV emitter cannot emit a second photon during this cycle and so non-classical single
photon emission is observed. The emitter in this derivation is described by a classical
dipole. However, it has been demonstrated that the classical electrodynamic result can
be used to derive certain physical quantities of the quantum system — specifically, for
this derivation, spontaneous emission rate (using dipole radiated power) [52, 53, 54, 55]
and radiation pattern [56]. The results of this classical description can therefore be

applied to the quantum behaviour of NV single photon capture into the fibre modes.

The total emitted power is needed to find the fraction of emission that is coupled to the
fibre modes, giving, in the case of the single photon source, the probability that a photon
is captured into a guided mode. The emitted power (or, equivalently, emission rate) can
change dramatically for an emitter near an interface [57, 58, 59]. In Section 2.2.1, the
effect of the fibre geometry on the dipole emission is discussed, and the change to total
power is calculated using the radiation modes. Although generally not treated, the
radiation modes are required in this case to calculate the total power emitted by the
emitter. All of this information can then be used to estimate the efficiency of the fibre
device as a collector of single photon emission, although, of course, this modelling is

more generally applicable to any dipole emitter.

The results of the model calculations are presented (see Section 2.2) and an interesting
consequence of the radiation mode modelling, that of apparent whispering gallery modes

(WGMs) excited in the fibre by the emitter, is presented in Section 2.2.3.

Finally, the FDTD method was used to verify the results obtained by the single dipole
model (see Section 2.1). FDTD solves for Maxwell’s equation directly, and is inde-
pendent of the method described above. The FDTD method and the results of this

investigation are discussed in Section 2.3.
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FIGURE 2.1: Diagram of the step-index model with a single dipole.

2.1 Modelling of dipole-fibre coupling

The step-index fibre geometry consists of a cylindrical core of radius r and infinite length
with a surrounding cladding that extends towards infinity in all directions (a diagram

is shown in Fig. 2.1).

The step-index model is applicable to many different geometries that are able to be fab-
ricated. More specifically, a step-index fibre with an air cladding material is a reasonable
approximation to the proposed suspended core structure that is regularly fabricated at
our fibre draw facility (excepting possibly for the WGM modelling, discussed in Sec-
tion 2.2.3, due to the strong dependence on the deformations from a circular core). The
step-index model can also be used to approximate a standard step-index fibre (e.g. doped
silica) or a multi-ring holed microstructured fibre (e.g. by a stack-and-draw technique).
More complex modelling, such as finite-element modelling or a W-profile analytical solu-
tion, would allow a more accurate description, showing effects such as confinement loss
of the fibre. However, due to the added complexity of these methods, the step-index
fibre was chosen for the initial modelling, which captured all of the essential details
of the coupling. These more complex methods could then be used if a more accurate

representation was required after obtaining the step-index results.

There has been previous study in the area of emitters in the vicinity of optical fibres.
Fluorescence capture into fibre guided modes has been modelled [60], although this
assumed an isotropic and homogeneous distribution of emitters and did not consider
emission changes due to the core-cladding interface. Emission near a dielectric cylin-
der [58, 59] has been investigated, including spontaneous emission rate and radiation
pattern changes. Other interface effects, such as those of planar interfaces [55, 61] or
gold nanoparticles [62], have also been modelled and experimentally measured. The
treatment shown here is based on derivations of optical fibre mode excitation by current

sources in Ref. [63].

The fields of the dipole-fibre system are expanded using the step-index mode basis set

— guided modes of the fibre and radiation modes, which are defined as any modes that
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are not guided (i.e. all other modes needed in order to form a complete orthogonal basis

set). This can be written in the form:

+z propagating guided = —z propagating guided radiation

—_— —_— al '
E:Z[ ak(z)eke*zﬁkz + a,k(z)eikezfé’kz :|+Z\/a]/(6)ey(,8)elﬂz ds,
K v
(2.1)
Z {ak )hype P 4 a_p(2)he kelﬁ’“Z +Z/ B) e, (B)e~P= 4B, (2.2)
k

H

where e and h represent the modal fields and « is a coefficient that describes the coupling
of the emission to the corresponding mode, and will be called a ‘coupling coefficient’. The
propagation constant, § = k., is discrete for the guided modes (konclaa < 85 < koncore)
and continuous for the radiation modes (0 < 8 < koncaq). Finding every coupling
coefficient, a, for a particular system provides the information required to calculate the
resulting field for that system, where a is the coupling coefficient to any individual mode.
The modal fields, e and h, of the geometry are vectors representing the components (7,
6, and 2 for example) of the field as a function of spatial position, and are derived for a

step-index fibre in Section A.1.

The coupling coefficients must be derived for the case of a single dipole in the vicinity
of a step-index fibre. The coupling coefficients will then describe the coupling into the
modes of the fibre due to the dipole, positioned either inside or outside the fibre core,
and are needed to find the power distribution into the fibre modes (radiation pattern)

of the emitting dipole. Figure 2.1 shows a diagram of the model.

The single emitter was modelled as a dipole at position r = rg, with a transition
frequency wy and dipole moment p = poe st The polarisation density, P, associated
with this dipole is
N
P = Z pid(r — r;) = poe “5(r — rp). (2.3)
i=1
And the current density, J, is
opP ‘ ;
J =" = —iwspoe “"5(r — ro). (2.4)

ot
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The derivation then follows that shown in Ref. [63], using the Reciprocity Theorem and

the expression for the current density shown above in Equation (2.4). The Reciprocity

Theorem is
8/F-2dA—/V-F dA (2.5)
aZ C - C bl M
Aso Aco
with
F.= Ex H + E* x H. (2.6)

The barred and unbarred fields that appear in F correspond to any two systems. In this
case it is useful to define these two systems as: (1) the dipole-fibre system, as in Egs. 2.1
and 2.2, with a current density as in Eq. 2.4 and (2) a single mode, j, of the step-index
fibre. The full derivation is presented in Section A.3. Using Eq. (2.5) together with
Maxwell’s equations leads to the expression for the coupling coefficients, a;, for each
of the fibre modes j. The coupling coefficients, shown in Equation (2.7), describe the
strength of the dipole coupling to the corresponding mode (they are the coefficients of
each of the mode fields in the modal total field expansion, see Equation 2.2) and can be

used to find the power coupled into each mode.

— wa —iwyst i5; *
a; = TNje wrteifizo [e%(rg) - po(ro)], (2.7)
where
1
Ao

The power coupled into each mode is (see Section A.5)

P; = |aj|*N;. (2.9)

Equation 2.7 shows that the coupled power into a mode depends on the dot product of

the dipole moment and the mode electric field evaluated at the dipole position.

Similarly, for the radiation modes the coupling coefficients are
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ay(Q) = %e—wewzo [e}(ro,Q) - po(ro)], (2.10)

where Q = rcore(kzgnzlad — B2)1/ 2. The total radiation power, due to the integration over

Q, is

Prad:/Q|aV(Q)]2N,,(Q) dQ. (2.11)

Note that when the total radiation power is defined, all components of the radiation
are represented. Looking back, the fields have been expanded in terms of z-propagating
modes and so the radiation modes have been defined as a function of (), which is related
to the propagation constant, 3. The propagation constant represents propagation down
the fibre length (in the z-direction), and integration over @ is required to calculate all the
radiation modes — from those travelling close to the guided mode cutoff (8 = konclad,
where values larger than this are guided) to those propagating completely transverse to
the fibre (8 = 0, i.e. no propagation in the z-direction). By defining the power to be
the flux in the z-direction, it may not be immediately obvious why this should capture
the power in radiation modes with § values close to zero (as they are not propagating
along the z-direction). Indeed, this power is captured, and the reason this is the case
is because of the integration over the infinite cross-section, Ao,. Thus, all power is

captured in this expression, because of the integration over an infinite plane.

The capture fraction (C'F'), which is the fraction of emitted power that is coupled into

the guided modes of the fibre, is defined as

P
CF = ~guded. (2.12)

Ptotal
This gives a measure of the performance of the device, given that the useable emission

is in the guided power.

2.1.1 Extension to multiple emitters

The previous derivation (see Section 2.1) described coupling of a single emitter to the
fibre modes, but there are several interesting cases where extending this treatment to
multiple emitters would be useful. It could be used to investigate the effects of multiple
single emitters on the single photon source (such as degree of single photon degradation),

or the modelling of an NV emitter, where the emission is described by a 2D dipole.
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In sensing, a measurable emission pattern change due to the addition of other dipoles
would be pertinent (such as for single molecule detection) or for a sensing method where

multiple emitters are used (e.g. magnetometry with an ensemble of NV centres).

For multiple emitters, there is now a slightly more complicated expression for the current.

For a system of N dipoles: the ith dipole having dipole moment pje™i’ and position

r;. The polarisation density is

N
P =Y pie“’(r—r), (2.13)
=1

which gives a current density of

opP al
_ _ . Wit o
J= 5 = ;:1 iw; pie o(r— r;). (2.14)

The coupling coefficients are obtained by following the same derivation as that for the
single emitter above (derived in Section A.3), until the substitution for J. Substituting
the new expression for the current density leads to the following equation for the mode

coefficients:

N .
Wi it Bz T o
aj = E 74]\;3'6 wit Bz [ei(ri)- pi], (2.15)
i=1

where z; is the z-position of the ith dipole. The full derivation of Equation 2.15 is in
Section A.4. Equation 2.15 shows that the coupling coefficient to the mode for multiple
emitters is just the summation of the coupling coefficients for each emitter (compare to
Eq. 2.7).

This derivation has not been used for any numeric calculations during this work, al-
though future work could include applying this expression for the applications listed
above. The multiple emitter modelling could be expanded by deriving an expression for
the case of dipoles with different transition frequencies, and investigating the effect of
induced dipoles (e.g. a dipole and an emitter, such that the emitted field excites the

dipole) on the derivation shown here.
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2.2 Analytical model results

The analytical model described in Section 2.1 was used to explore the behaviour of an
emitter in a step-index fibre geometry. Due to fabrication considerations (see Chapter 3),
and successful fabrication of an embedded ND-tellurite material, the main focus of the
modelling is using tellurite glass [1] as the core material (with a refractive index of
~ 2.025 at 700 nm).

Firstly, the total power emitted by the dipole is calculated in Section 2.2.1. The total
power is needed to calculate the fraction of power captured into the guided modes. The
guided mode capture is explored in Section 2.2.2, showing the effect of fibre and dipole
emitter parameters (fibre core diameter, dipole position, dipole orientation and fibre
refractive index contrast). Finally, an intriguing observation found when modelling the
radiation modes, that of sharp peaks in the radiation mode power for a z-oriented dipole

at the fibre core-cladding interface, is investigated in Section 2.2.3.

The normalised dipole position, p, is

(2.16)

2.2.1 Total power change

The total rate of emitted photons is an important parameter for the modelling of the
dipole emission. Here, with the use of a classical dipole, the count rate is instead
described by an emitted power, Piota. Although the total emitted power is a classical
property, it is relevant to the single photon emission as it allows the calculation of the
capture fraction, that is the proportion of the NV emission power coupled into the
guided modes of the fibre. This will give us a measure of the efficiency of our device as
it gives the probability of a generated photon being captured by the fibre (i.e. emitted
as a useful output photon), which, as has been mentioned, is an important metric for

the proposed single photon source.

In an infinite, homogeneous material the power can be calculated using a simple expres-
sion [64],

[N

3 A
Ho\2 wn
Pouix = <€0> Tome2” (2.17)

However, in the case of an emitter within, or in the vicinity of, a step-index fibre there

is a non-homogeneous material with large discontinuities in the refractive index. The
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emission rate and pattern are not an inherent property of an emitter, they depend on
the local density of states of the electromagnetic field. It has been known since exper-
iments by Purcell in the 1940s on radio frequency emission [57], and verified in many
other systems [55, 61, 62], that the local environment can alter emission behaviour.
The refractive index boundaries modify the local density of states from the free-space
behaviour, which in turn can greatly affect the emission rate and pattern of the emit-
ter [57, 58, 59, 65]. In the case of the step-index geometry described above, the total
emission will depend on the position and orientation of the emitter, the core diameter

and the refractive index of the core and cladding.

This change in power can be calculated using Green’s function, as in Ref. [59, 66], or
using a modal expansion, as in Ref. [58]. A modal expansion method has been used here,
by deriving all modes (guided and radiation) to give a complete basis set — calculating
the total power requires the calculation of the power coupled into all modes of the

system, i.e.

Ptotal = ZP] + Z Prada (2'18)
J v

where P; and P,,q are defined in Eqgs. (2.9) and (2.11). In this expression the effects of

the local boundaries are inherent in the derivations of P; and Paq.

Figure 2.2 shows the large changes in total emitted power (Piotal/Poulk) that can arise
from these interface effects. This figure shows the normalised total power as a function
of core diameter. The normalised power is defined as the calculated total dipole power in
the fibre divided by the power emitted by the same dipole in a bulk material of the same
refractive index (i.e. the ratio of total power with and without any interface effects).
A normalised power greater than one therefore represents power enhancement due to
the geometry, and less than one represents power reduction. Plots of three different
core refractive indices (1.6, 2, and 2.5) show the effect of the interface refractive index
contrast on the total emitted power. The total power from the dipole fluctuates as
the distance between the emitter and the core-cladding interface changes due to the
change in core diameter. This interface reflects emitted power and, by altering the
dipole-interface distance, the resulting interference from the back-travelling emission
alternates between constructive and destructive. Observe that the power calculated can
deviate substantially from the bulk value: for a refractive index of 2 (close to the value

for tellurite glass) the total power can vary between 1.55 and 0.55 of the bulk power.

Also, from Fig. 2.2, as the core diameter increases the oscillations reduce and the change

in total emitted power approaches 1. A larger core diameter fibre better approximates
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FIGURE 2.2: Plot showing the total emitted power of the dipole versus fibre core diam-
eter for three different core refractive indices; 1.6, 2, and 2.5. Dipole power is relative
to the total power emitted by the same dipole in a bulk (infinite and homogeneous)
material of the same refractive index. The fibre core diameter has been normalised to
the wavelength of emission in the core material (A/ncore). The fibre is a step-index
geometry with an air cladding and the dipole is z-oriented, emitting at 700 nm, and is
located in the centre of the fibre core. The total power can be seen to fluctuate as the

core diameter change causes constructive and destructive interference conditions on the
reflected emission.

an infinite and homogeneous material and so the emitted power approaches the bulk

material value, as expected.

The normalised power is also shown as a function of dipole position in Fig 2.3 for a
selection of core diameters (displayed in the inset), where the dipole position is varied
from the centre of the core (p = 0) out to twice the core radius (the core-cladding
interface is at p = 1). The total power versus core diameter is displayed as an inset to
show the location of each dataset in relation to the total power peaks in core diameter.
The vertical lines in the inset plot denote the core diameter of the corresponding linestyle
in the main plot. Again, the total power is altered dramatically from the bulk value
depending on the position of the dipole relative to the core-cladding interface. Note
that here the bulk power, Py, is the emitted power in tellurite. When the dipole is
in the air cladding (p > 1) the total power is normalised to the higher bulk power value
of tellurite (as the refractive index of tellurite is higher, see Eq. 2.17) and so the power

change value for emission in bulk air corresponds to nair/Ntelurite = 0.49 (this value
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is noted in Fig. 2.3). When this factor is taken into account it can be seen that, as
expected, the dipole emitted power approaches that for radiation in air as the distance
from the fibre increases (i.e. as p increases). Also note that the peak near the core-
cladding interface, for the 0.8 pm line, reaches a higher total power than that of the core
centre maxima. This peak is due to resonant coupling into the radiation modes and will
be discussed further in Section 2.2.3. This resonant coupling at larger core diameters
can affect the total power emission to a much higher degree than that shown here, with

enhancements of up to 400 times the bulk emission (see Section 2.2.3).
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FiGure 2.3: Total dipole emitted power as a function of dipole radial position for a

selection of core diameters. The fibre is a step-index geometry with a tellurite core in

an air cladding. The core diameter for each line is shown in the inset plot. The dipole

is z-oriented and is radiating at a wavelength of 700 nm. Here p = 0 corresponds to a

dipole in the centre of the fibre, and p = 1 to a dipole at the core-cladding interface.

INSET: total power versus core diameter. The vertical lines match to the line styles in
the main plot, showing the corresponding core diameters.

2.2.2 Capture fraction

Calculations of the capture fraction (see Equation 2.12) were performed to investigate
the effect of the fibre parameters on the efficiency of the device, as it determines the
number of single photons emitted into the guided fibre modes. As described above, a
classical description is used to calculate the capture fraction and this is then used to find

the probability of single photon emission into a particular mode (in this case the guided
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modes). A high capture fraction means that the device will couple a large fraction of the
emission, giving a brighter and a more reliably-triggered source. A capture fraction of
1 indicates all emission is into guided fibre modes, and a capture fraction of 0 indicates

no emission is into guided modes (i.e. all power is emitted into radiation modes).

The capture fraction depends on the total dipole emission and so will be affected by
changes in this emission due to the core-cladding interface, as discussed in Section 2.2.1.
The change to the capture fraction, due to this Purcell effect, is shown in Fig. 2.4.
Here the capture fraction obtained using the unmodified bulk power (Piota = Poulk) is
compared to that using the total power calculated from the radiation and guided mode
power (Piotal = Pyided + P,.q)- Tt can be seen that the interface effects can substantially
change the expected coupling of the dipole emission into the guided fibre modes. The
difference in the two traces of Fig. 2.4 shows that it is important to use the modal
description to calculate the total emitted power and hence the capture fraction, as it

differs substantially from the assumption of a homogeneous, isotropic medium.
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F1GURE 2.4: Comparison between the results for the capture fraction using the modal

expansion method and the bulk material expression to calculate the total power. The

black line represents capture fraction calculations using radiation and guided modes

for total power. The blue line represents calculations for capture fraction assuming the

total power emitted is using the bulk material expression (see Eq. 2.17). The dipole

is z-oriented and located in the centre of a tellurite core/air clad fibre, emitting at a
wavelength of 700 nm.

Figure 2.5 shows the capture fraction for varying core diameters and emitter positions.
The fibre is a tellurite step-index fibre with an air cladding. The plots are for radial, az-
imuthal and longitudinal dipole orientations. The maximum capture fractions obtained

from this calculation are shown in Table 2.1.

Sharp features in the capture fraction plots (Fig. 2.5) are due to higher-order guided

modes appearing as the core diameter increases (see Fig. 2.6). The capture is enabled
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tellurite step-index fibre in air. Dipole orientation is (a) radial, p = po?, (b) azimuthal,
p = pob, and (c) longitudinal, p = po2.
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Dipole P Core Capture Guided power

orientation diameter (pm) fraction (Pauided/Poulk)

Radial é 0 0.28 0.78 0.71

Azimuthal O o5 0.4 0.81 0.71
-~

Longitudinal 1 0.6 0.51 0.41

TABLE 2.1: Maximum capture fractions obtained by varying core diameter and dipole

position, for r-, 6-, and z-oriented dipoles. The dipole position and core diameter

corresponding to each maximum in capture fraction is shown. The total amount of

power that is coupled into the guided modes is also shown (normalised to the power
emitted in bulk tellurite).
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F1GURE 2.6: A slice through p = 0.5 of the azimuthal dipole capture fraction data
shown in Fig. 2.5b, showing sharp features due to higher-order guided modes.

by the modal field overlap with the dipole moment of the emitter (described by the
electric field-dipole dot product term in the coefficient expression, see Equation 2.7) and
so the coupling is proportional to the electric field magnitude. For example, at small
core diameters (less than 0.2 pm in Fig. 2.5) the capture fraction rapidly drops to zero.
At these core diameters the fibre mode is only weakly affected by the sub-wavelength
core and the mode spreads considerably into the cladding region, which decreases the
local electric field (of all field components) at the dipole position and hence decreases

emission capture.

Another example of this effect can be seen in the longitudinally- (z-) oriented dipole plot
(Fig. 2.5¢). Note the cases of no capture for small core diameters and positions near the
fibre centre. This is due to the peculiarities of the longitudinal electric field (E,). At the
fibre centre (p = 0) only the TM modes exhibit a non-zero E, field component — in all
other modes this component is zero at the centre. Like other higher-order modes, these
TM modes also have a cut-off value and so do not exist below a defined core diameter.

This means that, below this core diameter, no TM modes exist and so there can be
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no coupling from the z-oriented dipole into the guided modes. Figure 2.5¢ shows the
TMp; mode appearing (when the core diameter is large enough to support this mode)
as a sharp increase in capture fraction at approximately 0.3 pm for a dipole position of
p = 0. As the E, component of the fundamental, HEq;, mode is non-zero away from
the core centre, guided mode capture for these dipole positions can be seen below the

TMy; cut-off core diameter. This effect is also discussed in Section 2.3.1.

Note that the capture fraction gives only the probability of capture into the guided
modes, and does not give any information about total fibre coupled power. As discussed
in Section 2.2.1, the emitted power of the dipole can be greatly affected by the fibre

structure and this can lead to a high power output into the guided modes.

Refractive index contrast

The refractive index contrast between the core and cladding of the fibre affects the
fibre NA, and so will also affect the amount of single photons captured by the fibre.
Indeed, the capture fraction of the fibre depends strongly on the core-cladding refractice
index contrast, as can be seen in Fig. 2.7. This figure plots the maximum capture
fraction obtainable for a radially-oriented dipole as the cladding index is changed from
air (n = 1) to very close to the core index (ncore = 2.025). Unsurprisingly, a large index
contrast is best for a high capture efficiency — indicating that a suspended core design,
with a maximal index contrast (glass to air), is advantageous for capture. However,
capture for a typical low index contrast doped-core fibre (for comparison, a value of
An ~ 5 x 1073 [67] for Corning SMF-28 silica telecommunications fibre) reduces to a

few percent.

2.2.3 Whispering Gallery Modes

In the step-index fibre, WGMSs exist due to the circular cross-section. The longitudinal
invariance of the fibre means that these modes do not have a predetermined position.
However, this invariance is broken by the introduction of the dipole, and the dipole
position then defines the WGM — realising a self-aligned cavity. This effect will be
discussed below (see Section 2.2.3.2), after first confirming that the resonances seen in

the fibre geometry are indeed due to WGMs.

Sharp peaks were seen in the total emitted power of the dipole when plotted as a function
of core diameter, using the analytical expressions derived here. These peaks were seen
when a longitudinal (z-oriented) dipole was located at the core-cladding interface of the

step-index fibre. Figure 2.8 shows these peaks in total power, with the contributions to
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FIGURE 2.7: Maximum capture fraction that can be obtained as a function of cladding

index. The fibre is a tellurite (n = 2.025) core step-index geometry and the emitter is

radially-oriented and positioned in the centre of the core. This is the maximum capture
that can be obtained by searching over core diameter.
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FIGURE 2.8: Total power emitted by a dipole (black) as a function of core diameter,

with the contributions from radiation modes (orange) and guided modes (blue). Dipole

is z-oriented, positioned at the core-cladding interface of a step-index fibre and emitting

at 700nm. The fibre has a tellurite core with an air cladding. The power has been
normalised to that emitted in bulk tellurite (see Eq. 2.17).

this total power from guided modes and radiation modes of the fibre. It can be seen
from Fig. 2.8 that the peaks originate from the fibre radiation modes and appear to be
independent of guided mode power. The peaks were verified using the FDTD method,

and this is presented in Section 2.3.4.
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Ncladding

FI1GURE 2.9: Schematic showing a WGM resonance in a step-index fibre geometry, and
the emitting dipole at the core-cladding interface.

The peaks were attributed to WGM resonances travelling around the fibre circumfer-
ence (transverse to the fibre propagation direction). The fibre geometry allows these
resonances because of the circular cross-section and core-cladding index contrast (see
Fig. 2.9), and the reasons for this identification are discussed in detail below (see Sec-
tion 2.2.3.1). In brief, the longitudinal electric field (E,) in the cross-section of the
fibre matches well with that expected of a WGM and the position of the resonance
peaks matches with WGM modelling results. Calculations of individual peaks, in Sec-
tion 2.2.3.2, also show that a large component of the peak consists of radiation power
that is travelling transverse to the fibre axis (which is the expected direction for WGMs,
see Fig. 2.9).

WGMs have been solved by a variety of different methods and for a large range of struc-
tures, such as a bent waveguide approach for ring resonators [68, 69], finding solutions
for complex frequencies [70] in disk or ring resonators, the finite-element method in disk
resonators [71], and the FDTD method [72]. Here, the WGMs appear naturally in the
radiation modes rather than being explicitly calculated, and a step-index fibre mode
basis set is used to describe the coupling of the emitter into the WGM, as in Refs. [58]
and [66]. Also, the modelled system is a dipole coupled to an optical fibre. The WGM
cavity effects cannot be separated, and any calculated resonance parameters (such as

Q-factor) are properties of this coupled system.

The following discussions involve concepts that are very similar in nomenclature, but
very different in definition — such as ‘mode’, which can apply to fibre guided modes,
fibre radiation modes, and whispering gallery modes, and trans-electric (TE) and trans-
magnetic (TM) labelling, which can apply to any of these modes and are distinct due to
perpendicular propagation directions for fibre modes and WGMs. Setting a consistent
nomenclature is thus important. Here, modal solutions of the step-index fibre will be
called fibre modes, and these are separated into guided modes and radiation modes, as
in the previous sections. Solutions of the pure WGM solution will be called WGMs or
WGM modes. WGMs will be numbered with brackets, such as TE(l, m), to be distinct
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FIGURE 2.10: S, pattern of the coupled radiation modes showing a WGM resonance
for a z-oriented dipole at the core-cladding interface, calculated by the analytical step-
index method. The core is overlaid as a white circle and the dipole location is shown
as a small black circle. The dipole is emitting at 700nm. The step-index fibre has a
tellurite core with an air cladding and a core diameter of 0.8 pm. Note that the pattern
is a superposition of all the radiated power and so some features (such as the central
peak) may be due to Fabry-Perot type resonances or other background radiation.

from the fibre mode labelling TE;,,, and will be described explicitly, e.g. “WGM TE
mode’. This distinction is made because of the difference in propagation direction, for
example the WGM TE mode is propagating in the plane of the fibre cross-section and
this means that Fy = 0, in contrast to a fibre TE mode where E, = 0.

2.2.3.1 Identification through field patterns and peak positions

As found in the previous sections (see sections A.3 and 2.3.1), the degree of coupling
between a mode and a dipole depends on the dot-product of the electric field and the
dipole moment. In the case of WGMs there is a large z-component to the electric field at
the anti-nodes for the WGM TE modes. A z-oriented dipole at one of these anti-nodes
will couple strongly to the corresponding WGM, and so it would be expected that some
amount of coupling to this type of mode would be seen in the system described here

based on the fibre geometry.

The radiation mode electric and magnetic fields for a core diameter corresponding to
a resonance (at 0.8 pm, see Fig. 2.8) was calculated and plotted in the r-6 plane and
the resulting field pattern for S, (see Fig. 2.10) resembled that of a WGM pattern.
The WGM can be clearly seen among the background emission pattern (due to other
emission that wasn’t coupled into the WGM), indicating strong coupling into this mode.

This pattern was verified using the FDTD method (see Section 2.3.4).
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FIGURE 2.11: Radiation power versus core diameter, with WGM TE modal solutions
for comparison. The WGM TE modes are labelled with the azimuthal and radial orders
as (1, m). The emitting dipole is z-oriented and positioned at the core-cladding interface
of a step-index fibre consisting of a tellurite core with an air cladding. Dipole emission

is at 700nm. The power has been normalised to that emitted in bulk tellurite (see
Eq. 2.17).

The radiation mode peak positions were also compared to the calculated position of
WGM modal solutions. The radiation power is plotted as a function of core diame-
ter in Fig. 2.11, with vertical lines denoting the calculated core diameters of the sup-
ported 2D microdisk WGM modal solutions. The expected WGM peak positions match
very well to the radiation mode peaks. This result, together with the field pattern in
Fig. 2.10, suggests that these radiation peaks are due to WGM resonances. The WGM
modal solutions were calculated using the dispersion relation (which can be derived from

Refs. [68, 70]) for the WGM TE modes,

J;n(koncorercore)HnP(k()ncladrcore) - H;;gl)(koncladrcore)t]m(kOncorercore) =0 (2-19)

where m is the azimuthal WGM mode number, and J and H are the Bessel and Hankel

functions, respectively.

Note that the peaks show a pronounced asymmetric ‘tail’ on the large core diameter side.
This asymmetry is due to leaky skew ray modes propagating along the fibre length [73],

and will be discussed further in Section 2.2.3.2.
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2.2.3.2 Coupling changes: radiation pattern narrowing

The narrowing in linewidth associated with higher-order WGM (larger core diameters)
is fundamentally due to the increase in @-factor of these WGM. Interestingly, the
Q-factor of the higher-order WGM approaches that of a pure WGM modal solution,
as discussed in Section 2.2.3.3, despite a lack of longitudinal confinement in the fibre
design. Peak broadening, due to this longitudinal invariance, has been seen previously
for capillary WGM [73] and shows the same extended tail at the shorter wavelength
(longer core diameter) side of the resonance. The cause of this broadening is due to
skew ray modes [73] (WGM-like spiral modes that propagate longitudinally), and these
modes can be seen in the results of the model presented here. The model results indicate
that skew rays may not be a significant cause of peak broadening for all of the WGM

resonances in the fibre.

Figure 2.12 shows two WGM resonance peaks, at core diameters of 1.689 pm and 3.7 pm,
for 700 nm wavelength excitation. Plotted on the same graphs are the contributions from
different ranges, or bins, of z-propagation constant, 8. This shows that for small core
diameters, or equivalently low azimuthal order WGM, the resonance peak consists of
dipole emission coupling to many different S ranges. Recall, from Section 2.1, that 5 =0
corresponds to radiation travelling perpendicular to the fibre propagation direction and
increasing /3 values give radiation power contributions closer to the fibre direction (see
Fig. 2.13). This means that the lower order WGM peaks are a mix of pure WGM (for
which § = 0) and ‘leaky’, or z-propagating, skew ray modes (for which g > 0). Compare
this to the case of a higher order WGM, as shown in Fig. 2.12b, where the resonance
peak consists mainly of S-values very close to 0. The WGM resonance is strong enough

that almost all of the radiated power is coupled only into this pure WGM.

Comparing the Q-factor of the WGM here to those obtained from the pure WGM
solutions (see Table 2.2) showed that for the (azimuthal) higher-order modes, the coupled
dipole-cavity approaches that of the pure modes. This is unexpected because of the lack
of confinement in the longitudinal direction, where it would be expected that emission
leaking down the fibre length (i.e. skew rays) would reduce the coupled @Q-factor. The
Q-factor is calculated [70] by

Q - Re(neff)

= Sm(ne) (2.20)

for the pure WGM, where neg is the calculated (complex) effective refractive index of
the WGM, and by
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FIGURE 2.12: Resonance peaks at core diameters of (a) 1.689pm and (b) 3.7pm,
showing the contributions from the different 5 components of the radiation modes.
Also shown are the core diameter values for the WGM modal solutions TE(12,1) and
TE(29,1) on figures (a) and (b), respectively. The power has been normalised to that
emitted in bulk tellurite (see Eq. 2.17). The resonance at 3.7 pm has a larger component
of the peak at small values of 3 (note the factor of 10~°), which corresponds to radiation
angles close to perpendicular. Note that (b) is plotted versus the offset from a core
diameter of 3.7175095715um (and is in units of fm) as this resonance peak is very
narrow. The corresponding values for wavelength and refractive index were to the
same precision, with A = 700.000 000 000 nm and ne¢ere = 2.024 982213988 1.
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FIGURE 2.13: Schematic showing a representation of § for radiation modes.

Core diameter WGM TE Resonance Pure

(nm) mode peak Q WGM Q
1.689 12,1 2000 4971.5
3.7 29,1 1.3 x10° 4.4 x 10°

TABLE 2.2: Comparison between the resonance Q-factor obtained from the resonance
peaks modelled here and those obtained by WGM solutions. The WGM TE modes
shown here are displayed in Section 2.2.3.3.

Wres
= 2.21
@ Aw ( )
for the coupled dipole-resonator modelling shown here, where wies is the resonance fre-

quency and Aw is the full-width half maximum linewidth.

From this modelling, it can be seen that the lower-order WGM resonances have a wider
linewidth because of the increased coupling to leaky radiation modes. The narrow
linewidth of the higher-order WGM is also explained, as the emission is not coupled to
the leaky z-propagating modes and so the linewidth approaches that of a pure WGM.
This shows that, theoretically, the quality of the fibre as a cavity may not be limited
by the lack of longitudinal confinement. This means that, for the specific fibre designs
where this effect occurs, no alignment to a cavity needs to be made — as long as the

emitter is z-aligned it will couple to a pure WGM at any point along the fibre.

2.2.3.3 Sensitivity to refractive index change

As WGMs are resonances, the peak positions are very sensitive to changes in the res-

onator geometry. Conventional WGM resonators have been successfully used in different
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FIGURE 2.14: Shift in the resonance peak due to a change in the cladding refractive
index from (a) 1 to 1.01 for a 1.689 pm core diameter and (b) 1 to 1.0001 for a 3.7 pm
core diameter. Also shown are the wavelength values for the WGM modal solutions
TE(12,1) and TE(29,1) on figures (a) and (b), respectively. The fibre is a step-index

geometry and has a core refractive index of 2.025. The dipole is z-oriented and located
at the core-cladding interface of the fibre.

sensing archetectures, such as refractive index sensors (see e.g. [74]). The WGMs seen
here, in the fibre geometry, showed a shift in resonance wavelength, as expected, when
the cladding refractive index was changed. This can be seen in Fig. 2.14, where the

radiation power is plotted vs. wavelength for two different cladding refractive indices.
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The sensitivity of the peaks to the refractive index change increases as the core diameter
increases, which follows from the higher Q-factor of these WGMs. The linewidths of
the WGM peaks decrease at the same time, both positively and negatively affecting the
sensing potential of the device. The narrowing linewidth increases the resolution of the
refractive index measurement, due to an increased ability to distinguish a change in the
peak position. Conversely, the linewidth becomes so narrow for the higher order modes
that numerical modelling of the resonance becomes difficult and suggesting challenging

experimental detection (with linewidths of e.g. <1fm).

2.2.3.4 Fabry-Perot type mode peaks in total power

The total dipole emission power is shown in Fig. 2.15a for a range of core diameters and
dipole positions. As shown previously (see Eq. 2.16), the normalised dipole position,
p = 7 /Tcore, corresponds to a dipole in the centre of the fibre at p = 0 and to a dipole
at the core-cladding interface at p = 1. Figure 2.15a shows peaks in the total power
in addition to the WGMs. The WGMs correspond to the areas of high power emission
nearest to the core-cladding interface (which is p = 1 on the y-axis), but other peaks
in the core region can be seen. For example, at positions (0.45pm, 0), (0.8 um, 0) or
(0.6 um, 0.4) on Fig. 2.15a.

From a simple argument of reflections from the core-cladding interface, it could be
expected that Fabry-Perot type resonances are present. Following this thought, the

resonance condition would be given by

o 2hncore | for 0<7r < reor
2mrm = { Ao o (2.22)

277%% for 7reore <1 < 00,

where L is the distance to the interface, n is the refractive index of the material, m is an
integer, and )y is the free-space wavelength of the emission. The addition of 7 accounts
for the phase-shift of a reflection from a higher to a lower refractive index boundary,

and so these equations assume n¢ore > Nelad-

The distance to the interface, L, relates to the normalised dipole radial position, p, and

the core diameter, rcore, by

I— { Tcore — P Tcore for 0<p<1 short side (2.23)

Tcore T P T'core for 0<p<1 longside
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Rewriting these resonance conditions in terms of core diameter and fractional dipole

position gives

_1
1-— % for 0<p<1 short side (2.24)
p ey _Cfre core ‘
% -1 for 0<p<1 long side

Lines corresponding to the Fabry-Perot type resonance conditions are plotted in Fig. 2.15b
using Eq. (2.24), which relates dipole position to core diameter, and m = 1 to 7. These
conditions show a qualitative agreement to the positions of the peaks, indicating that

they may be related to Fabry-Perot type resonances.

2.3 Finite-difference time domain method: validating the

analytical model

The FDTD method [75] was explored for use as an independent validation of the above
analytical expressions. FDTD solves Maxwell’s equation directly — the method is in-
dependent of the analytical expressions that were derived above, and so serves to verify
the results from the model. Several results obtained from the analytical model were

checked in this way and these are outlined below.

One point of note is that FDTD calculates the total field instead of a modal decompo-
sition as for the analytical method. This means that the field calculated includes all of
the radiation and guided mode fields together, with no simple way to deconvolve them.
The guided power needed to be calculated independently from the total power, and so
a long length of fibre and a long simulation run time were used to spatially separate the
guided emission from the radiated emission. Radiated emission has a minimum propa-
gation angle, due to the guided mode capture, and, due to this angle, long propagation
lengths increase the distance of the radiation power from the fibre. Guided modes are
transversally invariant along the fibre length and so this propagation spatially separates
the two classes of modes. Also, there is no information on the amount of power coupled

into each separate guided mode unless the field is deconvolved.

As the computational domain must be finite (due to limited computer memory), perfectly
matched layers (PMLs) [76] were used on all sides of the domain to reduce reflections

at the boundary and so approximate an unbounded simulation space.

The software package Meep [77, 78] was used to perform these calculations on a quad-
core 3.4 GHz AMD Phenom IT 965 processor with 4 GB of random access memory (RAM)
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FIGURE 2.15: (a) Total emitted power versus core diameter and dipole location. The

dashed line shows the core-cladding interface. (b) Same contour plot as for (a), but

with lines to indicate the curves matching the Fabry-Perot interference conditions for

m =1 to 7. For both plots, the fibre is a step-index geometry and has a tellurite core

with an air cladding. The dipole is longitudinally (z-) oriented and emitting at 700 nm.
The features match well with the Fabry-Perot resonance conditions.
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(8 GB for the capture fraction FDTD modelling in Section 2.3.3) running a Kubuntu

Linux operating system.

2.3.1 Selective mode coupling

Equation (2.7), which expresses the mode-coupling of the single dipole emission, shows
that the coupling coefficient is proportional to the dot product of the electric field and

the dipole polarisation:

aj o< €j(ro) - Po(To). (2.25)

Looking at the special case of a z-oriented dipole in the centre of the fibre core, e,(0,0,0) =
0 for all modes except TM (see Equation A.16). This means that, according to the an-
alytical model introduced in Section 2.1, emission should couple only into the TMjy,
modes for a dipole in this position and orientation. This effect is also discussed in
Section 2.2.2.

This prediction was verified by modelling a long section of fibre with an emitter placed in
the location described. A long section of fibre was needed because the FDTD modelling
does not give us a modal field expansion, instead only calculating the total field. To
see the excited fibre modes, they first need to be separated from the rest of the dipole
radiation. One way to do this is to propagate the fields for a long distance — the fibre
modes will be guided and so retain their transverse shape, while the radiation modes
will propagate in all directions and are not confined to the fibre. This can be seen in
Fig. 2.16, where the flux in the z direction is calculated in a region that is the same size

as the fibre core, at different points along the fibre length. The flux is defined as

S, :/ (Ex H)-2 dS (2.26)
surface

where Z is a unit vector in the z direction, the integral is over the surface and S, is
then the z component of the Poynting vector. The flux reaches a constant value after
~80 pm of propagation, for a core diameter of 1 um and refractive index of 1.4 with an
air cladding. The emission wavelength is 700 nm and the dipole is z-oriented and located

in the centre of the fibre core.

Figure 2.17 shows the E, field at an z-z slice through the origin. The dipole is located
to the left side of the image. The emission can be seen radiating in all directions, but

notice the emission separating into guided and radiation power as it travels down the
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FiGure 2.16: FDTD calculated flux through the fibre core as a function of position
along the fibre length (z). The fibre is a step-index air-clad geometry with a core
diameter of 1 pm and refractive index of 1.4. The emitter is z-oriented, located in the
centre of the core at the beginning of the fibre, and emitting at a wavelength of 700 nm.
Notice that the flux is constant after a distance of approximately 80 pm for this fibre.

fibre. This is due to the acceptance angle of the fibre, a portion of the radiation off-axis
to the fibre is still captured and guided. The guided mode profile is also invariant along

the z-axis apart from an oscillation as expected.

The E, field, shown in Fig. 2.17, appears to have the expected ring-like shape of the
TMg; mode. To verify that this propagating mode was indeed the TMy; mode, the
transverse profile (x-y slices) of the fields were also compared to the expected fields in a
step-index fibre. Shown in Fig. 2.18 are the electric fields and Poynting vector obtained
from the end of the fibre in the FDTD calculation, and the same fields for the TMg;
mode calculated from the analytical step-index solution. This figure compares the two
sets of fields, giving good agreement in the core and thus verifying that coupling is only
into the TMy; mode as expected. The results differ outside the core area, but this is
expected due to the radiated field computed in the FDTD that does not exist in the

pure analytical expression for the mode.

In summary, the FDTD results indicate that only the TMy; guided mode is excited
(the only TM mode solution for this fibre) and this agrees with the predictions of the
step-index model. Validation of the total power and capture fraction calculations, also

using FDTD, will now be shown in sections 2.3.2 and 2.3.3, respectively.

2.3.2 Total emitted power

The total power emitted by the dipole was calculated in the analytical model by summing
the power in all the guided and radiation modes, due to changes in the emitted power

from a Purcell effect (see Section 2.2.1). This power change, caused in this case by close
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FIGURE 2.17: E, field for a z-oriented dipole at the centre of the fibre. The core is

overlaid in grey and the two colours (red and blue) distinguish positive and negative

field directions. The structure consists of a core of diameter 1pm and refractive index

of 1.4 in air. Only the TMp; mode of the fibre is coupled into (see Fig. 2.18 for TMq;
field distributions).

proximity to the core-cladding interface, can be significant when compared to the power
emitted by the same dipole in an infinite homogeneous (bulk) material. Here the total
power changes predicted by the analytical model (see Section 2.1 for the theoretical
discussion and Section 2.2 for the calculation results) are verified by FDTD. To do this,
the power emitted by a dipole was calculated with and without the fibre geometry and
the ratio of these results gave the power change (for comparison with the analytical

method).

The electric dipole source was located at the centre of the FDTD domain and the flux
was calculated over a centred sphere at each time-step and summed to calculate the
total power emitted by the source. The flux was calculated using the expression for the

Poynting vector normal to the sphere surface,

sz/ (Ex H)-a dS, (2.27)
Sphere

where 11 is the unit normal to the sphere and the integral is over the sphere surface. The
FDTD domain was set up with a cylindrical material of refractive index 2.025 (equal
to the index of tellurite at the emission wavelength of 700nm), for the fibre, in air
(refractive index of 1). See Fig. 2.19 for a schematic of the system modelled by the
FDTD. When calculating the total power at different dipole locations, the location
of the cylinder was changed so that the dipole remained centred in the computational
domain. This allowed the dipole to remain at the centre of the integration sphere without

needing to expand the domain size unnecessarily. For example, when the power of the
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F1cURE 2.18: Comparison of fields and intensity obtained using the FDTD method
described in the text and step-index fibre analytical field expressions. Blue and red
colours in the vector plots denote positive and negative direction.
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FIGURE 2.19: Schematics of the FDTD domain for calculating power, showing how

the fibre is positioned in order to keep the dipole at the centre of the domain for each

calculation. Tellurite glass is shown in blue, air in white, and the dipole as a red

sphere. The computational domain is shown as a black cube. Note that the PMLs and

integration sphere are not shown for clarity. (a) Dipole at fibre centre. (b) Dipole at
fibre interface. (c) Dipole in bulk glass for normalisation of the results.

dipole at the interface was calculated, the fibre was moved in y a distance equal to the

core radius (see Fig. 2.19Db).

The total domain size was scaled to the size of the integration sphere radius and PML
thickness, with the sphere radius depending on the fibre core diameter (it was varied to

ensure that the sphere integration was larger than the core).

The flux calculation was started after the system had reached a steady-state. The same
simulation was also performed without the fibre cylinder so that a bulk material power
value could be determined in order to find the power change. In these bulk simulations
the whole domain was filled with a material of refractive index 2.025, such that the
power change is relative to the tellurite bulk and so is comparable to that found by the

analytical method.

Figure 2.20 shows the results of these simulations. The analytical calculations are shown
with the line and the FDTD data are shown as dots, and the results show good agree-

ment. The relative difference in the results, (PrprD — Pmodel)/ PFDTD, is less than 1%.

For the FDTD results, computational parameters were systematically changed and
checked to be sure that the result had converged (e.g. PML thickness, grid resolution,
the spacing around the fibre, etc.) and the convergence tests for FDTD grid spacing
and PML thickness are shown in Fig. 2.21.

2.3.3 Capture fraction

The capture fraction was calculated using FDTD for comparison with the step-index

model (see Section 2.1) predictions. The FDTD domain, shown in Fig. 2.22, consisted
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FIGURE 2.20: Comparison of total power emitted by the dipole obtained by FDTD

and step-index model. The dipole is located at the centre of the fibre, oriented radially,

and is emitting at 700nm. The line corresponds to the step-index model and dots

correspond to FDTD data. FDTD shows good agreement with the analytical results,
with a relative difference of < 1%.
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Ficure 2.21: Convergence tests for FDTD total power calculations, as shown in

Fig. 2.20. The dipole is located at the centre of the fibre, oriented radially, and is

emitting at 700nm. The fibre is step-index with a tellurite core and air cladding, and

a core diameter of 0.42pum. Varying (a) grid spacing (PML = 0.7pm) and (b) PML
thickness (grid spacing = 35 nm).
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FIGURE 2.22: Flux integration surfaces used in the FDTD calculation of total power
and capture fraction.

of a step-index fibre (the cylinder) in air with two flux calculation surfaces (labelled S

and A in the figure).

One flux surface, S, is a sphere centred on the dipole source, as for the total power
calculations (see Section 2.3.2), and the second, A, is a circular surface that is slightly
larger than the fibre diameter. This second surface calculates the flux down the fibre,
i.e. the guided power. This surface (A) must be larger than the fibre to capture as much
of the evanescent power in the guided mode as possible, but must also be small enough
that a minimal amount of the radiation power is included. For the FDTD calculations

shown here, the radius of the surface A was 1.5 times larger than the radius of the fibre.

The flux through these two surfaces then provides the quantities needed to calculate the
capture fraction, Piotal and Pyuided. In this calculation Piya is calculated from the flux
through the sphere S, which will be denoted Pg, and Pyjigeq by the flux through the
circular surface A, which will be denoted P4. Following Equation (2.12), the capture
fraction, C'F, is then given by

=2
C Pq

(2.28)
As for the selective mode coupling calculations (see Section 2.3.1, and in particular
Figs. 2.16 and 2.17), a length of fibre was modelled to separate the radiated power from
that guided by the fibre. This greatly increases the amount of memory required for a
given fibre core diameter, compared to the total power calculations a much longer com-
putational domain is needed. A fibre length of 49 pym was simulated for the calculations

shown here, which was based on the simulation results in Fig. 2.16.

The results of these FDTD calculations are shown in Fig 2.23, comparing the capture
fraction obtained by the FDTD method (circles) to the analytical solution using the
two expressions for total emitted power - bulk material power (blue) and summing the

power in all modes (orange). The FDTD results show a reasonable match to the capture
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FIGURE 2.23: Comparison between the results of FDTD (circles) and the analytical
model (orange line) for capture fraction calculations, with the capture fraction calcu-
lated using bulk emitted power shown for comparison (blue line). The step-index fibre
simulated had a tellurite core with an air cladding, and the dipole was z-oriented, emit-
ting at 700 nm and located at the centre of the fibre core. For the FDTD simulation, the
grid spacing was 25 nm and the fibre length was 49 pm. FDTD shows good agreement

with the analytical results, with a relative difference of 3% at 0.6 ym and a maximum
difference of 10%.

fraction calculated when using the analytical solution and a total power calculated by
summing all modes. The relative difference, (CFrptp — CFinodel)/CFrpTD, is 3% at
0.6 um, 7% at 0.68 pm and 10% at 0.45 pm. This total power expression also matches to
a significantly higher degree than when using bulk power emission, indicating that bulk
power does not describe the dipole emission in the vicinity of the optical fibre accurately.
The small inconsistency between the FDTD and analytical method, becoming greater
at smaller core diameters, can be attributed to the finite radius of the fibre flux surface
(A). This surface must be of a limited radius so that the radiation power does not
contribute to the calculated fibre flux. At smaller core diameters the fibre mode extends
further from the core and so this surface captures less of the fibre power, which lowers the
calculated capture fraction compared to that expected if all the guided power is collected.
A value of 1.5 times the core radius was used for this surface. This calculation could be
extended by varying this surface radius to find the optimal value (i.e. that captures the

maximum amount of fibre power, while excluding radiation power).

Convergence of the FDTD results were tested by varying PML thickness and grid reso-

lution, and the convergence data are shown in Fig. 2.24.
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F1GURE 2.24: Convergence tests for FDTD capture fraction calculations, as shown

in Fig. 2.23. The dipole is located at the centre of the fibre, oriented longitudinally

(z-oriented), and is emitting at 700 nm. The fibre is step-index with a tellurite core and

air cladding, and a core diameter of 0.6 pm. Varying (a) grid spacing (PML = 0.7 um)
and (b) PML thickness (grid spacing = 35nm).

2.3.4 Whispering gallery modes

The total emitted power and field patterns for the WGM calculations (see Section 2.2.3.1)
were verified using FDTD. The total power was calculated as in Section 2.3.2, and the
field pattern was found by outputting the field at a slice through the fibre cross-section
at the position of the dipole (i.e. an r-6 slice at z = 0).

Figure 2.25 shows a comparison of the results obtained via FDTD and the analyti-
cal method for the total power, at core diameters corresponding to both on- and off-
resonance. These results were obtained with a z-oriented dipole at the core-cladding
interface of the fibre. The results agree well, and are assumed to be indicative of the

behaviour everywhere.

The output fields from the FDTD method also compare well with that calculated using
the analytical method. This is shown in Fig. 2.26, where F, is plotted for an -6 cross-
section of a fibre at the dipole position. This is compared to the analytical solution for
S,, for the same 0.8 pm core diameter. Note that both field patterns show a 10-node
WGM pattern.
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FiGure 2.25: Comparison of total power calculated via FDTD and the analytical

method, for a z-oriented dipole positioned at the core-cladding interface of a step-index
fibre consisting of a tellurite core with an air cladding. Dipole emission is at 700 nm.

(A) E. field via FDTD. Blue and red cor- (B) S field via analytical method. The
responds to positive and negative values core is overlaid as a white circle.
for the electric field, with white indicat-
ing no field. The core region is overlaid
as a darker circle.

FIGURE 2.26: Comparison of fields calculated by (a) FDTD and (b) the analytical

step-index method, for a z-oriented dipole at the core-cladding interface. The dipole is

emitting at 700 nm and the location is shown as a small black circle. The step-index
fibre has a tellurite core with an air cladding, and a core diameter of 0.8 pm.
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2.4 Conclusion

Modelling of emitters in the vicinity of a waveguiding structure is relevant for many
applications of nanoparticle-embedded material. Specifically, for the case of ND, it is
important to understand the coupling of emission from the nanocrystal to the optical
fibre modes. This chapter has shown the derivation of a model to describe this emitter-
fibre interaction, by using a step-index fibre and a dipole approximation to find the
coupling of emitted power into the fibre modes. The Purcell effect, caused by a change
in the local density of states due to the fibre core-cladding interface, was accounted for
by finding the radiation modes of the fibre and including these when calculating emitted

power.

A high refractive index contrast was shown to be essential for good coupling between the
fibre modes and the emitter. A coupling efficiency of up to 81% was shown for a tellurite
core step-index fibre surrounded by an air cladding. The capture fraction was calculated
for a large range of core diameters and dipole positions, and the model could be used to
calculate the expected coupling for any dipole orientation and position. These results
can be used to understand NV coupling to the optical fibre modes for single photon

emission or single NV magnetometry.

An initial derivation, expanding the theory to multiple emitters, was also demonstrated.
This could be expanded for applications involving multiple-NV magnetometry, 2D dipoles,

or single particle detection.

The results of this new model were validated by comparing against FDTD calculations,
an independent method, and these comparisons showed good agreement, with total

power calculations matching to within 1%.

The model shown here was used to predict coupling of emission into fibre modes and

these results drove the design of the fabricated fibres (see Chapters 3 and 4).






Glass Fabrication and Optical

Characterisation

Here a new hybrid material is developed, embedding diamond nanocrystals containing
NV centres into a glass. A soft glass, tellurite, was used, for reasons which will be
discussed below. This material shows the advantages of the NV colour centre, such
as single photon emission and magnetometry, while allowing the use of the mature
fabrication techniques available to soft glasses. In particular, we have fabricated a
microstructured optical fibre from this material, and have verified that the diamond
colour centres retain single emission properties. This allows the production of hundreds
of metres of fibre from a single glass billet, potentially fabricating many hundreds of

devices.

This hybrid material process creates several new challenges, however. Diamond begins
to graphitise (sp? carbon converts to sp?) at temperatures above ~500-600°C in the
presence of oxygen [79, 80, 81, 82, 83] and this needs to be taken into account during glass
melting and fibre drawing conditions (i.e. either a low temperature or an oxygen-free
environment is required). Conventional silica and silicate optical glasses are typically
melted at temperatures much higher than this; tellurite soft glass was chosen because
of both a low melting temperature and a proven optical fibre fabrication process [1].
Secondly, the nanocrystal placement is inherently random, in contrast to methods such
as nanopositioning (although selectively doping specific fibre components can help to

limit this).

This chapter focuses on the general glass-making procedures, and descriptions and char-
acterisation of the individual samples that were fabricated during this project. An intro-
duction to the basics of fibre fabrication, in the way of fabrication of unstructured fibres,
will also be given. Unstructured fibres are often fabricated to characterise the glass; in

this case to check that the process doesn’t damage the ND or introduce other unwanted

47
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effects, but also to test more general glass properties, such as loss characteristics, where
it is important to know the effect of the fabrication, and in some cases (such as loss) the
fibre length is advantageous for the measurement. Fabrication of more complex fibres

will be discussed in Chapter 4.

The aim here is to provide a context for, and explain, the decisions made during the
fabrication process based on the characterisation data and show the evolution of the
samples — from the first trial glasses shown here to the fabricated structured fibres of
Chapter 4. Characterisation methods will be presented, and include such methods as
confocal microscopy (see Section 3.3.1), Hanbury Brown and Twiss auto-correlation (see
Section 3.3.2) and Raman spectroscopy (see Section 3.3.3 for Raman features of relevant
materials). The results of these measurements will then be discussed in the individual

sample descriptions.

3.1 Summary of samples

Summaries of the glass samples are shown in tables 3.1, and unstructed and structured
fibres are shown in tables 3.2 and 3.3, respectively. These tables include details of the
fabrication and the sample identification names used throughout the remainder of the
text. The sample numbers are consistent throughout, such that glass sample G1 was
used to fabricate preform P1 and then fibre F1. Where the same glass sample and
preform was used to make multiple fibres, the fibres have been denoted Fla, F1b, etc.
(where the glass and preform are G1 and P1, respectively). The corresponding in-house

sample codes are shown in Section C.1.



Sample Diamond ND mass  ND Conc™  Batch Melt Notes
type added added (mg) (ppm wt.) mass (g) conditions
G1 Abrasive powder 16 320 50 Open air
G2 Non-irradiated 28 280 100 Glovebox
G3 Non-irradiated 0.94 94 100 Glovebox
G4 Non-irradiated 0.0048 0.048 100 Open air Used 0.51109¢g of G3.
GbH Irradiated 0.8 8 100 Glovebox
G6 Non-irradiated 1 3.3 300 Glovebox, Open Air Remelted doped tellurite in open air furnace.

Glovebox furnace too small for 300 g melt.

TABLE 3.1: Summary of details for glasses fabricated within this project. Section 3.2.1 describes the different diamond types.
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Sample ND Conc" Structure Notes

(ppm wt.)
F2 280 Unstructured
F3 9.4 Unstructured Failed fibre draw
F4 0.048 Unstructured No single-photon emission seen
F5 8 Unstructured

TABLE 3.2: Summary of fabricated fibres in Chapter 3.

Sample ND Conc" Structure Notes
(ppm wt.)
F6a 3.3 Wagon-wheel
F6b 3.3 Lidded wagon-wheel Extruded tube
Fée 3.3 Lidded wagon-wheel Cut tube

TABLE 3.3: Summary of fabricated fibres in Chapter 4.

3.2 General fabrication information

3.2.1 Diamond nanocrystals

The different nanodiamonds used for this project will be referred to as:

‘Abrasive powder’: Element6 Micron+ MDA 100,000 SLS diamond polishing powder,
100,000 grit from Shell-lap Supplies, Adelaide, Australia.

‘Non-irradiated’: NaBond nanodiamond manufactured by a non-detonation process,

with a purity > 99.95% (Grade A) and an average particle size of 40-50 nm.

‘Irradiated’: Diamond nanopowder from Van Moppes, Switzerland. Irradiated with
2MeV electrons at a dose of 10'® cm~2. Annealed under vacuum at 800 °C for 2h
to mobilise the vacancies to the intrinsic nitrogen, and then in air at 475°C for
2h to remove the outer graphitic layer caused by the manufacturing process and

the irradiation.

3.2.2 Tellurite glass

Tellurite is a member of a group of glasses known as ‘soft glasses’ and has a relatively low
melting temperature, compared to silica (the most widely used material for optical fi-
bres). The glass network former is tellurium dioxide. In this project a lanthanum-doped
tellurite glass was used [1], with a composition of 2.2Lag03-4.9Nas0-19.6Zn0-73.3TeO,
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(mol%). This composition was used because it is an established glass for MOF fabrica-
tion at the Institute for Photonics & Advanced Sensing (IPAS). The refractive index of
this glass is 2.025 at 700 nm, which is high compared to silica (refractive index of 1.46 [84]
at 700nm). Tellurite also shows high nonlinearity, with ny ~ 5 x 10719 m? W~! [85].
The glass transition temperature, Tj, is at 315°C, and the difference between glass
transition and crystallisation temperature, an indication the crystallisation stability, is
AT =Ty =T g = 165°C [1]. The low softening temperature is convenient for fabrica-

tion of microstructured fibres using an extrusion technique.

Tellurite glass was chosen as the most suitable host glass for incorporation of nanodia-

mond due to:

e a low melting temperature, such that the glass is fluid enough to allow ND disper-
sion (by swirling and convection) and casting (to form a billet for preform fabrica-
tion) at 700 °C. Diamond begins to graphitise in an oxygen-containing atmosphere,
with oxygen acting as a catalyst, above 450-600 °C (depending on composition —
e.g. nanodiamond [79, 80, 81], bulk slab [79, 80, 82], CVD [82, 83]). The glass
melting temperature must be kept as low as possible for the ND added to survive
the glass melting procedure. Any processing near or above the graphitisation tem-
perature will begin to destroy the diamond, and so for the fabrication presented
here the time where the diamond was exposed to the relatively high tellurite melt

temperature was minimised.

e a high refractive index. From the modelling (see Section 2.2.2), it was seen that
the refractive index contrast was important for high capture efficiency. Tellurite

has a relatively high refractive index of 2.025 at 700 nm [1].

e suitable optical transmission at the emission wavelength range of the NV cen-
tre. Tellurite has a wide transparency window, from 500 nm to 4 pm, and a low

transmission loss of <1dBm™! from 550-900 nm [1].

e previous experience for fibre fabrication. Tellurite fibre fabrication has already
been shown [1, 86] and the equipment and expertise was available for the fabrica-

tion of the billet, preform extrusion (see Section 3.2.4) and fibre drawing.

Another glass family, fluoride glass (whereas tellurite is an oxide glass), was also tried,
as it shows the same properties as listed for tellurite above (apart from a lower refrac-
tive index of ~1.5). The fluoride glass was found to be unsuitable, however, as the

nanodiamond did not disperse in the glass melt, instead floating on the surface.
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3.2.3 Glass fabrication

Glass fabrication is the first step in creating an optical fibre and I will now present the
general method used to create the glass samples for this project. Any variations from
this method are noted in the individual sample descriptions (see later in this chapter
and Chapter 4).

The tellurite raw materials were batched as for a standard, undoped tellurite glass melt.
The raw materials were placed into a gold crucible and melted for 1 hour in a controlled
atmosphere furnace (No + O3) at 850 °C or an open air furnace at 900 °C. The crucible
containing the glass melt was generally removed from the open air furnace and swirled

once or twice during this time.

The furnace temperature was then reduced to 700 °C. As soon as the furnace reached
700 °C the crucible was removed and the dry ND powder was added. The crucible was
swirled to distribute the particles throughout the melt and then returned to the furnace
at 700 °C for 15 min. This additional time in the furnace was to assist in homogeneously

distributing the ND.

The crucible was then removed, swirled again and cast into a brass mold. This cast

billet was then annealed at 315°C for 1h.

Three different types of glass sample were fabricated; 50 g rectangular blocks with dimen-
sions 15x10x30 mm used to measure bulk glass properties, 100 g cylindrical billets with a
diameter of 30 mm and height of ~20 mm for fabrication of unstructured fibres (see Sec-
tion 3.2.4), and 300 g cylindrical billets with a diameter of 50 mm and height of ~30 mm

for fabrication of structured fibres (see Section 4.1).
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1. Batch raw materials and put into gold crucible
2. Put crucible into furnace at 700 °C
3. Increase furnace temperature to 900 °C

4. (Open air) Leave at 900°C for 1h, removing to swirl every
~20 min
(Glovebox) Remove from furnace and swirl, decrease furnace tem-

perature to 850 °C and leave for 1h
5. Decrease furnace temperature to 700 °C

6. When furnace has reached this temperature, remove the crucible,

add ND, swirl, and return to furnace at 700 °C
7. Leave in furnace for 15 min

8. Remove crucible from furnace, swirl, and cast into brass mold

heated to ~305°C (open air) or ~295°C (glovebox)

9. Anneal glass in mold at 315°C for 1h

3.2.4 Unstructured fibre fabrication

Before fabricating more complex structures, the initial glass trials were formed into
unstructured fibres for characterisation and validation of the basic preform and fibre
fabrication processes. These unstructured fibres are effectively thin glass rods, generally
with an outer diameter of 160 pm to be consistent with the diameter commonly used for

the more complex fibres (see Chapter 4).

The glass billet (see Section 3.2.3) is processed in two main steps to fabricate the final
fibre: an initial shaping in an extrusion process [43] to create what is called the preform
(see below), and the drawing down of this preform to the dimensions of a fibre using a

fibre draw tower.

Preforms are the intermediate step between the glass billet and the final drawn fibre.
This is the stage at which the structure needed for the fibre is created, and the end

result of the draw is a scaled version of this preform cross-section.
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FIGURE 3.1: (Left) Die design used to fabricate a rod preform. (Right) Die shown
with the sleeve that holds the cylindrical glass billet and the plate to which the ram
applies force.

(1) Billet (2) Extrusion (3) Draw

FIGURE 3.2: Bare fibre fabrication schematic.

To create the complex structuring of the later MOF's an extrusion process was used to
fabricate the preform. This same process is used to create the unstructured fibre so
that the results can be applied to the MOF fabrication. The billet was heated inside
a 10tonne electric ram to a temperature at which the glass was soft enough to be
pushed through a die. This die was designed to create the required preform shape —
for example, the die used to fabricate the rod preform is shown in Fig. 3.1. The ram

head moved at a constant speed so that it fed the die with a constant glass flow.

For a 30 mm diameter billet, as used for a 10 mm rod preform (a cylindrical rod of glass
produced by a circular die design, used to create the unstructured fibres), the ram feed
rate was 0.2 mmmin~'. After this extrusion process the preform is annealed to remove
any introduced internal stresses. Preforms were then mounted into a fibre draw tower

and drawn down into optical fibres.

The complete process for unstructured fibre fabrication is shown below for reference,
and a schematic diagram of the process can be seen in Fig. 3.2. All annealing steps were

performed using the same general annealing protocol (see Section C.2).:
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1. Fabricate glass billet (see Section 3.2.3).
e Anneal billet.

2. Extrude billet to create preform.
e Anneal preform.

3. Draw fibre in fibre draw tower.

3.3 Characterisation methods

3.3.1 Confocal microscopy

A confocal microscope was used to image NV centres in the samples. Figure 3.3 shows
a schematic of the setup. A 532nm pump laser, focused through a 100X objective to a
spot size of ~300nm, was scanned across the sample using a piezo stage. The resulting
PL from this pump was collected back through the same 100X lens and into a multi-
mode collection fibre which also acted as the confocal pinhole. The emission signal was
detected by single-photon sensitive avalanche photodiodes (APDs). A dichroic mirror
was used to separate the pump beam from the return signal, and the collected emission
is filtered with a 550 nm high-pass to filter the pump and, depending on what is to be
imaged, a 650-750 nm bandpass filter to select the NV~ emission range. The confocal

scans were performed at room temperature.

The fibre scans in this chapter were all performed by scanning across the fibre endface
(Fig. 3.3b shows a diagram of the scan axes and laser incidence). In Chapter 4, some
scans are taken with different laser and scanning orientations, and these will be described

in the text and using similar diagrams to those shown in Fig. 3.3b.

Bulk glass samples were polished and then mounted and scanned along the surface,
while unstructured fibres were generally cleaved and scanned across the fibre endface.
The confocal microscope focal point was below the surface of the sample in all scans to

ensure that only embedded NV centres were characterised.

The signal could be routed to an optical fibre splitter for measuring photon statistics

(see Section 3.3.2 below) or a high sensitivity spectrometer for PL measurements.
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FIGURE 3.3: (a) Schematic of the confocal microscope. MO — microscope objective,

DM — dichroic mirror, BP — bandpass filter, HP — high-pass filter, MMF — multi-

mode fibre, FS — 50/50 fibre splitter, APDs — avalanche photodiodes, TAC — time-

to-amplitude converter. (b) Schematic showing the raster scan direction (orange) and
pump laser incidence (green) relative to the fibre geometry (blue).

3.3.2 Photon statistics measurement

A Hanbury Brown-Twiss (HBT) [87] interferometer was used to measure the photon
statistics of the emitted light. This measures the second-order intensity correlation

function,

(3.1)

A schematic of this measurement is shown in Fig. 3.3. The sample beam is incident
on a beamsplitter, in this case a fibre splitter (FS), and directed to two photodetectors
(APDs). A time-to-amplitude converter (TAC) measures the time delay between a
photon count on each of the detectors and this data is binned and plotted. This data
is normalised to calculate ¢g(. For a Poissonian source, such as a laser, this function
is 1 for all times. However, a single photon source cannot output two photons at the
same time (by definition) and so the probability of the two detectors firing at the same
time should be reduced, reaching zero for perfect detectors and no background signal.
This is seen in the correlation function as a dip in the data at zero time delay when the

incident light shows sub-Poissonian properties.

If photons from more than one emitter are incident, the dip at zero time degrades. The
single-photon dip at zero time for an ideal N photon emitter is [18] 1 — 1/N. It follows
from this equation that (taking N = 2) a ¢(®(0) value below 0.5 indicates a single

photon emitter.
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FIGURE 3.4: Raman spectrum of non-irradiated ND, taken at liquid nitrogen temper-

ature (80 K) with an excitation wavelength of 514.5nm. The diamond and graphite (D
and G) peaks have been labelled.

3.3.3 Raman properties of nanodiamond

Raman spectroscopy was performed on the samples to detect diamond, and any graphite
or other amorphous carbon either present on the diamond or formed during the fab-
rication. This section will summarise the Raman properties of the relevant materials,
but will not present a complete description of the Raman spectroscopy technique itself

(please see e.g. Ref. [88] for a more complete overview).

Diamond can be distinguished from other forms of carbon by the Raman spectrum. Sin-
gle crystal diamond has a narrow peak at 1332cm ™! with a width of 2cm ™! [89], which
can be shifted and broadened slightly in different forms (for example, films can shift to
1332-1336 cm ™! and 5-17cm ™! linewidth [89]). Graphite, on the other hand, exhibits
broad peaks at 1350 cm ™! and 1560 cm~! [80] labelled D and G peaks, respectively. The
Raman cross-section of graphite is also ~55 times higher than that of diamond [90] and
so small quantities of graphite (compared to the quantity of diamond) will dominate the
spectrum. Figure 3.4 shows the Raman spectrum of non-irradiated ND powder, taken

at 80 K with an excitation wavelength of 514.5 nm.

Tellurite glass shows Raman features below 1000 cm™! and involves several broad peaks,
the strength of which depends on glass composition [85]. The main interest for this
project is that the glass spectrum does not overlap with that of the diamond and graphite
peaks.
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F1GURE 3.5: Sample slice of glass G1. The glass is dark due to a high concentration

of added diamond (compare to e.g. G3 in Section 3.4.3). The dark swirls suggest an

inhomogeneous mixing. (Right) Same image labelled with an area characteristic of a
‘dark’ patch and away from these patches.

3.3.4 Scanning electron microscopy

Fibre structural characterisation was performed using scanning electron microscopy
(SEM). Fibres were cleaved and mounted into a fibre SEM mount vertically. These

samples were platinum coated (2nm thickness).

3.4 Initial glass trials

3.4.1 G1 diamond polishing powder-doped block

This glass was the first trial of incorporating ND into glass. Diamond polishing powder
was used as an inexpensive test material to verify the glass fabrication method before
using the nanoparticle diamond powder supplied by the University of Melbourne. NV
centres, and nitrogen impurities in general, are naturally occuring in diamond and so

the diamond polishing powder was expected to contain these colour centres.

16 mg of diamond polishing powder was added to the tellurite melt. The furnace used for
this glass sample was an open-air furnace, and the glass melting followed the fabrication

steps as outlined in section 3.2.3.

A slice of the glass block is shown in Fig. 3.5. The block was quite dark and, as
expected from the appearance, had a high loss (see Section 3.4.1.1 below), which was
most likely due to the large diamond mass added (compare this sample to the lower
concentration glass G3 in Section 3.4.3). While this high loss was not desirable, the

diamond survivability and anti-bunching behaviour after the high melting temperatures
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were the important parameters in this first trial. The sample also appeared to be

inhomogeneously mixed, as seen by the pronounced dark swirled areas.

3.4.1.1 G1: Loss measurement

Measurements using ultraviolet-visible spectroscopy (UV-Vis) were performed on a slice
of sample G1. The loss data versus wavelength is shown in Fig. 3.6a. The loss is cal-
culated from the transmission (see Section C.4) and includes subtraction of Fresnel re-
flections (see Section C.3) before normalising to the sample thickness of 1.08 £+ 0.01 mm.
There appear to be two components to the loss spectrum; a high background loss of
~2000dBm™!, and a wavelength-dependent loss that increases with decreasing wave-

length.

To explore this wavelength dependence, the loss versus inverse wavelength to the 4"
power (A~*) was also calculated and is shown in Fig. 3.6b. A fit to A=* for loss suggests
Rayleigh scattering [91], an indication that the scattering particles are much smaller
than the scattered wavelength. The least-squares linear fit line is shown for the loss in
Fig 3.6b.

3.4.1.2 G1: Raman spectroscopy

Raman spectroscopy on a piece of the glass block confirmed the presence of diamond.
The spectrum (Figs. 3.7a and 3.7b) shows a peak at 1332cm™!, which is consistent
with diamond. Graphite peaks are not seen in the spectra, suggesting that no graphite
was present in the sample volumes measured as the Raman cross-section is much larger
than that of diamond (see Section 3.3.3 and Fig. 3.4 for more information on diamond
and graphite Raman spectra). Raman characterisation of a later sample, preform P2,
confirmed that graphite present in the initial diamond powder was not seen on the
resulting glass Raman spectrum and this was attributed to preferential oxidation of the
graphite (see Section 3.4.2.3 for a more detailed discussion). The spectrum also shows
the same spectral features both at and away from the dark patches (see Fig. 3.5), which
indicates that these patches are not due to graphite (either from the initial diamond

powder or from graphitisation at the elevated temperatures of the melt).

3.4.1.3 G1: Confocal microscopy

Confocal microscopy imaging (see section 3.3.1) confirmed the presence of diamond

colour centres after the glass fabrication process. Figure 3.8 shows the confocal scan
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FIGURE 3.6: (a) Plot of Loss vs. wavelength for sample G1 measured using UV-Vis.

(b) Plot of Loss vs. wavelength~ for sample G1 and the corresponding linear fit. A

linear relation indicates scattering in the Rayleigh regime [91], i.e. particles with radii

much less than the wavelength. Loss due to Fresnel reflection has been subtracted from
both spectra (see Section C.3).
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FiGure 3.7: Raman spectrum of sample G1 in dark patches and away from dark
patches (see Fig. 3.5) for 488 nm excitation wavelength. The peak at 1332cm™! is
indicative of diamond, and the peaks below 1000 cm ™! are consistent with tellurite [85].

image obtained. The signal in this scan has been filtered to the emission of the NV centre
with a 650-750 nm bandpass filter, and so the PL visible should be due to diamond NV
centres. Many large particles (>1pm) appear in the scan as the sample was fabricated

using diamond abrasive powder, rather than ND.

Anti-bunching was seen in the NV emission (see Section 3.3.2). Figure 3.9 shows the
¢ data obtained for the NV centre pictured, and a comparison of the spectrum ob-
tained from this centre compared to the background glass PL is shown in Fig. 3.10.
These spectra were taken from the confocal output without the 650-750 nm bandpass
filter, so that any glass background signal features outside of this window could be col-
lected. Notice that the background glass signal only begins to show features beyond
700nm, and is distinguishable from that of the NV PL at 650-750 nm. Note also that
the glass does show PL in the 650750 nm collection window, and this will contribute
some background signal to the confocal scans and anti-bunching measurements. This
background spectrum agrees well with that measured for undoped tellurite using 532 nm
excitation [92]. Although the anti-bunching dip at ¢ = 0 does not extend below 0.5, to
confirm single-photon emission, it does show non-classical (anti-bunching) behaviour.
This smaller dip may be due to the presence of a few emitters or a high background

signal. See section 3.3.2 for more details.

The importance here is that NV centres were present in the diamond after the glass
processing (i.e. the colour centres survived the high temperatures and the glass envi-

ronment) and non-classical statistics were seen, which verifies that the glass fabrication
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FicUre 3.8: Confocal image of sample G1 at a pump wavelength of 532 nm showing
fluorescence from diamond colour centres. Included diamond is abrasive powder and
so the average particle size is quite large compared to the nanoparticle diamond.

process was useable for the creation of the hybrid diamond-glass material. Successive
trials would be using ND with a controlled size, optimised for the probability of sin-
gle emitters, and so the characterisation of strictly single emitters in this trial was not

essential.

3.4.2 G2 non-irradiated nanodiamond-doped

The measurements of the initial trial, using diamond abrasive powder (see Section 3.4.1),
confirmed that the NV centres in the diamond survived the glass processing. Sample G2
was then fabricated using nanodiamond powder (non-irradiated ND). A 100g, 30 mm
diameter cylindrical billet was made so that a fibre could be fabricated from the sample.
This sample would be used to investigate whether the non-irradiated ND powder would
survive the glass processing and the subsequent fibre processing steps of extrusion and
drawing (see Section 4.1). See below for details on the resulting preform (P2) and fibre
(F2).

The glass sample was fabricated using 28 mg of non-irradiated ND powder added to a
100 g tellurite melt, as described in the general glass fabrication (see Section 3.2.3). This
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FIGURE 3.9: (a) Anti-bunching data obtained for a slice of the glass sample G1, with (b)
the corresponding location on the confocal scan shown with a white circle (see Fig. 3.8
for complete confocal scan image). The dip at ¢ = 0 corresponds to sub-poissonian
emission statistics and is indicative of single-photon emission (see Section 3.3.2). The
shallowness of the dip shown here may be due to excitation of a few emitters (generally
two or three, as the dip is still present) or a single emitter with a high background signal,

both of which would degrade the single emitter dip. This data shows that non-classical
(anti-bunching) emitters are present in the sample after glass processing.

amount of non-irradiated ND was chosen to achieve a similar concentration to the 50 g

sample G1 (see Section 3.4.1).

The glass sample G2 was extruded (see Section 3.2.4) into a rod preform (P2) using
a 10mm rod die, to be drawn into a 160 pm outer diameter unstructured fibre. A
section of preform P2 was characterised using Raman spectroscopy and PL spectrum
measurements. The fibre F2 was the first trial fibre to include the non-irradiated ND.
The fibre was pulled from preform P2 into an unstructured fibre with a nominal outer

diameter of 160 pm.

3.4.2.1 P2: Photoluminescence

A PL spectrum taken from the bulk preform sample (Fig. 3.12) showed features consis-
tent with NV centres. Figure 3.12 shows the PL spectrum of the preform, compared to
spectra of ND powder and an undoped tellurite sample. The PL features of the preform
sample match well with those of the ND powder, and the undoped tellurite background
is featureless for the majority of the NV emission band. The spectra were all taken with
a Raman spectrometer, using the 514.5 nm line of an argon ion laser, at a temperature

of 80 K (rather than from the confocal microscope output as in Section 3.4.1.3).
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FIGURE 3.10: PL spectrum of the emitter shown in Fig. 3.9, with (a) the background

glass spectrum for comparison, taken from the same sample scan in an area with no

emitters, and (b) with this background spectrum subtracted from the NV emission.

Taken with the 650-750 nm bandpass filter removed. The spectrum shows a PL signal
consistent with an NV centre.
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FiGURE 3.11: Sample G2, doped with non-irradiated ND. The dark appearance is at-
tributed to the high diamond concentration, as for sample G1 above (see Section 3.4.1).
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FIGURE 3.12: PL spectrum for preform P2, compared to undoped tellurite and ND
powder. The ZPL peaks for NV and NV~ emission are labelled. Taken at liquid
nitrogen temperature (80 K) with an excitation wavelength of 514.5nm.

3.4.2.2 P2: Increase in negative nitrogen-vacancy to neutral nitrogen-vacancy

ratio

As discussed previously (see Section 1.1), the diamond NV centre can exist in either the
NV~ or NV charge state, and can switch between the two (e.g. photochromically [21]).
The NV~ charge state is interesting as it shows spin polarisation and long coherence
times at room temperature [20], and so the ratio of NV centres in charge state NV~
compared to NVY is a relevant property for other fields. This ratio was measured by
taking the ratio of the areas under the curve corresponding to the ZPL of NV~ and NV
centres in the PL spectrum. The resulting data, shown in Fig. 3.13 for varying pump

powers, indicate an increase in this ratio after incorporation into the tellurite glass. This
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FIGURE 3.13: Ratio of PL, integrated over the ZPLs, of NV~ to total (NV? + NV~).

Shown for preform P2 and ND powder, indicating an increase in this ratio for diamond-
tellurite glass.

is thought to be due to sp? carbon removal and oxygen termination of the nanodiamond
surface from the fabrication process, and is consistent with that seen in single crystal

diamond when oxidised through annealing [93].

3.4.2.3 P2: Preferential graphite oxidation in glass melt conditions

Raman spectroscopy confirmed the presence of diamond in the preform sample, as shown
in Fig. 3.14. This measurement also showed that the graphite present in the ND powder,
from a graphitic outer layer formed during production, was not present in the diamond-
tellurite sample. This can be explained by preferential oxidation of the graphite layer

due to the high glass melting temperatures of ~700°C.

The melting temperature is well above that at which graphite begins to oxidise (400 °C),
but is, comparatively, only slightly over the diamond oxidation temperature of 630 °C
to 670 °C [82]. This has been seen previously in 55 nm ND [81], where a reduction by a
factor of 10 was seen in the graphite G-band of the Raman spectrum at 1600 cm ™" after

annealing the powder at 400 °C for 20 min.

3.4.2.4 F2: Confocal microscopy

A confocal scan, shown in Fig. 3.15, was taken from the endface of the fibre F2. The
fibre was cleaved and the pump beam was incident perpendicular to the endface such
that the scan was over the plane of the endface (see Section 3.3.1). The edge of the fibre
can be seen in the lower part of the image. Anti-bunching data was obtained for an

NV emitter in this sample, also shown in Fig. 3.15, and a background-corrected g(2)(0)
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FIGURE 3.14: Raman spectrum of preform P2, compared to undoped tellurite and

ND powder. The diamond and graphite G-band peaks have been labelled. It can be

seen that the graphite G-band peak is no longer visible in the preform spectrum. The
tellurite spectrum shows no Raman features in this range.

value of 0.04 confirmed that single photon emission could be seen from the NV after
fibre processing (see Section 3.3.2). The tellurite background signal was ~5 k countss™1,
compared to the single photon emission rate of ~45k countss™!, with 1 mW excitation

at 532 nm.

3.4.2.5 F2: Scanning electron microscopy

SEM imaging of the unstructured fibre was performed (see Section 3.3.4). Small defects
in the cleaved cross-section were visible, as seen in Fig. 3.16. From investigation un-
der the SEM (by zooming and changing depth-of-focus), these defects appeared to be
bubbles.

Further investigation would be needed to confirm the cause of these defects, although
several possibilities are now discussed. The defects could be due to particulates being
removed during the cleaving process or gas bubbles formed during the glass fabrication.
Possible particulates include compounds formed by reaction with the nanodiamond, such
as tellurium (formed by reduction of TeOs), or the nanodiamond itself; although the
bubble edges are very regular and so inconsistent with the expected rough and irregularly
shaped nanodiamond. Gases could have been produced by graphite or diamond burn-
off creating CO or COs, reaction of the nanodiamonds with other glass components, or
inclusion of air during swirling or casting. At the lower temperature of 700 °C the glass

has a higher viscosity, which could hinder the release of trapped bubbles.
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FIGURE 3.15: (a) Confocal image of fibre F2 cleaved cross-section showing emission

from ND embedded in the fibre and (b) background-corrected anti-bunching data for

an embedded NV centre, showing a ¢(®(0) value of 0.04 (indicating single photon
emission).
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These defects are also seen in later bare fibres F3 and F4, as shown in Fig. 3.17. They
are not seen in later structured fibres (see Section 4.2.3), however. This may be due to
the smaller diamond doped region in the structured fibres, such that a lower volume of
doped glass was viewed and (in combination with a low defect concentration) not enough
cross-sections were investigated. The structured fibres also undergo an additional fibre

draw-like process (called caning — see Section 4.1) which may have an effect.

(a) (B)

FIGURE 3.16: SEM images of fibre F2, showing (a) the bare fibre and (b) a magnified
image showing one of the holes in detail.

3.4.3 G3 reduced nanodiamond concentration

The dark appearance and confocal imaging of sample G2 showed that the ND concen-
tration was too high. This would be a source of high loss in the fibre and would reduce
the chance of finding and characterising single emitters, as the finite resolution of the
confocal system would not be able to resolve closely agglomerated single centres. Sam-
ple G3 was made with the aim of reducing this concentration by as much as possible,
while still allowing confocal characterisation of the centres. The maximum confocal scan
window was 100 pm x 100 pm and so the concentration had to be high enough to show a
quantity of emitters on each scan (generally of the order of 20) such that single centres

could be found in a reasonable timeframe.

In this sample 0.94 mg of dry ND powder was added to the glass melt, which was the
minimum amount practical using a pure dry powder. The limitation was due to the
weighing equipment precision (£0.01 mg) and handling considerations; there are small
losses in powder from transport in the laboratory and through the glovebox airlock, and

when pouring into the crucible (due to static and air suspension). These losses become a
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50 pm

(A) Fibre F2 (B) Fibre F3

(c) Fibre F4

FIGURE 3.17: Microscope images comparing defects seen in (a) fibre F2 to those of
fibre (b) F3 (see Section 3.4.3) and (c) F4 (see Section 3.5.1).

large proportion of such low sample quantities, which limits the measurement accuracy
of the added ND mass.

Unfortunately, the preform P3, made from the billet G3, began bending during ex-
trusion and so only a short piece was available for drawing. The fibre draw, F3, was
not successful in pulling the target 160 pm diameter unstructured fibre, but produced
lengths of glass with diameters ranging from around 0.5 to 2 mm. Confocal imaging was

performed on these sections of F3.

3.4.3.1 P3: Loss measurements

Loss measurements, using UV-Vis, were performed on the resulting preform (P3). The
loss spectrum is shown in Fig. 3.19a and, as for glass G1 (see Section 3.4.1.1), is also
plotted as a function of inverse wavelength to the 4" power (A\=*) in Fig. 3.19b. Both
spectra have been normalised to the sample thickness of 4.7 £ 0.1 mm after subtracting

Fresnel reflections (see Section C.3).
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FIGURE 3.18: G3 billet.

Interestingly, this spectrum does not show a Rayleigh scattering-like dependence, where
the loss is proportional to A™4, as for glass G1. This suggests that scattering from
particles much smaller than the wavelength (400-800nm) is not the main mechanism
for loss in this sample. The background loss is reduced, compared to glass G1, from
~2000dBm™! to ~500dBm~!. This may be a result of the much lower diamond con-
centration (9.4 ppm wt. compared to 320 ppm wt. in glass G1).

There is a pronounced dip in the loss between 450-550 nm, which explains a blue tint
to the glass in transmission (unfortunately not visible in Fig. 3.18, but see later glass
sample images such as Fig. 3.25 and Fig. 4.4). This blue tint appears in all later samples
(G4, G5, G6), and the origin of this dip in absorption is currently being investigated.

3.4.3.2 F3: Confocal microscopy

Confocal imaging of fibre F3 showed a reduced concentration of NV emitters compared
to the high concentration sample F2, as expected. These are compared in Fig. 3.20,
showing the concentration reduction. As can be seen, the emitters are much more
widely spaced in sample F3 and particle sizes are smaller, indicating that ND agglom-
eration is reduced. This reduced concentration makes it easier to find separate emitters
for single emission characterisation. Two or more emitters within the confocal pump
beam (300 nm diameter and ~1 pm focal length) degrades the anti-bunching data as the
single emission from each centre combines into a multi-emitter signal. With a larger
spacing between NDs, there is a much higher chance that two or more single emitters
are separated enough to be resolved by the confocal system. Anti-bunching data from
one of the centres, along with the confocal image showing the centre measured, is shown

in Fig. 3.21 and confirms that single emission is seen in the final fibre (see Section 3.3.2).



72 CHAPTER 3. GLASS FABRICATION AND OPTICAL CHARACTERISATION

1000 T T T T T T T

900

800

700

600

Loss (dBm™!)

500

400

300 1 1 1 1 1 1 1
400 450 500 550 600 650 700 750 800

Wavelength (nm)
(a)
Wavelength (nm)

1000 700 600 500 400
1000 L L T L T T L T T T T L

900 |
800 | R
700 | R -
600 | . 1
500 | -
400 \ ]
300 : : : - - - -

0 5 10 15 20 25 30 35 40

Wavelength=* (pm~—*)
(B)

Loss (dBm™1)

FIGURE 3.19: (a) Loss vs. wavelength for sample P3 measured using UV-Vis. (b)

Loss vs. wavelength™* for sample P3. Spectra have been normalised to the sample

thickness of 4.7+ 0.1mm. Loss due to Fresnel reflection has been subtracted from
both spectra (see Section C.3).
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FIGURE 3.20: Comparison of NV density for (a) the low concentration (9.4 ppm wt.
ND) F3 sample and (b) the high (280 ppm wt. ND) concentration F2 sample.
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FIGURE 3.21: (a) Anti-bunching data (see Section 3.3.2) and (b) the corresponding

confocal scan with the anti-bunched NV centre circled in white (see Fig. 3.20a for the

complete confocal scan) for fibre F3. The dip at zero delay time indicates single photon

emission, showing that the NV emitters have retained single emission characteristics
throughout the fibre fabrication process.

3.5 Further reducing nanodiamond concentration

The results shown thus far demonstrate that it was important to find a method of
reducing the concentration of ND incorporated into the glass to reach the goal of well-
spaced single emitters for single photon source applications. From the previous glass
sample, G3 (see Section 3.4.3), it was clear that, effectively, the minimum concentration
had been reached for methods based on adding dry powder. Reducing it further by
this method would involve increasing the glass melt mass (as the minimum dry powder
amount had already been used) and this would not scale well — for example, in order
to reduce the concentration by only a factor of 10, a glass billet mass of 1kg is required.
A billet of this size is difficult to manufacture using most laboratory equipment, and so
reducing this concentration by an order of magnitude or more would become unviable

using this method.

The lowest concentration obtained using dry powder addition (as seen in Fig. 3.20a) is
still far too high to allow the fibre length to be separated into separate devices, each
containing a single NV, for the fabrication of a single photon source (see Chapter 1).
Although the ND is well separated for confocal characterisation, each small section of
fibre would still contain many single emitters. A scalable dilution method is required to
allow customisation of the ND concentration due to variation in fibre core size, device

length and proportion of NDs containing an NV colour centre.
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3.5.1 G4 nanodiamond dilution

Sample G4 was a trial to reduce the ND concentration by diluting the fabricated ND-
tellurite glass into a new undoped melt of tellurite. Instead of adding dry powder to the
melt, we instead added 0.511 09 g of preform P3, made from glass G3 (see Section 3.4.3).
This would give an ND mass of 4.8 x 1073 mg for the 100 g glass melt (assuming no losses

from either of the melts).

FIGURE 3.22: Image of billet G4.

This billet was used to fabricate a bare fibre (F4). Although emitters in the fibre were
visible on the confocal system, no signs of single photon emission was seen from any of
the 40+ emitters characterised. From experience with previous glass samples and other
NV samples it was expected that single emission (or weak signs of anti-bunching from 2-
or 3-centre ND) would have been seen after this number of emitters. Figure 3.23 shows

one of these confocal scans for comparison to the previous bare fibre samples.

Very recent work done at IPAS, University of Adelaide, has shown that undoped tel-
lurite glass melted at the low temperature of 700 °C contains fluorescent nanoparticles.
These are assumed to be gold nanoparticles, originating from dissolution of the gold
crucible. The relatively high number of (non-single) emitting centres could thus be gold
nanoparticles and the longer melting time of the dilution trial might have destroyed the
ND in the glass. This is supported by the high concentration of emitters, compared
to that expected from this amount of dilution. The undiluted fibre F3 should contain
~200 times the quantity of diamond of this diluted fibre, but a comparison of the con-
focal images (Fig. 3.20a for F3 and Fig. 3.23 for F4) shows a similar concentration —

suggesting that these emitters are not diamond.

More investigation into ND dilution would likely be required for the realisation of a
useable device. This was not studied further in this project, as a relatively high con-
centration was required for the confocal measurements (due to a small scanning area

of 100 x 100 pm) and the previous sample, G3, was already an effective concentration
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FiGURE 3.23: Confocal scan of fibre F4, from glass billet G4. This billet was made by
diluting an ~0.5 g piece of preform P3 (from billet G3). This dilution gives a theoretical
ND concentration, assuming no losses from either melt, of 4.8 x 1072 ppm wt.

for this. Once single emission capture into the fibre guided modes had been shown ex-
perimentally, the dilution experiments would become much more relevant. This would
involve investigation into the reasons behind loss of single photon behaviour from the

dilution method discussed here, and into alternate dilution methods.

3.6 Irradiated nanodiamond

Irradiated ND was also embedded in tellurite glass. This 50 nm ND was irradiated with
2MeV electrons at 10'® cm™2 to create vacancies and then annealed at 800°C for 2h
to allow movement of these vacancies to nitrogen impurities in the diamond, to create
additional NV colour centres. After this process a much larger proportion of NDs contain
centres and so show emission, and generally emission from each ND is much brighter

(see Fig. 3.24) from the higher NV concentration.

A disadvantage of using irradiated diamond is that, for the ND size and irradiation
parameters here, most ND will contain more than one NV centre and so the probability
of finding a single photon emitter is actually reduced. Because of this, the irradiated

50nm ND would most likely not be used for a final device. However, for trial glasses
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FIGURE 3.24: Comparison of emission from (a) non-irradiated ND (9.4 ppm wt.) sam-

ple F3 (see Section 3.4.3) and (b) irradiated ND (8 ppm wt.) sample F5 (see Sec-

tion 3.6.1). Notice that the irradiated ND shows more emitters and also the average
brightness of the emitters is higher.
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these nanocrystals increase the detectable photon count rate; which is an advantage for
locating the ND in challenging geometry, such as small-core fibres, and also improves
the signal-to-noise of measurements such as emission spectra. These irradiated ND glass
samples are thus useful for proof-of-concept experiments of the emission capture into

the fabricated fibres, in advance of single photon capture.

3.6.1 G5 irradiated nanodiamond-doped

This glass sample, G5, was a 100g cylindrical 3cm diameter tellurite billet, adding
0.8 mg of 50 nm irradiated ND. An image of the billet is shown in Fig. 3.25. This
billet was extruded into a rod preform (P5) and drawn into a 160 pm outer diameter
unstructured fibre (F5). A confocal scan of the endface of fibre F5 is shown in Fig. 3.24.
As expected, the fibre shows a higher concentration and overall brightness of NV emit-
ters when compared to the non-irradiated ND-doped fibre F3, which has been doped

equivalently (similar in method and ND concentration).

Glass sample G5, and the resulting fibre sample F5, showed that the irradiated ND was
suitable for inclusion in tellurite, and for fibre fabrication. Future work would involve
fabrication of a structured fibre using this ND type and demonstration of emission
capture from the NV into the fibre guided modes. Although single photon emission
would not likely be possible, this would demonstrate the fundamental experiment of NV

pumping and emission collection from a doped fibre.

(A) Side view (B) Bottom view

FicURrE 3.25: Images of G5 billet.
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3.7 Conclusion

The glass fabrication presented in this chapter was the first demonstration of a hybrid
nanodiamond-glass material, leveraging the advantages of room-temperature, stable sin-
gle photon emission and a flexible, well-researched fabrication pipeline. Tellurite glasses
with embedded diamond nanocrystals were fabricated and drawn into unstructured fi-
bres. Confocal imaging and anti-bunching measurements confirmed that the diamond

survives the fibre processing steps and still shows single photon emission.

Fabrication of a hybrid diamond-tellurite material was not only successful, but also im-
proved aspects of the included diamond. Raman spectroscopy showed that the graphite
present in the diamond powder is removed during the glass melting and analysis of the
emitted NV spectra showed an increase in the desirable NV~ charge state of the centre

due to the surrounding tellurite material.

This hybrid material can be used in almost any fabrication processes applicable to the
base tellurite glass, from the extrusion and fibre drawing process described here to fo-
cused ion beam-milled, photonic crystal, or femtosecond direct-write slab waveguides
or cavities. Other uses of the NV centre, such as in magnetometry [22], can also ben-
efit from the wide fabrication experience in tellurite and leverage the advantages of a
fibre platform — long interaction lengths, strong field interaction and confinement, and

remote read-out.

Future work would be needed to investigate the mechanisms behind the high transmis-
sion loss of this material in more detail, and reduce this background loss. The losses of
the fabricated glasses presented here are high for an optical fibre and limit the effective

fibre length to centimeters.

These results showed that, through the extrusion process that has been validated here, a
fibre with a more complicated cross-sectional design, such as a suspended core structure,
would be possible with this hybrid glass. In Chapter 4 the results of this next step,
towards an efficient single photon fibre device, are show with the fabrication of a small-

core, high index contrast, diamond-tellurite suspended core fibre.






Microstructured Fibres

Optical fibres require a refractive index variation to guide light, by either inducing total
internal reflection or a bandgap effect (i.e. photonic crystals). This variation can be done
using selective doping of the same material (e.g. germanium doping in silica), combining
two or more materials with differing indices, or, as for this project, introducing regions

of air by shaping the material.

In this chapter, the results of the microstructured fibre fabrication and characterisation
will be presented. The previous chapter (see Chapter 3) showed results for the fabri-
cation of the diamond doped glass and unstructured fibres, which became the basis for

the fabrication of the microstructured fibres presented here.

Similarly to Chapter 3, the samples will be shown from initial glass to final fibre with
characterisation data and discussions. The progression from the initial fibre to the final
design will be shown, with the measurement results explaining the reasoning behind
each new design or process. The chapter will then be completed with a conclusion of

the results.

The focus of this fibre fabrication has been on a variation of a suspended core structure,
called a ‘wagon-wheel’ fibre, consisting of a central core region suspended in air by
three supporting struts, which connect the core to the outer cladding. The design is
effectively a glass core surrounded by an air cladding, leading to a high refractive index
contrast — the function of the outer glass cladding is for structural robustness only.
This wagon-wheel design is a well-known [1, 48, 49, 50, 51] and routinely fabricated
fibre design. It forms the basis for the fibre fabrication presented here precisely because

of this familiarity with its construction.

A derivative of the wagon-wheel fibre is the exposed core wagon-wheel, where a section
of the outer cladding is removed. This has been previously fabricated in a lead-silicate

glass [94, 95], called F2, and is useful in applications where access to the core is an

81
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advantage (such as for sensing). This fibre structure is discussed later in the chapter (see
Section 4.3), where a similar fibre design is required for successful side imaging of the
wagon-wheel core. In this case a thin section of cladding glass was left to protect the core
from debris and damage, and so is referred to as a ‘lidded’” wagon-wheel to distinguish

it from the case where the core is fully exposed.

4.1 Wagon-wheel fabrication

Wagon-wheel fibre fabrication uses the same basic extrusion and drawing techniques as
for the previously shown unstructured fibre (see Section 3.2.4), but with additional steps
to deal with the non-trivial structure. For reference, the full process is shown below and

a schematic is shown in Fig. 4.1.

The preforms for these fibres generally use a 50 mm diameter billet, compared to the
30mm billets used for unstructured fibre fabrication (see Section 3.2.4). For extru-
sion the same glass volume is fed into the die, and so the ram feed rate is reduced to
0.07mm min~! because of the larger billet area (the ratio of areas gives (15)2/(25)% x

0.2mmmin~! = 0.07 mm min—1!).

There are two main differences to the fabrication of an unstructured fibre. Firstly, the use
of a complex die pattern to create the structure in the preform (see Fig. 4.2) needed for
the fibre to guide light. Secondly, a preliminary draw step, called ‘caning’, is performed,
where this complex preform is reduced in diameter before the final draw step. This cane
section is then fit into an undoped tellurite tube, with an outer diameter similar to the
unstructured fibre preforms (around 10mm) and an inner hole for accepting the cane.
This caning, done on the fibre draw tower, is used to increase the cladding size enough
for a robust (160-200 pm diameter) fibre without the entire cladding thickness needing
to be fabricated on the initial preform. The die diameter is limited and so this caning
allows larger feature sizes for the core region — without this step, most of the die would
be needed for the cladding and feature sizes are limited due to machining tolerance and

the extrusion process.

The assembled cane-in-tube preforms were mounted into a fibre draw tower and drawn

down into optical fibres.
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FIGURE 4.1: Structured fibre fabrication schematic.

Structured fibre fabrication

1. Fabricate two glass billets for core and cladding (see Sec-
tion 3.2.3).

2. Extrude cladding tube and wagon-wheel preform (see Sec-
tion 3.2.4).

3. Reduce wagon-wheel preform structure on fibre draw tower to

create cane.

4. Insert well-fitting cane piece into tube preform and draw into fibre

on tower.

Components were annealed after each step before the final fibre draw.
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FIGURE 4.2: Die design used to fabricate a wagon-wheel preform.

4.1.1 Using pressurisation and vacuum

The cane and tube sections are separate components and need to be fused. This gap
seals as the cladding collapses and the cane inflates during the fibre draw. Some of
the fibre draws required external pressurisation or vacuum applied during the draw to
expand the microstructured holes or to help in the fusion of the cane and cladding
sections. The general procedure for this pressurisation will be discussed here and, if

used, will be noted in the individual sample descriptions below.

The simplest case of pressurisation involves sealing the cane section at the end and using
the trapped air to pressurise the hole regions (called ‘self-pressurisation’). Pressure can
also be manipulated in either the core holes or the area between the cane and the
cladding tube; by applying actively controlled pressure to the cane section to inflate the
holes, or applying a vacuum to the cladding tube (effectively inflating the cane section,
but without actively pressurising this area), respectively. Schematics of these different

techniques are shown in Fig. 4.3.

4.2 Wagon-wheel fibre samples

4.2.1 G6 non-irradiated nanodiamond-doped 50mm billet

As the first sample made for wagon-wheel fabrication, G6 was batched as a 300 g melt. It
was melted as for the previous samples (see Section 3.2.3), adding 1 mg of non-irradiated
nanodiamond. The melt was cast into a 50 mm diameter cylindrical mold and the final

billet height was 28 mm.
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F1GURE 4.3: Diagram of the different pressurisation schemes.

(A) Side view ) Bottom view

FIGURE 4.4: Images of G6 billet.

4.2.2 P6 wagon-wheel preform

The preform P6 was extruded at 360°C with a ram speed of 0.07 mm min~!

(see Sec-
tion 4.1). The preform images are shown in Fig. 4.5. This preform was caned down for
insertion into a jacket tube and drawing into fibre. The cane sections were used for the

fibres F6a, F6b, and F6c (see below).

4.2.3 F6a wagon-wheel fibre

F6a was the first wagon-wheel fibre draw with an ND-doped core, using cane from

preform P6. The fibre was drawn (see Section 4.1) to an outer diameter of 160 pm.
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(A) Cross-section (B) Side

FIGURE 4.5: Images of wagon-wheel preform P6.

From SEM images (see Fig. 4.6), the core diameter (measured by the largest circle that

would fit in the core area) was found to be 1.47 pm.

2 pm

o0 pm

(A) Cross-section (B) Core region

FIGURE 4.6: SEM image of wagon-wheel fibre F6a.

Confocal imaging was performed, as for the previous fibre samples (see Section 3.3.1), to
verify that the NV centre properties were retained after the new processing steps required
by the wagon-wheel fibre fabrication. Also, confocal microscopy is a convenient way to
investigate single photon capture, as a single centre can be pre-characterised and then
individually pumped to look for a guided single photon signal from the fibre. A typical
endface scan image of the fibre is shown in Fig. 4.7a, where the confocal image is taken
facing the cleaved end of the fibre (similarly to the unstructured fibres, for example
Sections 3.4.2.4, 3.4.3.2 or 3.5.1). The confocal image shows two PL features; strong
emission in the fibre core region, and an outer ‘ring’ (labelled on Fig. 4.7a) surrounding

the fibre hole geometry.
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FIGURE 4.7: (a) Confocal image of the endface of wagon-wheel fibre F6a, with a

schematic of the confocal scan axes (orange arrows) and laser incidence (green arrow).

(b) SEM image showing the cane-tube interface by the small holes surrounding the
main wagon-wheel holes (due to incomplete fusion).

The outer ring of fluorescence is thought to be from contaminates (such as dust) in-

troduced during fabrication, either present on the cane piece or inner section of the

tube preform before the final fibre draw (see Section 4.1). The feature is in a simi-

lar location to where the cane-tube interface would typically be in a wagon-wheel fibre

(see Fig. 4.7b) and the counts from this region photobleach quickly, which is consistent

with results from contaminates seen on the surface of other characterised samples. The
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contaminates are distinguishable from NV, which does not photobleach.

The strong core emission is due to the increase in background glass fluorescence from the
guiding nature of the wagon-wheel fibre. PL spectra taken by the confocal microscope
at the core region showed tellurite glass fluorescence and did not show any features
consistent with NV emission. Previously, the fibres imaged by confocal were bare,
unstructured fibres. Due to the large (160 pm) core diameter, the guided light (and so the
captured glass fluorescence) is spread over a very large area. Creating the wagon-wheel
structure has tightly confined the guided modes and so an increase in glass fluorescence
is seen because of two effects: (a) a stronger recapture of the glass fluorescence due to
the higher fibre NA, and (b) a higher intensity due to the smaller mode area. This
background signal obscures the low signal counts of the embedded NV such that the
confocal characterisation of the NV centres cannot be performed by scanning the endface,

as was done previously for the bare fibre.

Confocal imaging through the side of the fibre was tried, to reduce the background
signal seen when end-pumping the fibre by exciting a smaller glass volume with the
pump (avoiding pump guidance and also simply imaging through a shorter section of
glass). One problem with this configuration was the distortion associated with imaging
through the cladding — a section of high index material approximately 80 pm thick, with
a curved interface. The core diameter of ~2pm was a small feature to pick out with
a confocal resolution of 0.3um and so any distortion would create imaging problems.
As suspected, imaging through the entire fibre cladding with the confocal distorted the
pump beam and blurred the fine detail needed to image the small core area. Figure 4.17
shows this effect with an image of the fibre cross-section taken from the side face (i.e.
the fibre is moved towards/away from the lens, moving the lens focus into the fibre
material, instead of the more conventional side-to-side movement). As can be seen in

this image, the core region loses detail as a result of the cladding distortion.

Methods of removing cladding material, including etching and mechanical polishing,
were unsuccessful. Mechanical polishing left a poor surface quality due to scratching
and the deposition of contaminates, and etching created a precipitate that was difficult
to remove. Any debris or particulates create a strong PL signal from the sensitive pho-
todetectors that make imaging more challenging. It was later found (again referring
to Fig. 4.17) that even a small section of material distorted the core details signifi-
cantly. These methods would not allow the control needed to create the thin cladding
sections needed (see Section 4.3.5). Mechanical polishing would either break the fibre
as it became too thin, or would not have the resolution needed for this thin a section

and would break through to the core. Etching would remove material from the entire
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FIGURE 4.8: Schematic showing the fabrication of the lidded wagon-wheel fibre using
a wagon-wheel cane and a slotted cladding tube.

cladding perimeter, and so to reduce the cladding to this thickness would weaken the

fibre structure considerably and make manual handling almost impossible.

A proposed solution was to fabricate a fibre with an exposed, or near-exposed, core
section, while retaining the cladding structure around the non-exposed areas. This

fabrication is discussed in the next section.

4.3 Lidded wagon-wheel fibre

The next step to attempt to improve imaging of the core region was to fabricate a wagon-
wheel fibre with a length of exposed core, where the cladding material is removed. The
aim was to leave a small section of cladding material to protect the core area from
debris, which would cause additional loss and also contribute background PL to the
confocal scans, and prevent damage. As discussed above (see Section 4.2.3, and also
shown below in section 4.3.5), the thickness of intervening material is critical to the
success of confocally imaging the core and so a thin section was required. Such a thin
section of cladding could be more easily fabricated by including it from the beginning
of the fibre fabrication, rather than removing material post-fabrication. By fabricating
this thin cladding section as a part of the preform, it could be made at macroscopic
dimensions and then drawn down into the final fibre, using the scaling effect of the draw
process to allow a lower tolerance on the fabrication and still produce very small features

(as for other fibre features).

The proposed design for this exposed fibre was to fabricate a ‘lidded’” wagon-wheel,
where a thin section of glass is left from the cladding to protect the core. The first trials
(F6b and F6c) used a slotted cladding tube and a standard wagon-wheel shaped cane
(doped with ND) from preform P6, so that the thin lid section would be created by the

outer wall of the cane (see Fig. 4.8).
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4.3.1 T6b tube with extruded slot

For the first lidded wagon-wheel fibre, F6b, a slot was introduced in the tube wall along
the entire length of the tube. This outer tube design was successfully used to fabricate
a lead-silicate glass (called F2) exposed-core wagon-wheel fibre [95]. By creating a tube
die with a slot-shaped pin a slotted tube could be extruded. The pin design was shaped
to create a circular hole below the slot so that the cane piece would be well-fitted within
the cladding tube. The extrusion die and resulting preform, T6b, are shown in Figs. 4.9
and 4.10, respectively.

FIGURE 4.9: Images of the extrusion die used for the outer tube preform T6b.

FIGURE 4.10: Images of the final preform shape obtained for the outer tube preform
T6b. Note that the slot runs the complete length of the tube.

4.3.2 F6b lidded wagon-wheel fibre

A microscope image of the pulled fibre, using the slotted preform tube T6b and cane
fabricated from preform P6, is shown in Fig. 4.11. This image shows that the fibre draw
failed, the cane and tube sections did not fuse during the fibre pull and the slot in the
tube distorted due to the glass surface tension. Two changes were made in the draw
process for the second trial (see Section 4.3.3) from the results of this fibre. Firstly, a

gradual slot was cut into a solid tube using a cutting saw, so that the sections would be



4.3. LIDDED WAGON-WHEEL FIBRE 91

allowed to fuse before reaching the slotted section of the tube. Secondly, the cane was

actively pressurised to assist in fusing the cane and tube.

FI1GURE 4.11: Microscope image of the first lidded wagon-wheel trial F6b. Using a
jacket tube with an extruded slot that ran the length of the tube, and a diamond-
doped wagon-wheel cane piece (from P6).

4.3.3 T6c tube with cut slot

The first lidded trial, F6b (see Section 4.3.2), showed that the cladding slot opened out
due to the glass surface tension. To prevent this from happening, the cladding tube
for the second lidded fibre, F6c (see Section 4.3.4), was designed to start as a standard
wagon-wheel tube and gradually introduce the slot feature. This was done to allow the
cane section to fuse to the cladding tube all the way around the circumference before
the slot appeared, which could then prevent the slot feature from opening up excessively

in the fibre draw process.

To fabricate this half-slot cladding tube (T6c) a standard tube, extruded from undoped
tellurite, was partially cut with a glass saw, as shown in Fig. 4.12. The cross-section of
this cut section is shown in Fig. 4.13b and the gradual introduction of the slot can be
seen in Fig. 4.13a. The tube is uncut on the left side of the image, the cut appears after

~70mm and gradually deepens until it cuts through to the tube hole.

4.3.4 F6c lidded wagon-wheel fibre

An ND-doped wagon-wheel cane piece, from preform P6, was inserted into the slotted
cladding tube T6c and was drawn down, under active inflation of the cane (see Sec-

tion 4.1), starting from the uncut section of the tube to help seal the core and cladding
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70mm

FIGURE 4.12: Schematic showing the cut made in the cladding tube to create the slot
needed for fabrication of the lidded wagon-wheel fibre F6c.

- . >

(A) Side, showing limited slot (B) Cross-
section

FIGURE 4.13: Tube preform T6c after a thin slot has been cut. (a) Preform begins as a
standard uncut tube (left side of image) and the slot is gradually introduced along the
preform length until it cuts through into the tube hole. (b) Cross-section of preform.

pieces. Pressure was gradually increased in the cane section to obtain cane-tube fusion.
The fibre draw underwent several stages as the slot gradually appeared and opened (the
evolution can be seen in Fig. 4.14). The end result is a wagon-wheel fibre with an area
of open access to the core, apart from a very thin (< 1pm from SEM images — see

Fig. 4.17b) lid section of glass.

4.3.5 Confocal imaging of lidded wagon-wheel

Confocal imaging scans through the fibre cross-section were used to compare the lidded
wagon-wheel structure to the standard wagon-wheel. Figure 4.15 shows SEM cross-
section images of a standard wagon-wheel fibre and two sections of the lidded wagon-

wheel fibre, with labels defining the nomenclature used in this section in Fig. 4.15b.

The resulting confocal images (see Fig. 4.16 for schematic diagrams of the confocal scan
directions used) are shown in Fig. 4.17 and were obtained by traversing the fibre towards
the lens (moving the lens focus into the sample with the pump beam incident from the

side of the fibre, see Fig. 4.16b) rather than the previous endface scanning (Fig. 4.16a).

The confocal setup was limited to a two-dimensional scan and so the planned fibre
characterisation involved scanning down the length of the core from the side of the fibre
to find suitable NV emitters. This would allow scanning of 100 pm of fibre core in one
scan, but the focal depth would need to be set for each scan and the core would need
to be imaged through the side of the fibre.
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FIGURE 4.14: Series of images showing the evolution of the fibre draw for the lidded

wagon-wheel fibre F6¢c. The fibre draw begins with the uncut section of the preform

tube (left). Above these images is a schematic showing the approximate region of tube
T6c that corresponds to each fibre cross-section.

The cross-sectional side scan (Fig. 4.16b) was used to see if there would be imaging
distortions associated with side scanning and whether the severity of the distortion
would prevent imaging of the core region. It also gave the position at which the core
would be in focus so that the proposed length scans of the fibre would be of the correct
depth ‘slice’ to see the core — it is difficult, and time-consuming, to find the core region,
with a size of less than 2 pm, by slow (up to 15 min) longitudinal scans of varying depth
(i.e. scanning through 30 pm of material in 2 pm steps). This technique confirmed that
the core was visible in the fully exposed lidded fibre and allowed fast set up of the depth
for scanning along the fibre length.

These cross-sectional side scans (Fig. 4.17) show that thick cladding glass sections distort
the core image excessively. The full (80 pm) cladding of the standard wagon-wheel fibre
shows some little detail of the hole region around the core (see Fig. 4.17a), but the struts
and core cannot be resolved. Interestingly, even the relatively thin glass of the closed
slot (Fig. 4.17b) of the lidded wagon-wheel distorts the imaging enough to hide the core
geometry (even the lid section is not visible on this confocal scan). Note that the beam
is incident from the top of the image in all of these confocal scans. The lidded wagon-
wheel fibre pieces were aligned on a microscope before confocal imaging such that the
‘lidded’ hole section was front-on to the pump beam, so that the system was imaging

through the thinnest glass section.

As seen in Fig. 4.17b, the core is not visible when the slot is partially closed (imaging
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(A) Standard wagon-wheel (B) F6c closed lidded wagon-wheel

(¢) F6c fully exposed lidded wagon-
wheel

FI1GURE 4.15: SEM images of a standard wagon-wheel fibre and two sections of F6c

lidded wagon-wheel fibre, from different times in the draw process. (a) Standard wagon-

wheel, (b) F6c lidded wagon-wheel with closed slot, and (c¢) F6c lidded wagon-wheel

with fully exposed lid. Image (b) has also been labelled with the nomenclature used
here to describe the fibre geometry.
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y y
(A) Endface (B) Side scan

FIGURE 4.16: Schematic images showing the confocal raster scan axes (orange arrows)

and the direction of the incident laser pump beam (green arrow) relative to the fibre

geometry (blue). (a) The standard endface scan of the fibre, as used in previous images.
(b) Side scan of the cross-section.

through ~5um of glass) and only becomes visible when the cladding glass is almost
completely removed (only a thin lid of <1pm, see Fig. 4.17c). In this second lidded
fibre piece (Fig. 4.17c¢) the cladding slot had opened completely and only a thin section
remained (originating from the core cane section, see Fig. 4.8). This section is visible in
the confocal image sample, but is not seen clearly in the SEM as the thin glass is fragile

and had broken for the particular fibre sample used for the SEM imaging.

The cross-sectional side scans showed that the core was visible for the open lidded
wagon-wheel fibre (as pictured in Fig. 4.17¢), and so this fibre was then scanned along
the length to look for single colour centre emitters. Cross-sectional side scans were used
to find the depth of the core, and this was set as the depth position of the length scans.
The 100 pm scans were generally performed 3-5 times in an area of the fibre, translating
by ~90 pm each time to leave a 10 pm overlap region between scans. No single emitters

were seen while scanning several different pieces of the open lidded fibre.

4.4 Conclusion

Successful fabrication of a structured fibre from ND doped tellurite glass is a good step
towards a fibre-based single photon source, using a high index contrast fibre structure

for efficient photon collection.

Confocal imaging of the wagon-wheel fibre endface showed strong background fluores-
cence from the core region, resulting from strong pump light guidance and efficient
capture of the glass fluorescence, which would make end pumping of the NV centres
difficult without a large amount of filtering. A possible solution to this problem may

be side pumping of the colour centres, and this was investigated by side scanning the
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FIGURE 4.17: Comparison between the confocal images obtained for standard and
lidded wagon-wheel fibres. The confocal scans are slices through the cross-section
of the fibre to show the effect of the cladding glass on the core image, along with
the corresponding SEM image showing a representation of the actual cross-section.
Significant distortion occurs for a relatively thin glass section. The confocal pump beam
was incident from the top of the scans. The SEM images also show the approximate

region of the corresponding confocal scan using a white rectangle.
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wagon-wheel fibre using the confocal system. These side images showed large distor-
tions due to the thick fibre cladding glass, and so an exposed core design, described
as a ‘lidded’ wagon-wheel, was used to fabricate the later fibres. The fabricated lidded
wagon-wheel fibre showed a large decrease in the previously seen distortions with the
confocal side imaging. No embedded ND was seen in the fabricated fibres, but the core

was visible though the remaining thin lid.

Future work would involve showing colour centre emission coupled into the fibre modes,
which might be more readily performed using a lidded wagon-wheel doped with irra-
diated ND. Most of the irradiated diamond would show NV colour centre emission,
in contrast to the unirradiated ND (where many of the nanoparticles do not contain
NV centres), and many of the NDs would be much brighter (containing many NV).
This would reduce the probability of finding a single emitter, but experimentally ver-
ifying colour centre emission in the fibre core, and collection of this emission into the
fibre guided modes, would be made easier using irradiated diamond. Once NV emission
coupling was verified, the next step would be to show single photon coupling (most
likely doping with different ND, such as the original unirradiated diamond, for a higher
probability of single emitters).

Although single emission was not observed in the structured fibre, the results presented
in this chapter have shown that fabrication of a diamond doped wagon-wheel fibre is
feasible and that side pumping of the NV centres can be used, employing an exposed
core fibre design, with the aim of decreasing transmitted pump laser and background

fluorescence light.






Conclusion

In this work, diamond nanocrystals were successfully embedded within an optical fibre.
By using tellurite, ND was incorporated within the glass at a low processing tempera-
ture, reducing or avoiding oxidation of the diamond, and characterisation of the hybrid
diamond-glass showed that the ND survived the glass melting procedure. The success-
ful fabrication of a suspended core MOF from the diamond-tellurite glass demonstrated
that the material was able to be used for complex fibre structures. Development of a
general theoretical model describing an emitter in the vicinity of an optical fibre allowed
calculations of emitter-fibre coupling. The modelling also theoretically demonstrated

the creation of a self-aligned cavity, by the coupling of the emitter to fibre WGMs.

A hybrid diamond-glass material should be able to leverage all of the well-developed
fabrication techniques available for soft glasses, and here it was demonstrated for the
extrusion method. The embedded NV colour centres were imaged using a confocal mi-
croscope, and the collected signal could be directed to a HBT measurement for character-
isation of single photon emission, or to a spectrometer for PL spectrum measurements.
Single photon emission was seen from the embedded NV both before and after fibre
drawing and spectral measurements confirmed that the emitters were NV centres. A
MOF, using a suspended core fibre design, was successfully fabricated and the creation
of such a complex structure showcases the degree of flexibility available from the hybrid
material. The MOF design allows a high NA, from a large core-cladding refractive in-
dex contrast (due to the use of air holes), and is expected to lead to a high degree of
coupling of emission from the diamond colour centres to the optical fibre guided modes.
Strong coupling to the embedded NV centre would be advantageous for fabrication of a
diamond-based fibre single photon source or magnetometer with remote fibre readout,
for instance. The difficulties involved in fabricating optical structures in diamond makes
the hybrid diamond-glass material an attractive option, with a large range of fabrication

methods and flexibility in the device structure.

99
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Embedding ND within tellurite showed two unforeseen benefits. There was a measured
improvement in the NV~ to NV ratio, an important parameter for applications using
NV~. Secondly, the absence of a graphite Raman signal from the hybrid diamond-
tellurite glass indicated that there was preferential oxidation of the graphitic outer layer

of the ND during inclusion.

The theoretical model developed here incorporated the effects of the optical fibre on
the emission properties of the emitter, including total emission power and radiation
pattern. The expected capture fraction, that is the fraction of total dipole emission
coupled into the fibre guided modes, was calculated, and showed coupling of up to 81%
for a tellurite core in an air cladding. Several different FDTD calculations verified the
results of the model. Purcell effects, from proximity to the core-cladding interface, were
also explored and showed that the total emitted power can vary dramatically from that
of the same emitter in a bulk, homogeneous material. The Purcell effect caused by
the fibre geometry also affected the calculated capture fraction. The change to capture
fraction was demonstrated by comparing the capture fraction obtained with the model
derived here to that calculated by assuming the total emitted power of an emitter in a
bulk material. Calculation of the Purcell effect involved the use of fibre radiation modes,
and this led to the interesting result of seeing WGM resonances in the radiated power
emission. Total power at the resonances was shown to be as much as 400 times that of

emission in a bulk material.

WGM resonances from the circular step-index fibre geometry were seen in the fibre radi-
ation mode modelling calculations. The fibre geometry is longitudinally and rotationally
symmetric and so the WGM positions are not predetermined by the structure. Placing
the dipole in the vicinity of the fibre defines the WGM and realises a self-aligned cavity.
The resonances were identified as WGMSs by the electric field distribution of the coupled
emission and a strong correlation of the resonance peaks to the positions of pure WGM
modal solutions. The electric field distribution was confirmed using FDTD modelling.
The WGMs did not, however, necessarily show the degradation in quality factor ex-
pected by the lack of confinement along the fibre length. Some WGMs showed almost
no leakage from skew rays due to the lack of confinement, with Q-factors approaching
that expected from modelling the pure WGM solution. For example, the Q-factor of
the TE(29,1) mode was calculated to be 1.3 x 10?. The WGMs also showed a high

sensitivity to the cladding refractive index.

While an optical fibre with embedded diamond has been demonstrated, there are many
obstacles remaining for the realisation of a single photon source based on this technol-
ogy. Single photon emission into the fibre guided modes has not yet been observed and

so demonstrating emission capture would likely be the next step towards a fibre-coupled
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single photon device, possibly by fabrication of a MOF using irradiated ND. Experi-
mental demonstration of coupled emission would also allow linking of experimental data

to the capture fraction modelling shown here.

Many interesting experiments could follow once diamond emission has been verified
in a structured fibre. Applying the hybrid diamond-tellurite material to the magne-
tometry applications of the NV colour centre would be of interest, and could result in
fibre-coupled nano-magnetometry or the demonstration of unusual effects due to the
embedding. The fibre fabrication shown here is only a beginning to the variety of possi-
ble photonic structures able to be fabricated from a diamond-tellurite material. Bragg
gratings or different cross-sectional designs are possible, allowing investigation into the
emitter behaviour with the 1-dimensional system of the fibre (compared to, for exam-
ple, current research using 2-D photonic crystals). Introducing a cavity, such as by
writing Bragg gratings around the colour centre, could be investigated for enhancing

single photon emission behaviour or magnetometry performance.

For the theoretical work, as mentioned above, marrying the predicted emission behaviour
with experimental data would be an exciting next step in this body of work, tying
the main loose thread of the single emitter modelling. There are also a wide range
of investigations using the multiple dipole emitter model and it could, for example, be
applied to calculations of particle detection (looking at differences when placing a second
dipole) or the effect of multiple single emitters on the behaviour of a fibre single photon
source. Experimentally investigating the predictions of the WGM modelling, although
challenging, could also lead to interesting results. There was also little chance to delve
much below the surface of the WGM modelling and there is the opportunity for a much

larger exploration in this area.

The research presented here has shown that a combined diamond-glass material is pos-
sible, and could pave the way towards an integrated diamond photonic platform using

embedded diamond nanocrystals.






Derivations

A.1 Step-index guided mode fields

For a derivation of the step-index guided modes, see Refs. [63] and [96

mode field expressions [96] are shown below for completeness.

For the following step-index guided mode expressions
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The radiation modes are of the form [63]:
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where v is an azimuthal mode index, a,, b,, c,],c,

applying the continuity conditions at the core-cladding interface, U = rcore(kron

/32)1/27 Q= Tcore(konclad - 52)1/27

odd modes

s df and dJ are constants found by
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‘free-space’ and scattering terms, respectively. The radial and azimuthal field expressions

can be calculated from E, and H, by
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Substituting the expressions for e, and h., Eqgs. (A.18) and (A.19), into the above
equations, Eqgs. (A.22) and (A.23), gives:
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The radiation mode coefficients (in Ref. [63] Table 25-3, page 525) appearing in Egs. (A.18)
and (A.19) are shown here in Table A.1 for completeness. These coefficients are calcu-
lated by applying the boundary conditions to the electric and magnetic field expressions

at the fiber core-cladding interface, i.e. e, ey, h,, and hg are continuous at the interface.
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TABLE A.1: Coefficients appearing in Eqgs. (A.18) and (A.19) for ‘TM-like’ (ITM) and

‘TE-like’ (ITE) radiation modes. These correspond to the pure TM and TE modes in

the ‘free-space’ terms that are subsequently altered by the perturbation of the waveg-
uide. From [63].
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A.3 Single emitter coupling to step-index fibre modes

We model the single emitter as a dipole at position r = rg, oscillating with frequency
wy and having a dipole moment p = poe st The polarisation density, P, associated

with this dipole is

N
P =) pi(r—r) (A.34)
i=1
P = poe “rt§(r — rg) (A.35)
And the current density, J, is
P .
J= %t = —iws poe “I'5(r — ro) (A.36)

We now use the reciprocity theorem as shown in Ref. [63],

0z

oo}

8/FC~,§ dA:/V-FC dA (A.37)
Ao
with

F.=ExH +E*xH (A.38)

We take the barred variables to be of a system consisting only of one mode j in the fibre,
with no current sources (J = 0), and the unbarred variables as a system of all modes of
the fibre (forward, backward and radiation) with a current source (the radiating dipole)

such that

E = eje i* (A.39)
H = hje 57 (A.40)
J= (A.41)

and
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k
H= Z an(2) hpe % 4 a_(2) h_e* 4 radiation modes (A.43)
k
J = —iws poe “5(r — ro) (A.44)
Substituting these expressions into to L.H.S. of Equation (A.37) gives
a/F édA—a/(ExI_{* 54 B x H-2) dA (A.45)
0z ¢ 0z '
o0 AOO
9 —iBrz iBrz * 18z
=9, Z { (ak(z) epe +a_p(z) e_ge’** + rad.) x hie"
Avo B (A.46)
+e;ewfz X (hke_wkz + a_p(z) h_per* 4 rad.)} -2 dA
Now,
/ejxh};-édA:/ej»xhk-é dA=0 forj#k (A.47)
Ao Ao
and so

0
0z

g / F. 2 dA= ——a;(z) / (eje_iﬁjz X h}fe’ﬂjz + ejeiﬁjz X hje_iﬁjz) -2 dA
z
Aso

Aso

8/FC-£’ dA:aQaj(z)/ejxhj--é dA

If we now set

(A.48)

(A.49)

(A.50)
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then Equation (A.49) becomes

Now we take the L.H.S. of Equation (A.37).

/v F, dA = /v (Ex H* + E* x H) d4A
/v (Ex B+ V. (B x H) d4
:/{I‘{*.(VXE)—E-(Vxﬁ*)
H (Vx E)—E-(Vx H)} dA

+
_ oH -, _OFE*
- [Ee () e (e %)
A

e’}

L OH* _. OE

:/ﬁw@wmm_E(r_MﬁEﬂ

+ H- (iwsn*H*) — E*- (J +iwpeE) dA

and finally,

E/VFHM:/ﬁwMEﬂm—EJHm¢%EEﬂ

+iwpp* (H- H) — E*- J —iwpe (E*- E) dA

Evaluating the dot product terms gives

-E= Z e;jefiz. { z) epe P 4 a_p(2) e_pePF* + rad.}

(A51)

(A.52)

(A.53)

(A.54)

(A.55)

(A.56)

(A.57)

(A.58)

As the modes form an orthogonal basis, the dot product e; - e, = 0 unless j = k. This

simplifies the above equation to
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E* E =e;ei* . qj(z) eje Pi* (A.59)
=a;(z)(e; - ;) (A.60)
—FE. E* (A.61)
and similarly for H,
H*-H :Z hje’ﬂjz . {ak(z) hye k% + a—x(2) h_jer* + rad.} (A.62)
k
—=h;ei* . qj(z) hje Pi* (A.63)
=a;(z)(h; - hy) (A.64)
—H. - 7 (A.65)

Substituting for these expressions in Equation (A.57) gives

/ V-F. dA= / (iwsp* —iwpp) H - H+ (iwpe" —iwse) E- E
Aso A

o]

(A.66)
~(E*-J+E-J) dA

The materials and wavelengths for the barred and unbarred fields are the same, giving
€ = e. If we now assume that the materials are non-absorbing, such that € = €, then

€" = e. We also make the assumption that i* = i = po. Equation (A.66) then becomes

/V-FC dA:/—(E*-J+E-3*) dA (A.67)
Aco Ao
Now, J =0 so
/V‘FC dA—/—E*-J dA (A.68)
oo AOO

By substituting the expression for J given by Equation (A.36) into the above equation

we obtain
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/ V- F. dA= / —E* - {—iwspoe “I'5(r — r9)} dA (A.69)
Ao Ao

We now simplify and rearrange to find an expression for the mode coefficients, a;.

/ V- F. dA = iwse st /(e;f- po)e’i*5(r — ro) dA (A.70)
Aco oo
4Nj8“j(z) = iwse =t / (€% - po)e’i*5(r — ro) dA (A.71)
Ao
aaj(z) _ in —iwyt * Bz
5 4Nj€ /(ej po)e7*5(r — ro) dA (A.72)
Aso

Integrating over z gives

aj(z) = iw]\;e_i“’ft/(e; - po)ei*5(r — rg) AV (A.73)
J

\%4

where the integral is now over the volume, V' (i.e. over A and z or equivalently r,0,
and z). We now perform the integration, using the fact that the integrand contains a

delta function: §(r — rg). This gives us our final expression

w —tw 1052 *
aj(z) = 4—]\;6 rteibizo {ei(ro)- po(ro)} (A.74)
J

A.4 Extension to multiple emitters

For multiple emitters, we now have a slightly more complicated expression for the cur-

rent. We now have N dipoles: the ith dipole having dipole moment p;e’i¢ and position

r;. This gives a polarisation density of

N
P=> pie's(r— 1) (A.75)
=1

which gives a current density of
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N
=— Z iw; pie” Wit (r — 1y) (A.76)

=1

oP
J=""
ot

If we follow the same derivation as that for the single emitter above in section A.3,
it follows identically until we make the substitution for J. At that point we have the

expression

4Nj8agiz) = / -E*-J dA (A.77)
Ao

Substituting our expression for J in Equation (A.76) into this equation gives

N
Oa; _ :
4N; a(;iz) = / E*. ZZ% pie “it§(r — r;) dA (A.78)
Ao i=1
N . ;
Jaj(z) iwie” Wit . 8.z
0= ; IN, (e - pi) €775(r — r;) dA (A.79)
Integrating over z gives
N iWie_iwit * Bz
aj(z) = Z — N (€ pi)e™%6(r—r;) dV (A.80)
i=1 4

e}

where the integral is now over the whole volume of the domain, V,, rather than the
r, 0 plane Ao,. The delta functions, coming from the point-like nature of the dipoles,

simplify the volume integral and the final expression becomes
N iw
aj(z) = Z} N NJ e “itefiz {ef(r;) - pi} (A.81)
i=

where z; is the z-position of the ith dipole, i.e. in cylindrical co-ordinates r; = (7, 6;, 2;).

A.5 Mode power from coupling coefficients

1 .
P:2/(E><H)-sz (A.82)
Aco
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P = / (aje; x a;hy) -2 dA (A.83)
Aco
91 5
Pi=lal*5 | (ejx hy)-2 dA (A.84)
Aco

Pj = |a [’ N; (A.85)
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Abstract:  Single photon emitters coupled to optical fibers are becoming
important as sources of non-classical light and nano-scale sensors. At
present it is not possible to efficiently interface single photon emitters with
the optical fiber platform, and there are particular challenges associated
with the need to ensure highly efficient collection and delivery of emitted
photons. To model single particle emission, we have considered the cou-
pling of a dipole to an optical fiber mode as a function of orientation and
position with respect to the core-cladding interface. Our model showsthat it
is possible to significantly enhance the collection efficiency into the guided
modes as a result of modifications to the dipole emission pattern and power
resulting from the surrounding fiber environment. For certain geometries
the fiber-dipole coupling can result in a factor of 2.6 increase in the power
emitted by the dipole.

© 2011 Optical Society of America
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1. Introduction

There is a considerable impetus to improve the collection of single photon emission for quan-
tum key distribution and quantum metrological applications [1]. However collection of emis-
sion from nano-scale objectsis problematic, and in most practical settings, sensitivity islimited
by photon collection efficiency. Here we explore a fiber-based approach to photon collection
from dipole emitters. Some examples of the broad range of systems that are applicable to such
analysis include fluorescence capture into optical fibers, crystal defect emission patterns and
quantum dot radiation. In addition to single photon emission, our results also guide the explo-
ration of the limits of sensing. The ultimate limit is single atom-scal e sensors interacting with
atomic objects of interest. Although there are many methods for signal transduction, optical
readout provides one of the most convenient and robust methods.

The emission capture of fluorescence into the guided modes of optical fibers has been mod-
elled previoudly [2], although this did not take into account the effects of the interface on the
emitters and assumed an isotropic and homogeneous distribution of emitters. Both the sponta-
neous emission rate and radiation pattern [3—7] of dipoles are known to change near an interface
between two materials. The spontaneous emission rate and radiation pattern changes have been
modelled for the case of a dielectric cylinder [4,5]. Measurements and modelling of the effect
of a planar interface [6] and a gold nanoparticle [7] on dipole emission have been performed.
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Emission capture into a tapered fiber from an emitter in a photonic crystal cavity has been
demonstrated [8, 9], showing theoretical and experimental collection efficiencies of 84% and
an estimated 70% respectively. Here we examine the coupling between a dipole and an optical
fiber. Although thisis ageneral problem, for concreteness we illustrate our theory by focussing
on diamond color centers coupled to optical fibers. With minor modifications, our results can
be translated to any nanoscale emitter coupled to any fiber mode.

Diamond color centers, defects in the diamond lattice, have been identified as an important
platform for solid-state quantum information processing [10]. In particular, diamond can host
avariety of room temperature, photostable bright single photon sources [1]. Photon collection
from color centers in bulk diamond is limited in efficiency by the large refractive index con-
trast of the diamond/air interface, as seen previously in semiconductor LEDs [11]. Such poor
efficiencies (~4-5% [11]) limit the application of these sources to tasks such as quantum key
distribution and quantum metrology. Incorporation of these color centers into photonic struc-
tures is important, in order to fabricate devices with these quantum properties. Access to a
hybrid diamond-glass material [12] could alow the en-masse fabrication of such a device in
the form of drawn optical fiber.

Advances in this area have previously been achieved by coupling the color centers to a
photonic structure in order to modify the emission pattern for practical collection. Diamond
nanopillars [13], microrings [14] and solid immersion lenses [15-17] with embedded color
centers have been fabricated from bulk diamond. Color center emission has been coupled to
non-diamond cavity structures such as microdisk resonators[18], photonic crystals[19], or mi-
crospheres [20] by nanopositioning the diamond nanocrystal onto the surface of the structure
and coupling evanescently to the cavity. Color centers have been coupled to fiber structures by
growing [21], or nanopositioning [22—24], diamond nanocrystals onto the endfaces of fibers.
For areview of diamond photonics see [25].

We consider a new configuration for the capture of dipole emission, by either embedding
the emitters within the core of a glass optical fiber [12] or coating them onto the core surface.
As demonstrated in this work, these architectures enable the performance of devices based on
dipoles to be enhanced. Because the treatment we present here is applicable to arange of types
of dipoles, we do not specify a precise emitter or wavelength. However, many of the most
practical room-temperature single photon sources have their main emission features in the red
to near infra-red band (e.g. negatively charged nitrogen vacancy, silicon-vacancy, NES8, silicon-
nickel and chromium-related color centers) [1], hence this band is used as the starting point for
our fiber designs. Due to our recent demonstration of a versatile new nanodiamond-glass hybrid
material [12] based on tellurite [26], a soft glass, we will focus on atellurite core design in this
work. This modelling work can be employed to exploit the potential of fiber devices made using
this material by guiding the fiber design and can be used for the optimization of a broad range
of emitters and fiber materials.

Here we derive an equation to describe the nanocrystal emission, in afashion similar to [4],
and use this to investigate the emitted power coupled into the fiber. This beginsin Section 2,
with the derivation of the equations that describe this capture, by representing the diamond
emission as a summation of guided fiber modes and radiation modes and cal culating the power
in each of these modes. In Section 3 we explore the effect of varying core diameter, index
contrast, and dipole position and orientation on the emission captured into the fiber's guided
modes. High capture efficiencies and an enhancement of emission power from the high index
contrast fiber are observed, which bodes well for future work towards highly efficient single
photon devices based on microstructured optical fiber designs.
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Fig. 1. Schematic of the modelling system.

2. Theory

We model the diamond color center as a dipole with dipole moment po and position ro =
[ro, B0,20] oscillating with a frequency . Here we do not consider the linewidth of the dipole
emission and assume that the emission is at asingle wavelength. Since thetypical dimensions of
the diamond nanocrystals to be embedded in the tellurite [12] is 40nm and most single photon
diamond center emission is at a wavelength of ~ 650-750 nm [1], it is reasonable to assume
that the refractive index of the background medium (in this case tellurite glass, n = 2.02) is not
significantly perturbed by the introduction of low concentrations (ideally isolated) of diamond
nanocrystals (n = 2.4) and so we treat the optical properties of the material as isotropic. The
fiber is modelled as an infinitely long dielectric cylinder of radius re, and refractive index ngo
surrounded by an infinite region of refractive index ng. This geometry (shown in Fig. 1) isa
reasonabl e approximation for the guided modes of step-index optical fibers, nanowires, or some
classes of microstructured optical fibers such as suspended core optical fibers[27].

We expand the total field emitted by the dipole into two main components: the guided modes
of the fiber and radiation modes, which is defined to be any part of the total field that cannot be
expressed in terms of guided modes, as per Ref. [28]. Guided modes have discrete propagation
constants (kng < B < kngo) and are solutions to the wave equation in the step-index fiber, while
radiation modes span a continuum of propagation constants (0 < frag < kng). Thetotal electric
field emitted by the dipole can be written as:

E=Y aj(2)eje P +a_j(z)e_;eP % + radiation modes @
j

where 8 is the mode propagation constant, e is the mode electric field expression, and a is
the mode coefficient, for the jth mode of the fiber (with — j denoting a backward propagating
mode). The magnetic field is expanded similarly. We can then solve for the mode coefficients,
a, to find the power coupled into each mode from the dipole’s emission. The e; and j3; can be
calculated by solving Maxwell’s equations. For the guided modes, this gives the expected step-
index mode field expressions [28]. To calculate the radiation modes, we separate the field into
two terms, one representing thefield in the absence of the waveguide (‘ free-space’) and a second
term that includes scattering from the waveguide. This separation appears in the cladding field
as a Hankel function expression for boundary condition matching due to the presence of the
fiber. Inside the fiber, as with the guided modes, a J bessel function fully satisfies the boundary
condition. The radiation modes are then of the form [28]:

a,Jy(UR)f,(6) 0<r<rg

%7 [ QR+ GHY@QR] 1(0)  rap<r <o @
byJ,(UR)g,(6) 0<r<re

"7 [dMQR +EHP QR 0u(6)  rosr < @
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[ cos(ve) even modes
fv(0) = { sin(vo) odd modes “)

[ —sin(ve) even modes
9v(6) = { cos(vo) odd modes ©)

where v is an azimuthal mode index, a,, by, C\f,, 5, d‘ﬁ and d; are constants (see Appendix)
found by applying the continuity conditions at the core-cladding interface, Q is used instead of
B and is defined as

Q= reo(K?n — p2)*/2, @)
and the superscripts f and s denote the ‘free-space’ and scattering terms, respectively. The four
other components of the electric and magneticfield, &, ey, hy and hg, can be expressed in terms
of the derivatives of e, and h, [28] (see Appendix).

A collection of dipoles with dipole moments p;, frequencies w; and positionsrj contribute
to a polarisation density given by:

P(r) = .pe'8(r —rj) (7)
J

For the case of asingledipole, thisbecomes P(r) = pgexp(iot)d(r —rg). The current density
associated with thisdipoleis:

J= % =iopee®s(r —ro) )
We use the reciprocity theorem [28]

d R

7/ F'sz:/ V.FdA ©)

dz Ja. A,

with F = E x H* 4+ E* x H. In this equation E and H are the total fields as defined above in
Eq. (1) with an associated current density J as defined in Eq. (8). Here the barred variables (E,
H and associated current density J) correspond to a system with no dipole and a single mode,
such that E and H consist of any one mode from the expansion in Eq. (1), to give:

E=eP? H=h;dkz J=0 (10)

We then use Eq. (9) to solve for the mode coefficients, a;, by substituting for these values. By
assuming a non-absorbing waveguide (tellurite has a material loss of less than 1 dBm~* from
6001400 nm [26]) and using the orthogonality of the modes, shown in Egs. (13) and (14), we
find the mode coefficients to be:

. 10 et iBiZo [
aj = 4—Nje ePi% [ef(ro) - po(ro)] (12)

where o isthe frequency of the dipole and N; is anormalisation term given by:

N = %/Aw (exh")-2 dA (12)

The guided modes satisfy the orthogonality condition
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/ (e x hp)-2 dA:/ (€ xh)-2 dA=0 forj£k (13)
A A

and in a similar fashion for the radiation modes, taking into account the continuous nature of
the propagation constant,

/ [ (Q) xhg(Q)] -2 dA:/ [€/(Q) xh(Q)]-2 dA=0
A J A
foral Qif j £k, andfor Q£ Q if j =k (14)

The power in each mode, P;, can then be calculated from these mode coefficients by
Pj = |aj|?N;j. The total dipole emission power is also calculated from the mode coefficients
by summing the power captured into all modes (all guided and radiation modes), i.e.

Roa = 2P+ [ R(QdQ (15)
j v

Summation of the radiation power includes an integral due to the continuous nature of the
allowed B values, where 8 has been re-defined in terms of Q as in Eq. (6). The total power
emitted by the dipole must be calculated in this way, rather than asin a bulk material, because
of the creation of acavity dueto thefiber core-cladding interface. Thisaltersthe dipole emission
characteristics [3—7] and leads to constructive or destructive interference resonances as the core
diameter changes. Such resonances lead to the enhancement in the dipole emission in some
cases. By using the mode coefficients, we include the effects of the core and cladding on the
total field, and hence on the total power. Thisallowsthefull effect of the fiber on the emission to
be calculated, and enables the estimation of both the capacity of the fiber to capture the emitted
photons and al so the changes in the dipole emission due to the surrounding environment.

3. Results

Thetotal power emitted by aradially-oriented dipole located in the center (labeled ‘ center’) and
at the core-cladding interface (labeled ‘interface’) of the tellurite fiber is shown in Fig. 2a. The
surrounding environment clearly has a significant effect on the dipole emission behaviour, with
both the total emission power and the emission pattern changing significantly when constructive
or destructive interference occurs due to the core-cladding interface. This is consistent with
previous reports [4, 5] that placing the dipole in the vicinity of the step-index waveguide can
increase the emitted power above that of a dipole in a bulk (homogeneous) material. Here we
have calculated this power change as a function of the fiber's core diameter. This power has
been normalized to the power emitted in bulk tellurite to highlight the effect of the waveguide.

Our results show that the total power oscillates above and below the bulk power asthe varying
core diameter changes the resonance condition of the dipole emission. It can be seen from
Fig. 2a that the power emitted by a dipole on the core-cladding interface is approximately
double that of a dipole located in the core center for the case of aradially oriented dipole. It
can aso be seen that, for a dipole located in the core center, as the core diameter increases,
the emitted power tends towards the bulk power. In other words, the fiber begins to resemble
the bulk tellurite at large core diameters, as expected. For the case of a dipole at the center, the
power approaches zero for small core diameters rather than the cladding emission power. This
can be understood by looking at the dipole environment. Regardless of core size, the dipole
remains located in the core materia and, as the core diameter reduces, the dipole approaches
the core-cladding interface. In contrast, for a dipole located on the interface the surroundings
approach an environment that consists only of the cladding material.
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Simulations based on the equations derived in Section 2 show good agreement (see ‘ center’
curve in Fig. 28) with data obtained computationally using the finite-difference time domain
(FDTD) method, shown as black dots in Fig. 2a. This confirms the validity of this model as
the FDTD method directly calculates the electric and magnetic fields in a grid system using
Maxwell’s equations and so is an independent method to the equations shown here. The FDTD
package Meep [29] was used to perform these calculations. The boundaries of the compu-
tational space consisted of absorbing perfectly matched layers (PMLs) with a thickness of 1
distance unit for all calculations. The distance unit was defined as the free-space wavelength
of 700 nm, to which all distances were normalized. Grid resolutions (the number of calculated
points per distance unit) of 55, 55, and 30 were used for the 0.2, 0.42 and 0.6 um core diameter
calculations, respectively. The power was calculated by summing the integral of the Poynting
vector normal to a sphere (with radius greater than the core radius and centered on the dipole
emitter) at each time step in the calculation. Figure 2b shows convergence data for the FDTD
method as a function of increasing grid resolution for the 0.42 um core diameter case.
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0

02 04 06 08 1 12 M T T a5 w0 s

Core diameter (um) Resolution

Fig. 2. (8) Power emitted by dipole vs. core diameter for atellurite (n = 2.025) core fiber
withan air cladding. A radially oriented dipole emitting at awavelength of 700nmislocated
in the core center (red line) and alternately on the cladding side (blue line) of the core-
cladding interface. Black dots show the comparison of data calculated using expressionsin
this paper to that obtained viathefinite-difference time domain (FDTD) method. Power has
been normalized to the power in a bulk material of the same index. The power oscillates
above and below the bulk emitted power from changes in the interference condition due to
the varying core diameter. (b) Total power vs. FDTD resolution showing convergence of
FDTD solution for 0.4 um core diameter fiber. Resolution is number of sampling points
per wavelength (700 nm).

The power captured into the guided modes of the fiber is shown in Fig. 3 for arange of core
diameters and two dipole positions (at the core center and on the core surface). The captured
power has been normalized to the total power emitted by adipolein bulk diamond, rather than
bulk tellurite, to highlight the changes from the addition of the fiber structure and to more
easily compare the captured fiber power to that obtained with the more traditional approach
of collecting from a color center in a diamond crystal. Due to the large capture efficiency of
the fiber and the increase in total power of the dipole, we find that the power captured into
the guided modes of the fiber can be greater than the total emitted power of a dipole in bulk
diamond. Thisisshown in Fig. 3awith aradialy oriented dipole at the core-cladding interface.
That is, for a specific dipole orientation and position, a fiber can collect ~ 102% of the power
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emitted in total in a bulk diamond environment. More generally, for many core diameters and
dipole positions, the power captured is greater than 20% of the power emitted in bulk diamond
and it istypically higher for aradially oriented dipole (~ 50-60%). The discontinuities in the
plots are due to the appearance of new guided modes as the core diameter is increased. Note

that the radial and azimuthal orientations are equivalent for the case of adipole at the center of
the core.

a) 7 b) s 0
— Centre ~ 0.7 Centre
z 1 Interface 2 Interface
S S 0.6
£ £
S 0.8 £ 05
D_-D D_'c .
o 0.6 o 0.4
g 04 g 0.3
0.2
o )
a 02 o 91
0
0.2 04 06 08 1 1.2 0.2 04 06 08 1 1.2
Core diameter (um) Core diameter (um)
C) 05 z
— Centre
2 04 Interface
o
£
8
a® 03
€ o2
s
g 0.1
0

0.2 04 06 08 1 1.2
Core diameter (um)

Fig. 3. Power captured into the fiber guided modes vs. core diameter for atellurite core fiber
in air cladding with a dipole emitting at a wavelength of 700nm in the core center and also
on the cladding side of the core-cladding interface. Power is normalized to the total power
emitted by the dipole in a bulk (homogeneous) diamond material. (a) Radially (f) oriented
dipole. (b) Azimuthally (é) oriented dipole. (c) longitudinally (2) oriented dipole. For most
core diameters and dipole orientations the power captured into the guided modes of the
fiber is greater than 20% of the power emitted in bulk diamond. For a specific orientation
and core diameter (radia dipole at 0.22 um) the captured power can be greater than the
total power emitted in bulk diamond. Note that at the center of the core the radial and
azimuthal orientations are equivalent.

Figure 4 shows the effect of the choice of the core material on the emission capture. The plot
shows the captured power, in Figs. 4a and 4c, and the total power, in Figs. 4b and 4d, from the
dipole at varying core diameters for three core materials: F2, SF57, (both commercially avail-
able silicate glasses) and tellurite (n = 1.61, 1.83 and 2.02 respectively at 700 nm wavelength).
This shows that, as might be expected, strong capture is best achieved with a higher core re-
fractive index. This effect is due to both the total emission power increasing and an increase in
capture from the higher index, which can be seen by comparing the increase in total and guided
power. As can be seenin Fig. 4, the peak total power increase from F2 to tellurite for adipole at
theinterfaceis 2.2/1.39 = 1.58, whereas the peak guided power increaseis 1.02/0.49 = 2.08,
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showing that the increase in total power alone does not account for the guided power increase.
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Fig. 4. Power vs. core diameter for an air-clad step index fiber with three different core
materias: F2, SF57 and tellurite (n = 1.61, 1.83 and 2.02 respectively at 700 nm). (a) Total
power and (b) guided power for a dipole positioned at the core center. (c) Total power
and (d) guided power for a dipole positioned on the cladding side of the core-cladding
interface. The dipole is radialy oriented and emitting at a wavelength of 700nm. Power
is normalized to the total power emitted by the dipole in a bulk (homogeneous) diamond
material. As might be expected, captured power increases as the core index isincreased.

The dipole position and orientation also has an effect on the capture of the dipole emission
into the guided modes. Figure 5 shows the captured power as a function of dipole radial po-
sition for aradially oriented dipole. The discontinuity of the electric field at the core-cladding
interface, visible at r = ro, generates a large radial electric field for the guided modes on the
core surface (the cladding side of the core-cladding interface). As the dipole coupling equation,
Eg. (11), includes an E - p term, this large radial field leads to a large capture into the guided
modes for aradially oriented dipole.

4. Conclusion

We have presented a full-vectorial model describing the emission of a dipole in the vicinity of
astep-index optical fiber. We show that the total power of the dipole changes depending on its
orientation and position with respect to the fiber and that the emitted power can be ~ 2.6 times
that of adipole in a bulk material with the same refractive index. Interestingly, we have found
that due to changes in the emitted power from interface effects, the emission power collected
by the fiber can be larger than the total power emitted by a center in bulk diamond. This shows
that a high index contrast fiber could perform well for single photon collection, due to both
efficient capture and increased emission power. This model can be used to guide the fabrication
of a single photon source which, because of the large capture efficiency obtainable, could be
used in applications such as quantum key distribution or quantum metrology. The fabrication
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Fig. 5. Plotsfor atellurite core fiber in air cladding with aradially oriented dipole emitting
at awavelength of 700nm. (@) Power captured into the fiber guided modes vs. dipoleradia
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showing the core diameter at which the previous plot was calculated. Power is normalized
to the total power emitted by the dipole in a bulk (homogeneous) diamond material. The
discontinuity at the core-cladding interface is due to the discontinuity of the radia field.

of such a device presents many practical challenges, such as reducing the background photon
count (from both the pump source and materia fluorescence) and preventing the excitation
of multiple color centers. However, these results show that such a device design could be a
candidate for an efficient single photon source.

Appendix

The radiation mode expressions for the radial and azimuthal fields can be found using [28]

1
o de, (o) ? kaoh,
awm_ml(w+(%)rae] (16)
1
_ i B de, Ho\ 2, dh;
%_leﬁ2r69_<m>k84 an

Substituting the expressions for e, and h;, Egs. (2) and (3), into the above equations, Eqgs. (16)
and (17), gives:
ForO<r <rg

o = an%(,f—)ﬁzzlrL; {[Ba‘, [Jv-1(UR) = Jy41(UR)]

Nl

kmmlwm+xﬂwm}(w>

. (“") * kb, [Jv-1(UR) = Jy+1(U R)]} (19)
&
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Forrgo <r <e

fv (6 i s
o= (ﬁ {el B 1(QR 3y 1(QR) + 65 [HM1(QR) ~ HY,(QR)] |

K (”0) : {d‘f [Jv-1(QR) +Jy41(QR)] +d {H\(/l—)l(QR) + Hﬁl(QR)} }> @0

€0

= e <ﬁ {619 1(QR) +3,:1(QR] + & [HY4 QR + HIY, (ORI}

_ <50)% {d\t [Jv-1(QR) — J,11(QR)] +d [Héi)l(QR) - Héi)l(QR)] }) (21)

0

where U = reo(K2n, — B2)Y/2, Q = reo(K2n3 — B2)1/2, V2 = U% — Q?, and R=r/reo. The
radiation mode coefficients (in Ref. [28] Table 25-3, page 525) appearing in Egs. (2) and (3)
are shown here in Table 1 for completeness. These coefficients are calculated by applying the
boundary conditions to the electric and magnetic field expressions at the fiber core-cladding
interface, i.e. &, eg, h;, and hg are continuous at the interface.
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Table 1. Coefficients Appearing in Egs. (2) and (3) for ‘ TM-like’ (ITM) and ‘' TE-like' (ITE)

Radiation Modes*

ITE modes ITM modes
a 4B v V2 1 _ang 1 Fy
v 7 kng, Kreo UZQ3 5 ()Y (Q)Mm,, 7 g BreoQ 3, (U)HY (QMy
1 1
b _4(8)2 1 Gy _4ng (ﬁ)§L V2 1
; 7 \Ho ) Qo 3, ) QM 7 \Ho ) Weo UZQ% 5, )P (M,
c 0 22
cs 4B v v 1 _2iQ WQ A
v 7T kng, Krco U2Q {H\(,l)(Q)} M, Breo H‘(/l) Q) My
1
f ()2 Q
df 2(2)" % 0
1 1
ds _9 (@ 2 Q WQ By 4L§I(E>?L V2 1
v Ho) Teok (D gy My Tng \Ho) ook UZQ3 (HP @)
N 20h (e ig 1 forv>0  2m2 [e)2 ki3 1 forv>0
I Q (HO) k) 2 forv=0 Q (ﬂO) B 2 forv=0

*These correspond to the pure TM and TE modes in the ‘free-space’ terms that are subsequently altered by the

perturbation of the waveguide. From [28].
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Glass fabrication details

C.1 Sample number conversion to in-house codes

Glass In-house Preform In-house Design

G1 KK1176

G2 KK1350 P2 Tep71 Rod

G3 KK1382 P3 Tep79 Rod

G4 KK1392 P4 Tep&2 Rod

GbH KTe020 P5 Tepl25 Rod

G6 KK1410 P6 Tep89 Wagon-wheel
TABLE C.1: Glass and preform samples.

Fibre In-house Tube In-house Design

F2 Tef57

F3 Tef65

F4 Tef67

F5 Tef102

Féa  Tef70 Tep86

F6b  Tef98 Téb  Tepl20  Wedge tube

Fé6c Tef100 T6c  Tep86 Cut slot

TABLE C.2: Fibre samples.

C.2 Tellurite annealing process

Tellurite billets are annealed after each processing step to relieve the introduced internal

stresses, to help prevent cracking during handling, clamping and cutting. The furnace

annealing temperature profile used for the samples presented here is as:
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136 APPENDIX C. GLASS FABRICATION DETAILS

Annealing protocol

RT — 160°C at 3°Cmin~!
160°C — 210°C at 2°Cmin~!
210°C  — 260°C at 1°Cmin~"
260°C — 315°C at 0.5°Cmin~!
Dwell for 4h

315°C — 200°C at 0.1°Cmin—!
200°C  — 150°C at 0.2°Cmin!
150°C  — RT at 0.5°Cmin~!

RT: Room temperature

C.3 Subracting Fresnel reflection from UV-Vis spectra

Trresnel = 1 (Cl)
=E)
n+1
C.4 Calculating loss
T
Loss (dB) = —101log g — (C.2)
To
where T'/Tj is the transmission fraction through the sample.
L B) — LosSgyesnel (AB
LosSglass (ABm ™) = 0SStotal (AB) 055resnel (4B) (C.3)

Sample length (m)
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