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Summary

Planar, dielectric waveguides are a key component for directing and routing light in integ-
rated optical devices. These waveguides support discrete solutions to the wave equation
(called modes) and depending on the size of the waveguide’s core, either a single mode or
multiple modes are supported. In this thesis, the control and focusing of light in slab and
rectangular planar, dielectric waveguides in both the single and multiple mode regimes are
discussed. Analytical and numerical modelling are used to design structures which focus
guided modes through refraction and diffraction of light. The structures are fabricated in
silicon nitride and investigated in the visible light regime. Two imaging techniques are used
to experimentally study the samples: the first images the light from within the structures
that is scattered at the edges, surfaces or other discontinuities in the waveguide, and the
second images the fluorescence of a dye-doped film coated on the waveguide core excited by
light within the structures. Rectangular waveguides of varying width and slab waveguides

are both investigated.

In a slab waveguide—where the width of the waveguide is effectively infinite—multiple
modes propagating simultaneously cause interference. It is shown that the interference
pattern resulting from mode beating in the planar waveguides can be used to determine the
difference of the effective refractive indexes of the modes. In rectangular waveguides which
have a width of a few microns, the intensity distribution around bends and along tapers

was mapped experimentally to demonstrate the bend loss and multi-mode interference.

The first focusing element investigated is a dielectric disk a few micrometres in diameter.
The disk is positioned at the output of the waveguide and is made of the same material
as the core of the waveguide. The disk focuses light through refraction but due to its
size (relative to the wavelength), diffraction of the incident beam also plays a considerable
role. The position of the focal spot depends on the ratio of disk’s refractive index to the
surrounding medium’s refractive index. Here, two regimes are studied: the focal spot within
the disk when the surrounding medium is air, and the focal spot outside the disk when the
surrounding medium is poly-vinyl acetate (PVA). In the first case, measurements of the focal
spot are diffraction limited in the experimental set-up used (this limit is about ~550 nm)
and in the second, divergence of the beam in the direction of the cylinder axis reduces the
intensity at the focus (though focusing is still observed). Simulations of both conditions
reinforce experimental observations and predict focal spots as small as 220 nm (~0.41)¢) for

the first case.

The second focusing element investigated is a purely diffractive element similar to a
Fresnel zone plate and is based on an array of cylindrical holes in the core of the waveguide.
The design differs significantly from the design of a standard far-field zone plate as the focal
spot is still in the Fresnel diffraction region. The holes are a few hundred nanometres in
diameter and are partially filled with PVA that is coated on the silicon nitride layer. Light
propagating within the waveguide is scattered by the holes and by deliberately positioning
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each of the holes, a focus can be produced. The position and diameter of each hole is
determined analytically by considering the amplitude and phase calculated from the Mie
solution for scattering from a cylinder. Although some light is lost to scattering out of
the waveguide, having the focusing element incorporated in the waveguide is advantageous
for the lack of divergence. Computational simulations of these scattering lenses predicted
focal spots ~250 nm. Experimental measurements show good agreement with the predicted
scattered fields but are limited by the resolution of the imaging set-up.

Finally, a conclusion and future outlook for focusing elements in planar, dielectric wave-

guides are provided.
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Dielectric focusing elements for integrated optics

Brian David Jennings

Abstract

The ability to propagate light around a ‘circuit’ on a single chip has an abundance of
applications. Connecting different elements can bring huge functionality to a minuscule
device—as evidenced by integrated electronic circuits. To make full use of the benefits
afforded by integrated optical circuits, elements of different sizes and materials will need
to be used. To do this, connections between relatively large waveguides and sub-micron
elements and vice-versa will be made. In this thesis, the propagation of light in multi-
mode waveguides is presented; these waveguides form the connections between the different
elements. Dielectric focusing elements, used to decrease the beam width as it moves from
one element to another are also discussed. The different structures are studied through
simulation and experiment. The focusing elements operate in different regimes: one a
structure separate from the waveguide, gathering the light radiated from the end-face of
the waveguide; the other a perturbation of the core of the waveguide, redirecting the light
propagating through it. The dielectric focusing elements were initially intended as couplers

to more powerful plasmonic focusing elements but can find use in a host of applications.
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Introduction

Dielectric waveguides in the form of optical fibres have been used for decades in industrial
applications. This is in part due to the high quality of fabrication of optical fibres. In
recent years, similarly high standards have been reached in both the deposition of dielectric
thin films and the fabrication processes for microscale and nanoscale structures. This has
led to the emergence of planar photonics and photonic integrated circuits where light is
confined to thin films and dielectric waveguides of rectangular cross section. The ability to
confine and manipulate light in these waveguides alongside other optical components, on
the scale of micrometres, will prove advantageous to many applications. One application
already taking advantage is heat assisted magnetic recording which requires planar photonic
components—a laser, waveguide and focusing elements—to be integrated with the magnetic
recording apparatus.

The aim of this work was to design a micrometre-scale light focusing element to be used
in heat assisted magnetic recording. This intention arose from previous research within our
group which was based on light scattering by dielectric disks a few micrometres in diameter.
The research used the microdisk as a stand-alone element illuminated directly by a laser
beam and showed that it had favourable light focusing capabilities such as a subwavelength
beam waist, high light gathering efficiency and control over the ‘focal length’ Although
plasmonic elements can produce smaller focal spots, dielectric focusing elements do not
suffer from the intrinsic losses of metals or from heating while still focusing to spots a few
hundred nanometres wide. A dielectric element could also be used to efficiently couple light

into a plasmonic structure for further confinement.

1.1 Heat assisted magnetic recording

With more and more people using the internet as a source of information and entertainment,
the need for large-scale data storage is ever increasing. Cloud computing and streaming
services require vast quantities of information to be stored remotely (i.e., outside personal

computers). The current means of industrial data storage is on hard disk drives (HDDs);
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Heat spot Media

Figure 1.1 (a) Simplified schematic for HAMR operation [7]. A
focused laser beam is used to heat the magnetic medium during
recording. (b) Proposed focusing structure for use in a HAMR sys-
tem. The laser is coupled to the waveguide (WG) and a dielectric
focusing element (Fp) couples light to the plasmonic element (Fp)
which focuses onto the magnetic medium. (Light propagates along
the direction of the arrow.)

however, the conventional technology for writing information to HDDs—perpendicular mag-
netic recording (PMR)—is reaching the limit of its data storage density (see the ASTC
roadmap [1]). To reach higher densities, new technologies are needed and the next advance
in PMR is heat assisted magnetic recording (HAMR). HAMR allows for different materials
to be used in the HDD: materials which can support higher densities. HAMR is expected to
replace traditional PMR, in the coming years, with Seagate planning to ship HAMR HDDs
before the end of this year [2].

Magnetic recording has become an omnipresent means of data storage in this computer
age. To store information, the magnetisation of a region (a bit) of the recording medium
(the disk) is used. The disk is made of magnetic material and an electromagnet is used to
magnetise a bit ‘up’ or ‘down’, aligning the dipoles along a given direction. A simplified
version of the recording method in HAMR is shown in figure 1.1(a)—bits are magnetised
at the narrower end of the electromagnet (“head”) where the field is more concentrated
and unaffected by the weaker field at the wider end. The energy required to reverse the
magnetisation of a bit (i.e. to convert it from down to up) depends on the uniaxial anisotropy
constant (k) of the disk material as well as the volume (V') of the bit as E' = K,V [3]. As
the bit size is decreased, the amount of energy required to reverse its magnetisation decreases
and once a certain size is reached, the thermal energy available at room temperature is
enough to cause the magnetisation to fluctuate. To guard against these fluctuations, hard
disk manufacturers like to keep bit sizes larger than the limit set by £2¥ > 70. Thus, if

kpT
the areal density of hard disks (i.e., the number of bits per unit area) is to be increased,

materials with larger K, must be used.

Guarding against thermal fluctuations by using a magnetic material with higher K also
increases the strength of the magnetic field needed to write the bit when desired. For the bit
size that corresponds to 1 Thitin~2 (~25nm x 25nm) the field strength is not feasible for an

electromagnet that could be incorporated into a commercial HDD. However, the coercivity
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of the material (i.e., the magnetic field strength needed to demagnetise it) decreases with
increasing temperature and so temporarily heating individual bits while they are being
written allows weaker magnetic fields to be used. This decrease happens sharply above the
point known as the Curie temperature of the material [4]; FePt is the preferred material
for HAMR and has a bulk Curie temperature of 750 K which can be lowered to 650 K by
the inclusion of copper (FeCuPt, with 10% Cu) [5]. Thus, new materials can be used in
PMR to achieve greater densities if localised heating of individual bits can be achieved; this
is the basis of HAMR, which intends to achieve areal densities >1Tbitin=2 [6]. Optical
energy has established itself as the preferred source for heating the magnetic medium during
writing.

Using optical energy for heating is convenient because diode lasers are cost effective,
are small enough to be integrated into the write head and output milliwatts of power—
making high intensities when focused to nanometre scales. Light from a diode laser can
be simply routed (e.g. through a waveguide) alongside the electromagnet and the laser
switched on to heat each bit during writing. The difficulties associated with HAMR are
related to efficiently focusing light to a spot similar in width to a bit and in the durability
of the focusing element. To heat a single bit at a time, light must be focused to a spot
much smaller than its wavelength which cannot be done so efficiently. To have a focal spot
width similar to the bit size, a plasmonic focusing element is currently the best option
and a number of different designs for an integrated HAMR head have been proposed and
tested [8-13]. An example of a focusing structure is shown in figure 1.1(b) where a tapered

dielectric waveguide couples light to a plasmonic transducer which heats the individual bit.

1.1.1 Dielectric focusing elements

The methods of coupling light from the dielectric waveguide into the plasmonic transducer
fall into the categories of evanescent coupling—where the transducer extracts light from
the waveguide—and a method similar to end-fire coupling—where light in the dielectric is
focused onto the transducer [9, 14-16]. In this thesis, dielectric elements for the end-fire
method are studied. In this geometry, the dielectric element is used to increase the intensity
incident on the plasmonic transducer which may be less than a micrometre in size. As well
as producing a small, intense focal spot, a suitable focusing element needs to have little or
no back reflection so that no light returns to the laser.

Focusing elements direct light to a point by either refraction, reflection or diffraction or
by a combination of them. The most prevalent focusing element is the glass lens, a refractive
element that bends towards the focus the light incident on it. Perhaps the simplest dielectric
focusing element is the taper: tapering the core of the waveguide causes the beam to narrow.
However, tapering the core too sharply causes undesired scattering, to avoid this scattering
the waveguide must be tapered adiabatically [17]. Free space focusing elements such as the
lens can suggest design approaches for waveguide focusing elements but often the size of the

waveguide structures and the field profiles of the modes means that simply scaling down



the size of the free space element won’t give satisfactory results.

Focusing elements have a limit to how small a spot they can focus light to, given by

0.51)g
NA

FWHM ~

where FWHM is the full width at half maximum intensity of the spot (transverse to the dir-
ection of propagation), \g is the free space wavelength, and NA (= nsin #) is the numerical
aperture of the focusing element. The NA depends on the range of angles made by light rays
travelling from the focusing element to the focus (6 is the largest of these angles) and on the
refractive index (n) of the medium where the focus forms. It is clear that gathering light
from large angles to the focus and using a high refractive index medium, is important for
creating a sub-wavelength spot. For dielectrics, 3—4 is usually considered a high refractive
index; to focus light to smaller spots a different class of materials—plasmonics—needs to
be used. Plasmonic elements are covered later in this section but first some of the state of
the art dielectric focusing elements are introduced.

Mirrors are often used for focusing electromagnetic waves and have the advantage over
refractive elements of being free from chromatic aberration [18]. To avoid significant spher-
ical aberrations the mirror must have the shape of a parabola. A planar solid immersion
mirror (PSIM) has been demonstrated as a focusing element [19]. The PSIM is somewhat
similar to a taper in that the width of the waveguide is gradually made smaller (a schematic
of the PSIM is shown in figure 1.2(a)). As a mode propagates along the waveguide it is
reflected by the sidewalls toward the focal point; due to the high angle of incidence of the
input mode and the sidewalls of the waveguide, there is total internal reflection. In [19],
light was coupled into a slab waveguide millimetres away from the beginning of the PSIM
(the material of the structures had a refractive index of 2.1). The focusing was measured
using a near-field scanning optical microscope (NSOM) an image of which is shown in figure
1.2(b). The intense focus is clear and a focal spot size of 94nm for an input wavelength
of 413 nm was measured, suggesting a NA of greater than 2. One drawback of this type of
focusing element is its size—50 pm x 100 pm.

An element similar to a regular lens, the solid immersion lens (SIL), has also been
demonstrated for high NA focusing [22]. The SIL focuses light with a regular objective but
places a high refractive index solid near the focus to further the confinement. A planar SIL
was recently demonstrated [23]; though experiments were limited in measuring the NA, a
theoretical value of 1.7 was predicted in simulations and corresponds to focusing to * /3.4
This structure was still in the size range of 2 10 pm. Similar but smaller elements are the
microsphere and microcylinder /microdisk which have been demonstrated as accomplished
focusing elements.

Dielectric spheres with diameters of a few microns are known to focus light to sub-
wavelength spot sizes and have been demonstrated for very high resolution optical applica-
tions [24, 25]. These microspheres can produce high intensity, slowly diverging focal spots

(termed photonic jets or nanojets) depending on the refractive index ratio of the sphere to
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50 pm

. Incident
light rays

Figure 1.2 Examples of focusing elements. (a), (b) Geometry and
SNOM measurement of a PSIM element that reflects an incident

dielectric waveguide mode to a focal point [19]. The scale bar
in (b) is 3um. (c), (d) Experimental scattered light image of a
dielectric microdisk 6 pm in diameter illuminated by a laser beam;
the intensity is plotted on linear and log scales, respectively [20].
(e), (f) Simulated intensity and scanning electron micrograph of a
tapered metallic V-groove focusing element [21].



the surrounding medium [26-28]. The planar analogue of the microsphere, the microdisk,
has demonstrated similar focusing capabilities [20, 29]. The microdisk brings light to a
focus by a combination of refraction and diffraction. As it does so it gathers light from an
area greater than its cross sectional size creating the high intensity focus. Experimental
images of a SigNy disk with a diameter of 6 pm and a height of 400 nm are shown in figure
1.2(c) and (d). The disk was illuminated in free space by a laser and the scattered light was
imaged. The refractive index ratio was such that the focus formed within the disk but the
images exhibit the focusing effect that the disk has. (The intensity is plotted on a linear
and log scale in (c¢) and (d), respectively.)

1.1.2 Plasmonic elements

Ultimately in a HAMR write head, a plasmonic transducer is used to transfer optical energy
to the magnetic medium to cause heating. To focus to spot sizes of tens of nanometres or
smaller, materials other than typical dielectrics need to be used. Plasmonic structures
consisting of metals and dielectrics are capable of focusing to these sizes and are even
capable of focusing to a few nanometres [30]. Plasmonic structures support modes at the
metal dielectric interface; the modes are oscillations of the free electrons in the metal and
can have frequencies equal to those of visible light [31]. The effective refractive indexes of
these modes can be much larger than any standard dielectric and this is how plasmonic
structures achieve such confinement of light. A plasmonic structure reported to focus light
to /40 is shown in figure 1.2(e) and (f) [21]. The tapered V-groove plasmon waveguide was
fabricated in gold on a silicon wafer is shown in figure 1.2(e). The wide end of the taper
was illuminated for tapers of different groove widths (w in figure 1.2(e)). It was found that
the guided beam could be brought down to a width of 45nm for A = 1.53 pm. Specifically
for HAMR, plasmonic structures such as a taper, a “nanobeak” and other transducers have
demonstrated satisfactory focusing capabilities [12, 16, 32-34]. A drawback of plasmonic
structures, however, is that they have intrinsic losses arising from the interband transitions
of the metals and heating of the metals can be an issue at high intensities. Dissipating this
heat to avoid damage of both the write head and the plasmonic element itself is one of the
issues HAMR has had to overcome [35, 36].

1.2 Photonic integrated circuits

The past decade has seen extensive research into applications of confining light into thin
films. Although work on this has been done for decades, current standards of fabrication
processes along with the ever decreasing size and cost of lasers has led to an abundance of
applications seeking to take advantage of integrated optical systems. As with the develop-
ment of integrated circuits (ICs) in the electronics industry, interest in photonic integrated
circuits (PICs) is driven by the improvements gained from having many components in a

single, compact device. Integration has the advantage of reduced cost through simplified
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Figure 1.3 Examples of PICs in applications. (a) Schematic of a
lab-on-a-chip device containing sources, samples, sensors and de-
tectors on a single wafer (taken from [46]). (b) Proposed hybrid
platform for communications combining IO and IC components on
a single wafer (taken from [47].

fabrication (i.e. a single fabrication run), miniaturisation of complete devices and reduced
coupling losses between elements. In PICs, the connections between the various elements
of the circuit/device are made with waveguides (the photonic wire to the ICs electric wire);
one technology taking advantage of PICs has been biosensing.

The non-invasive and generally non-destructive nature of light matter interactions makes
it well suited to biosensing [37, 38]. The transmission of light through a waveguide is
sensitive to refractive index changes along the waveguide; attaching ‘receptors’ (which bind
to certain biomolecules) to the waveguide and tracking the transmission, the biomolecules
can be ‘sensed’. The ability to do this on a small chip which can have other functions added
is clearly valuable. Other sensing applications—such as nanoparticle sensing, where the
resonance of an optical cavity is tuned or perturbed by nearby particles—have also been
demonstrated in IO [39-42]. A step beyond sensing, complete lab-on-a-chip devices [43-45]
which contain all the functionalities (sample preparation, signal delivery, sensing, etc.) on
a single chip have been developed. As well as the capabilities of miniaturisation and mass
production, a lab-on-a-chip device benefits from the high sensitivity of optical elements. A
schematic of a lab-on-a-chip device is shown in figure 1.3(a). The chip contains a number of
light sources used for cantilever sensing and microfluidic analysis. The schematic suggests
that photodetectors would be used and signals would be processed electronically.

One of the other big technologies driving developments in PICs is telecommunications,
where demand for ever increasing bandwidth/data rates can benefit greatly from the multi-
plexing capabilites of waveguides. Multiplexing is the ability of a single waveguide to carry

numerous signals over different channels, utilising the discrete states of light travelling in



the waveguide [48]. A further benefit of 10 circuits is the absence of Joule heating in op-
tical elements and lower loss and lower dispersion at high data rates [49]. Light has been
used to send signals over long distances through optical fibres for decades and now bring-
ing optical interconnections from the well established long-haul regime down to chip scale
connections is expected to help datacentres cope with the rising data rates [50-53]. Many
optical components have already been demonstrated in a planar format: wavelength divi-
sion (de)multiplexers [54-56], polarisation rotators and splitters [57-60], modulators [61, 62]
and many others [63-65]. An example of a PIC implemented alongside an electronic device
for use in telecommunications is shown in figure 1.3(b). Images of some of the elements
comprising the circuit, such as input and output (I/O) grating couplers and germanium
photodetectors (Ge PD) are marked. With the improvements in PICs, hybrid integrated
structures, containing both electronic and photonic components, might replace electronic

ones in the future.

1.2.1 Characterising dielectric waveguides

Experimentally characterising planar waveguides is clearly of importance to the applications
above. Measuring the film thickness and refractive index can be done with ellipsometry and
interferometry but to determine the waveguiding characteristics, other techniques have been
developed [66-69]. Knowing the waveguide propagation losses would be a requirement for
telecommunications and they are often found by measuring the power before coupling and
after coupling out of waveguides of varying length; the measured difference in power includes
losses from coupling light into and out of the waveguide but varying length means these
losses can be separated from the propagation losses [70-72]. Another way of determining
propagation loss is by measuring the scattering from the surface of the waveguide (either by
imaging the scattered light or by scanning a detector along the waveguide). This scattering
is caused by surface roughness which can be assumed to be uniformly random along the
waveguide thus the decrease in scattered intensity can be related to the propagation loss
[73-75]. These methods do not distinguish between modes and will measure the overall
propagation loss whether there is a single mode or multiple modes propagating.

One of the more wide-ranging methods of waveguide characterisation is prism coupling
which can identify multi-mode propagation [76]. The prism coupling method works by
bringing a prism into close contact with the waveguide and evanescently coupling light
through the prism into the waveguide but the coupling is sensitive to the separation of
the prism and the waveguide [77]. Index matching fluid is often used to achieve this close
contact; a screw pushing the waveguide into the prism can also be used and provides for
some adjustment of the separation. Prism coupling is a momentum matching technique
meaning that the wavenumber in the prism has to match the wavenumber of the mode
[71]; to achieve this the incident angle is varied (a set-up for prism coupling is shown in
figure 1.4(a)). The requirement of momentum matching means that prism coupling is mode

specific, i.e., individual modes are coupled at different angles. This allows measurements
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Figure 1.4 Different measurement techniques for dielectric wave-
guides. (a) Experimental set-up for prism coupling, the out-
coupled modes are marked by the arrows; the angles can be related
to the modes’ effective indexes (taken from [76]). (b) Simplified
schematic of the operation of NSOM showing that the near-field is
collected (taken from [84]).

of the loss of the individual modes as well as the effective index of the individual modes
[78-80]. Measurement methods based on far-field imaging have also been used to determine
refractive index profiles and mode propagation in waveguides [81-83].

Near-field optical measurements can map electric fields with sub-diffraction limited res-
olution. This can be done with photon scanning tunneling microscopy (PSTM) and near-
field scanning optical microscopy (NSOM) [85, 86]. These methods work by bringing a
sharp probe close to the sample surface, allowing the evanescent optical waves to tunnel or
couple to the probe. A schematic of a NSOM probe is shown in figure 1.4(b). Capturing
the evanescent waves means that a larger range of spatial frequencies is acquired and thus
the resolution is improved beyond that of far-field optical microscopy, with resolutions of
~100 nm achievable [87]. In PICs, detection of the near-field has proved very useful as wave-
guide modes can be mapped out with fine resolution. As well as measuring the effective
refractive index of a waveguide mode, PSTM and NSOM have been used in studying single
mode propagation in waveguides, scattering of modes in waveguides, propagation around
bends and other characteristics [88-92].

1.2.2 Silicon Nitride

An emerging material for planar photonics when working in the visible and near infrared
region of the spectrum is silicon nitride (SigN4) which has also been used as the waveguide
in HAMR designs [10, 93]. SigNy has long been used in the semiconductor industry as

a passivation layer and so its mechanical properties are well known and suitable growth



processes are well established. It is compatible with the CMOS fabrication processes used
in the semiconductor industry and films a few hundred nanometres thick of optical quality
and with low stress (i.e. low likelihood to fracture) can be deposited by low pressure chemical
vapour deposition (CVD) or plasma enhanced CVD. This has led to considerable integrated
optics research into SigsN4 and its optical properties are also very conducive to work in the
visible range; its band gap is ~4.5€V so it is transparent to visible frequencies of light (with
negligible two photon absorption at 532nm), no free carrier absorption [94], relatively high
refractive index (ngj,n, = 2.1 over the visible spectrum) and nonlinearity of refractive index
(2.4 x 107 m2W~1!) [95] and a low thermo-optical coefficient [96]. These properties have
led to the demonstration of many important integrated optical elements in SigN4 platforms
such as complete multi-layer integrated optics circuits [97-99], on-chip lasers [100] multi-
mode interference couplers [101], spectrometers [102, 103] and many others [104-108].

SisN4 waveguides fabricated by different growth processes have demonstrated low loss
propagation for light of visible to the near infrared frequencies (~500nm to 1550 nm) [72,
109, 110]. At 1550 nm, losses as low as 3dBm~! were measured for a waveguide with a
SigNy core (the method for this measurement incurred bending losses and, by reducing the
curvature, losses as low as 0.1dBm~! were predicted) and in the visible range, propaga-
tion losses as low as ~10dBm™! have been achieved [111]. While the extremely low-loss
capabilities may not be required for light propagation across only a few millimetres it is cer-
tainly beneficial. Low propagation losses allow for high-Q resonators [112-114], with quality
factors above 107. These high quality factors for structures which have micrometre or sub-
micrometre cross sectional area allow high intensities to propagate over long distances for
relatively low input power. Being able to maintain high intensities over long interaction
lengths means that the nonlinearity of SisNy can be exploited; nonlinear effects such as
harmonic generation [115, 116], frequency comb generation [117, 118] and supercontinuum
generation [119-121] have been performed using ring resonators in SigN4. An example of
these processes is shown in figure 1.5.

The bright rings in figure 1.5(a) and (b) are formed by light scattered from a silicon ni-
tride ring resonator. The scattered light consists of the pump beam (which had a wavelength
of 1554nm) as well as the second harmonic, (a), and third harmonic, (b). Harmonic gen-
eration was achieved with input pump powers of 3mW and the waveguide had dimensions
of 725nm x 1500nm while the radius of the ring resonator was 116 pm. The frequency
comb spectrum shown in figure 1.5(c) was generated using a similar resonator (waveguide
dimensions 725nm x 1650 nm and ring radius 100 pm) though in this case the pump power
was ~1-2W.
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Figure 1.5 Harmonic generation in silicon nitride ring resonators.
(a) Second harmonic generation of a 1550nm pump beam in a
ring resonator with radius 116 pm. (b) Third harmonic generation
with the same pump and ring resonator. (c) Frequency spectrum
produced by a similar ring resonator for a pump wavelength of
1562 nm. Images taken from [115, 117].

1.3 Overview of the thesis

In this thesis, the microdisk and another focusing element (based on light scattering by
an array of sub-micron structures) are studied as integrated optical structures through
simulation and experiment. The motivation for this work was to design a dielectric coupling
element for use in a HAMR write head. With this application in mind and, every attempt
was made to work within the fabrication limitations of UV lithography. Although the
structures presented here were fabricated using electron beam lithography and focused ion
beam milling, large-scale processing would need to be used for commercial viability. To test
the viability of the coupling elements for HAMR, the elements were fabricated alongside
and illuminated from planar dielectric waveguides. Dielectric waveguides, being the medium
between light source and focusing element, play a significant role in the process. For most
applications using light focusing, it is desirable to use only a single mode of the waveguide,
however, the structures generally support more than a single mode. In consideration of this,
the propagation of light in these waveguides was investigated experimentally and a method
of characterising planar dielectric waveguides was developed.

Although HAMR was the targeted application for this work, the structures studied



here also lend themselves to sensing and optical manipulation which take advantage of the
electromagnetic field distributions created in optical waveguides and focusing elements and
in which our group has previously been involved [122-125].

This thesis is laid out as follows

e In chapter 2, the materials and the basic geometries used for the different structures
are introduced. The groundwork for the theoretical methods used to study these
structures—waveguides, microdisks, holes in waveguides—is covered and a brief de-
scription of the software used for simulations is given. One of the limitations of the
measurement set-up is also covered and demonstrated as a factor in the disparity

between theoretical simulations and experimental results.

e In chapter 3, the propagation of light in multimode dielectric slab waveguides is in-
vestigated. A description of the measurement set-up and methods used for all of the
experimental chapters is given. The mode beating (the interference of the propagating
modes) is found to create an intensity profile that is constant in time, thus affecting
the power radiated from the end-face of the waveguide depending on where it is ter-

minated. (Some of the work presented in this chapter has been published.)

e In chapter 4, the measurement technique set out in chapter 3 is extended to rect-
angular waveguides. Through experimental intensity maps, the perturbation of the
propagating modes by different integrated optical elements (bends and tapers) is ex-

amined.

e In chapter 5, the first of the integrated focusing elements is presented. A microdisk
positioned at the end of a waveguide and illuminated by the light radiated from the
waveguide is presented. The deviation of the light scattering from the idealised case
to the experimental setting is described. The influence of the disk diameter on the
focal spot size and light gathering efficiency is demonstrated through simulation and

experiment.

e In chapter 6, a focusing element which is contained within the waveguide core is
studied. Holes milled/etched through the core layer scatter an incident mode; through
deliberate placement of the holes, a focus is produced by the interference of their
individual scattering. Again, the focusing capabilities are simulated and compared to

experimental measurements.

e In chapter 7, some conclusions on the work as a whole are given and some of the

directions in which the work could proceed are laid out.



Light in dielectric structures

Light propagating in dielectric media is subject to diffraction, reflection and refraction. Us-
ing these processes, light can be focused to a spot, confined as it propagates and redirected.
In this chapter, the starting structure for the experiments in later chapters is described and
the analytical and numerical methods used to analyse the structures are introduced. The
properties (wavenumber, field profile) of light propagating in a slab waveguide can be found
by analytical methods. Moving to rectangular waveguides, analytical methods give suitable
results only for cases where light is well confined to the core. Similarly for light scatter-
ing, there are analytical solutions for “low dimensional” cases but numerical/computational

methods must be used to simulate a full 3D structure.

2.1 Analytical Methods

2.1.1 Waveguides

A slab waveguide is a structure which confines light in one dimension and allows it to
propagate along another. (Along the third dimension, there is no confinement and the fields
do not vary with position.) Confining in this sense means that the beam width remains
constant so that at any two positions along the waveguide, the profiles of the electromagnetic
fields are identical (after accounting for the phase difference). A typical slab waveguide
consists of layers of different materials each having a different refractive index; the simplest
case is a high index, middle layer (referred to as the core) sandwiched between two semi-
infinite layers of lower index (the cladding/superstrate/substrate). Confinement of light
to the core layer is achieved by total internal reflection at the interfaces between the core
and the cladding. (Although the field is considered confined to the core, there is a portion
of it in the cladding layers.) In the ideal case, this geometry allows light to travel larger
distances without as great a drop in intensity compared to free space propagation—the
decrease is o< 1/r rather than 1/r2, since there is no divergence along the confined dimension.

For waveguides consisting of dielectric materials, propagation loss should only arise from
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scattering (from, e.g., surface roughness or fabrication defects) or absorption and is usually
very small—silicon nitride waveguides similar to those used here have been shown to have
propagation losses of <0.5dB cm ™! in the visible light range [111, 126]. The general material

layer structure used in the experimental work for this thesis is shown in figure 2.1.

- re=2 0
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Figure 2.1 The material layers for the experiments discussed in
this thesis. Three different thicknesses of SizN4 are used—180 nm,
284 nm and 400 nm. Refractive indexes are given at Ay = 532 nm.
The coordinate system is also shown, with z the propagation dir-
ection.

The starting material consisted of a base wafer of silicon (Si, refractive index nyuge = 4.15)
on which 2pm of thermal oxide (SiOs2, ngy,s = 1.45) was grown and then a layer of silicon
nitride (SigNy, neore 2.05) deposited by low pressure chemical vapour deposition (LPCVD).
(The refractive indexes stated are for the wavelength A\g = 532 nm used in experiment; this
wavelength was chosen as it lies in the visible range and compact laser diodes are available
at this wavelength.) These wafers were obtained from Si-Mat Silicon Materials. Three dif-
ferent thicknesses (teore) Of SigNy were used for the work in this thesis: 180 nm, 284 nm and
400 nm. For certain experiments, a film of poly-vinyl acetate (PVA) doped with the fluor-
escent dye rhodamine B (RhB) was spin-coated onto the SizNy layer. From ellipsometric
measurements, this film had an average thickness of 100nm + 8 nm and a refractive index
of 1.50. As a slab waveguide, the width (in the y direction as shown, z is the direction of
propagation) of each layer is considered infinite (the samples are typically 10 mm wide). The
thickness of the SiOy layer is large enough that in most cases the fields decay to negligible
strength before reaching the Si layer and the SiOy can be approximated as semi-infinite.
For cases where the fields are more weakly confined to the core, the Si needs to be included
in the analysis. The effect of varying core thickness and the reasons for using fluorescent
dye are discussed later.

In this arrangement, the SisNy layer is the core of the waveguide and light coupled
into the layer will undergo total internal reflection at the SigN4 surfaces for any angle
greater 6. ~ 50°. However, even though total internal reflection occurs for a continuum of

angles greater than this critical angle, light in a waveguide propagates in discrete modes
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corresponding to specific reflection angles. The discrete nature of the modes arises from
requirements of the phase of the rays in the propagating wave, i.e, separate rays on the
same phase front need to maintain zero (or multiple of 27) phase difference—a clearer
description of this is given in [127]. Modes are defined by their order (for a slab this is
the number of nodes in the electric field across the waveguide) and polarisation and are
classified as transverse electric polarised (TE,,) or transverse magnetic polarised (TM,,)
with m = 0,1,2...the order of the mode. TE modes are polarised such that the electric
field has a component only along planes parallel to the interfaces of the materials (the
y axis in figure 2.1) while TM modes have their magnetic fields (H-fields) in along these
planes. Each mode has an effective refractive index (related to its angle of reflection by
Neff = Neore SiN0y,) which lies between the refractive index of the core and that of its
surroundings. For our structure, the effective indexes of the modes will lie in the range
1.45-2.05. Each mode also has its own electromagnetic field distribution and the method
for calculating these distributions and the effective indexes is outlined in the following
section. The steps which are worked through explicitly below are also the basis for the
other theoretical methods covered in this chapter (and electromagnetism generally) i.e.
starting with Maxwell’s equations and applying the appropriate interface and boundary

conditions. For the later sections, these steps are not written out explicitly.

Dispersion relation

The dispersion relation of a waveguide describes how the wavenumber of light propagating in
the waveguide varies with the frequency. These dispersion curves and the field distributions
of the modes of a waveguide are calculated by solving the eigenvalue equations (which are
versions of the wave equation) which is found as follows. Beginning with the Maxwell curl
equations B

e, OFE

_”ﬁ Vx H= ea

and defining a wave propagating in the z direction (the x and y components, for now, are
left undefined)

o H
VxE= g

—

E = Bo(e,y)exp [i(Bz —wt)]  H = Holw,y) oxp [i(5z — wi)

where the propagation constant 8 = negkg, expressions for the x, y and z components of
the fields are found

OF. —ipE, =iwuH, OH, —iBH, = —iweE,
Jy oy
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iBE, — o iwpH, ipH, — o = —iweE,
oE, OFE 0H OH.

a. = =] H, —v T = i E,.
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As the width of the slab is effectively infinite (y direction) it can be approximated that there
is no variation of the fields along y so 9/oy = 0. Applying this to the equations above, two
separate cases present themselves. The first has its electric field only along the y direction
(this is the transverse electric, TE, polarisation mentioned earlier) and the second has its
magnetic (H) field only along the y direction and is termed transverse magnetic (TM).
Gathering and substituting so that there are two equations in terms of only E, and H,, the

wave equation is arrived at.

i (—6Ey> 0 {—18&/} = —iwekE, i (ﬁHy> — 2 [18Hy] = iwpH,

Wit Oz lwp Oz we Oxr |we Ox

1 0%E, 32 1 0°H B2

il I E =0 B R - H,=0

wi Ox? <w,u, we )Py we Ox? we Ry
O’E, 2 2 0*H, 2 2
am2+(w,u5—ﬁ)Ey:0 6$2+(wus—ﬁ)Hy:0.

The wave equation has the general solution
E, = C* explikz] + C~ exp[—ikz],

where k = Jw2ue — B2. This solution is a superposition of waves propagating in the
positive and negative x direction. As ¢ is different for each layer of the waveguide, & is
different for each layer and the electric field is expressed as a piecewise continuous function.
To apply some physical constraints to the solutions, we restrict x such that the waves can
propagate within the core but decay outside it. In other words, s is real within the core and
imaginary in the other layers. The solutions are also set to be outward travelling waves,
decaying towards zero as they move away from the core. Having imposed these conditions,

the electric field for a TE mode in the slab waveguide described earlier can be written as

A

E, eXp(_’{afL‘) for x > t; + %C

By exp(—rix) + Ef exp(ki) for e <z <tp+ b o
E, = 2.1

Ef exp(iker) + E. exp(—ikcr) for e <w <k

F exp(Kst) for z < _2tc

where the subscripts represent the air, film, core and substrate and t.¢ is the thickness of
the core and the film, respectively, with the core centred on x = 0. (For the modes of
the slab waveguides used in this thesis, the thickness of the SiO2 substrate is large enough
that the field has decayed to a sufficiently small value before it reaches the bottom and
so it is treated as a semi-infinite layer.) To find the dispersion relation, the conditions of
continuous Ej| and continuous H) across interfaces are applied. (For a TE mode, E|=E,
and H = H, = ;—;%) The steps for finding the dispersion relation are, briefly, as
follows.
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At the bottommost interface (x = ~'/5) we have

A — kgl A —iket A ikt
Esexp <I;SC> = Ej' exp (lgcc) + E_ exp (m; C)

and

A —Rst
ks Fs exp ( ; C) = ik

- —iKct - irkct
Ef exp (L‘;c:c) — E_ exp (m; C)}

from the interface conditions. By substitution,

. —iket A iKet A —ikct ~ it
o () o (5] = o () - o (5]

(ks + iliC)Ec_ exp <m;tc> = (ke — K,S)Ej_ exp <_1;th>

using @5 = arctan (™ /,.). The field in the core can then be written as
Ey‘lz\§t0/2 = E‘j exp(ikcr) + Ej‘ exp | — i(Kete — 2¢5)| exp(—ikcx).
The field in the substrate is then found as
Ey| yi<t.j2 = Esexp (ksz)
A —ikct . ikt Kst
= { j‘exp( CC)JrEC exp( CC)} exp( SC)exp(ﬁsx)
2 2 2
—ikcte . [ Kcte

exp 5 +exp | —i 5 205 exp (KJS (z+ tc/z))

= Aj exp ( —i(Kete/2 — cps)> [exp (—ips) +exp (igps)] exp (ch(x + tc/z))

= 2EACJr exp ( — i(kete/2 — gos)> cos (ps) exp (lis(x + tc/z)).

The field in the other layers is found similarly in terms of the single unknown Ej . Doing

this, a second expression is found for the field in the core
Ef exp(irez) + EF exp [i(kete — 2¢¢)] exp(—ikez).
For this field to really exist, the two solutions must be identical.

Et exp(irez) + EX exp [ — i(kete — 2¢0s)] exp(—iker) =

C



A

Ef exp(irer) + EX exp [i(kete — 2¢1)] exp(—ikc)

exp [ — i(Kete — 2¢5)] = exp [i(kcte — 2¢1)]
—(Kcte — 205) 4 2mm = (Kete — 2¢¢)
Kete — (pf + s +mm) =0, (2.2)

where m is an integer and is termed the order of the mode, ¢ = arctan(g—iA) and
A = (kg tanh(kets) + Ka)/ (Kt + Ka tanh(kets)). The dispersion relation for any four layered
waveguide is given by equation (2.2). Substituting in the appropriate values for thicknesses
and refractive indexes returns the wavenumber for a given frequency. Although equation
(2.2) is an analytical solution, it contains linear and trigonometric functions of x so it must
be solved graphically or numerically. To find the values of k (and thereby  and neg) for
which equation (2.2) is satisfied, the SciPy library of the programming language Python was
used (specifically fsolve from the optimize module) [128]. Dispersion curves (where the core
thickness is varied instead of the frequency) for the material layers used in experiment are
shown below (figure 2.2). It can be seen that increasing the core thickness ¢, while keeping
everything else constant causes the wavenumber to increase and increases the number of
modes supported by the waveguide. It is this effect which is studied later, in chapter 3.
The steps above were for the TE modes, similar analysis for TM modes returns the same

characteristic equation (2.2) but with
Ks (M2
s = arctan ( (—) ) ,
Ke NN

2
¢ = arctan (Hf (E) A)
Ke \Ng

and

(M)%{f tanh(lﬁ?ftf) + K,

A= .
(nf)zlif + Ky tanh(kety)

|3

The additional factors of (”i/n]-)2 for the TM modes arise as E) = E, %aali Y. The
transverse fields for TE (E,) and TM (H,) modes then have profiles given by

Ey aal cos(Kcte — @s) exp( — Ka(x — t}))

Ey aal a(z) cos(kete — ps)
E, = (2.3a)
Eycos(ke( + te/2) — ps)

Ejq cos(ips) exp(is(a + t/2))
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and

Hy ’y&l cos(Kcte — @s) exp( — Ra(x — t}))

H, 751 ~v(x) cos(kete — ¢s)
H, = (2.3b)
Ho cos(ke(z + tef2) — ¢s)

Hy cos(ps) exp(ks(z + te/2))
where & = t; + tc/2,

Eo = 2B} exp(—ikcte/2 — ps)

Ho = 2H exp(—ikcte/2 — ¢s)

a(z) = cosh(ke(x — t})) — Fa sinh(ke(x — tf)),

Kt
ne\2 Ka | p
v(z) = cosh(ke(x — t})) — <ni> o= sinh(k¢(z — t5))

and a9 = a(tef2), 70 = 7(t/2). Since EF and HI are just field amplitudes, they can
be set equal to 1 in a theoretical analysis. In the experiments discussed in this thesis a
single wavelength is used (A9 = 532nm) but the thickness is varied so rather than plot
the regular dispersion curves, the variation of wavenumber with thickness is plotted for the
modes. These plots are shown in figure 2.2 for the three lowest order TE and TM modes
of the waveguide along with the electric field profiles for the TEy and TMy modes (when
tecore = 180nm).

The plot in figure 2.2(a) shows how the modes’ effective indexes vary with the thickness
of the core at constant frequency (f = ¢/532um). Each solid line is a different mode of the
waveguide and at a given thickness a lower order mode has a higher effective refractive index.
It can be seen that a mode’s n.g increases with the core thickness. It can also be seen that
at a certain thickness neg decreases to the refractive index of the substrate (1.45) at which
point it is no longer a guided mode and is “cut off”. The dotted vertical lines mark the
core thicknesses used in the experimental work in this thesis. At each thickness a different
number of modes are supported; the thinnest core (180 nm) supports only the fundamental
TE and TM modes (TEg and TMg). This thickness is used in chapters 5 and 6 for focusing
elements. The middle thickness (284 nm) supports two TE and two TM modes and the
thickest core (400 nm) supports three TE and two TM modes. These core thicknesses are
used in chapter 3 where the interference of multiple modes propagating simultaneously in

a single waveguide is studied.

Figure 2.2(b) shows the electric field distribution across the waveguide (the x direction
in figure 2.1) for the TEg and TMy modes of the 180 nm thick core waveguide. (For TE
this is £, while the TMy is E,.) These are the modes used for illuminating the focusing

elements in chapters 5 and 6. The fundamental modes of the other core thicknesses have
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Figure 2.2 Propagation characteristics of slab waveguides. (a)
Dispersion curves of the first three TE and TM modes of the wave-
guide shown in figure 2.1. The dotted lines indicate the different
core thicknesses used in this thesis. (b) The electric field profiles of
the fundamental TE and TM modes (TEy and TMy), E, and E,
respectively. The dotted lines indicate the boundaries of the core
and the film layers.

similarly shaped profiles but narrower/wider widths. (The three TE modes of the 400 nm
core are plotted in figure 3.1 in chapter 3.) The dotted vertical lines mark the boundaries of
the core and the boundaries of the PVA film. The width of the electric fields of both modes
is quite small and the majority of each field is confined within the core layer; both fields
decay to negligible values before z = +0.5 utm. The discontinuities at the boundaries for the
TM mode are present because it is F| that is plotted and D | = n?E| is continuous across
an interface. Although it might be difficult to discern, there is more of each field contained
in the substrate than the superstrates and the field decays more slowly in this layer since it
has the higher refractive index (compared to air). This effect is more apparent for modes of
higher order. The overlap of the fields with the film is important for experiments in chapter
3 and it is from plots like figure 2.2(b) that the fraction of a mode overlapping the film is

calculated.

Rectangular Waveguides

Complete analytical solutions to rectangular waveguides have not been found but a good
approximate solution (Marcatili’s method [129], Kumar’s method [130]) can often be used.
Marecatili’s method finds the effective index and fields in two successive steps. The rectan-
gular waveguide is treated as two slab waveguides (the layers of the first perpendicular to
the layers of the second and the overlap of the core layers defining the rectangular wave-
guide’s core); the first has a core thickness of the wider dimension of the rectangle and the
effective index is found as outlined in the previous section. This effective index is then used

as the core refractive index in the second slab waveguide which has the core thickness of
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the narrower dimension of the rectangle’s core.

As an approximation, this method relies on the fields being well confined to the core
of the waveguide because it neglects the fields beyond the corners of the core. Once the
core thickness (or width) falls below a certain value (dependent on "ccre/,, ~and Ag) this
approximation becomes unreliable and numerical methods are used to find more precise

solutions. These numerical methods are described later in the chapter.

2.1.2 Light scattering

Two focusing elements are discussed in this thesis: a microdisk (in chapter 5) and a Fresnel
zone plate (in chapter 6). The microdisk is a cylindrical element of the same height and
material as the core of the waveguide (SizN4, 180nm), and has a diameter of a few microns.
The Fresnel zone plate (FZP) consists of a number of cylindrical holes in the waveguide
core; these holes are filled with PVA and have diameters of a few hundred nanometres. In
experiment, the microdisk is positioned just outside the end of the waveguide and is illu-
minated by light exiting from the waveguide; the FZP is illuminated by a mode propagating

in the waveguide (see figure 2.3).

Si09

Figure 2.3 Schematic of the light scattering elements used in later
experiments. (a) A SigNy microdisk at the end of a waveguide. (b)
A Fresnel zone plate—a combination of holes in the waveguide core.

In figure 2.3, schematics of the two focusing elements used in experiment are shown:
(a) microdisk and (b) FZP. (Light propagates along z.) Light incident on these elements is
scattered due to the sudden change in refractive index. With visible light, structures with
these diameters are too large to be in the Rayleigh scattering regime (where the phase of
the incident field can be assumed to be constant over the scatterer) and are too small to be
simplified with geometrical optics (where diffractive effects are considered negligible). Thus,
the fields must be found by fully solving Maxwell’s equations. Fortunately, there are certain
geometries for which analytical solutions exist, e.g., spheres and infinitely tall cylinders.
Light scattering by objects of these shapes and sizes is usually called Mie scattering since

the solutions were found for an infinitely wide plane wave incident on the scatterer by Gustav



Mie [131]. Although the structures in experiment are not infinitely tall, the incident beam
does not extend far beyond their height—the full width at half maximum (FWHM) of the
TEp mode of 180 nm core is ~200 nm—so these solutions provide a good first approximation
of how they would scatter the fundamental mode of the waveguide. A full derivation of the
scattering by an infinite cylinder can be found in [132, 133]; here, a brief outline of the
derivation is given to show how the scattering depends on parameters which are varied in

experiment.

In the analytical method for finding how a plane wave is scattered by a cylinder, the
symmetry of the cylinder is used and the wave equation is written in cylindrical polar
coordinates. Similar to the analysis for a slab waveguide, the wave equation in cylindrical
coordinates has modes (or harmonics) and the incident electric field can be written as a
linear combination of these modes. To have physically realisable solutions, the boundary
conditions at the surface of the cylinder (i.e. interface conditions of continuous Ej and H))
are imposed along with the condition that the scattered field far from the cylinder is an
outward travelling wave. Working through these steps, the solutions for the scattered field

are found to be

oo

(TM) Es = —Ey Y i"bHY (kr) exp(ing)é, (2.4)
— I Ey = .n .. 0 .n (1) .
(TE) Es = - n;oo [err + lk%akr} i"anHy (kr) exp(ing), (2.5)

where ¢ is the angle made by the scattered wave vector and the z axis, HT(LI) is the Hankel

function of the first kind and a,, and b,, are expansion coeflicients given by
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)
where J,, is the Bessel function of the first kind, the ’ signifies taking the derivative with
respect to the argument, 7 = 277e1/) is the size parameter and m = Mbackground /n yaer 1S
the refractive index ratio. (The expressions given above include the assumption that the
incident wave vector is perpendicular to the cylinder axis.) This is the scattered field
outside the cylinder; the internal field (the field within the cylinder) is given by a different
combination of J, and H,(ll) but depends on the same parameters. The total field is the
vector sum of the scattered field and the incident field. It can be seen from the equations
above that the scattered field depends on the diameter of the cylinder (to be precise it
depends on the ratio of the diameter to the wavelength but the experiments in this thesis
use a fixed wavelength) as well as the refractive index contrast between the cylinder and

the surrounding medium (m) through the expansion coefficients. Both of these parameters
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are varied in experiments—the diameter is varied in the fabrication process and m is varied
by including/removing the PVA-RhB fluorescent dye film.

Although the fields given above contain infinite sums, it has been shown that beyond a
certain term further contributions are negligible [134]. This term is n = n + 4.05n'/3 4 2.
The expressions of the scattered field were written and calculated in Python so that different
cylinder parameters (e.g. changing diameter, polarisation, m) could be quickly simulated.
Some images of the total intensity (the intensity of the total field) showing the difference

made by changing the these parameters are given below.
Microdisk, m > 1
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Figure 2.4 Scattered field amplitude when a SigNy cylinder sur-
rounded by air is illuminated by a plane wave of wavelength
532nm. (a)-(c) TM polarised input for diameters of 1, 2 and
4nm, respectively; (d)—(f) show the same diameters for TE polar-
ised input. Scale bar is 2 pm.

For the experiments using microdisks m > 1 and is either 1.4 (when the PVA-RhB
fluorescent cladding is present) or 2.05 (when there’s only air). In this case, the incident
wave is focused by the microdisk and the position of the focus is dependent on the refractive
index ratio as well as the diameter of the disk. The intensity of the focus depends on the
diameter since larger disks have more light incident on them. These aspects can be seen in
the images in figure 2.4.

The plots in figure 2.4 map the amplitude of the scattered field for cylinders of diameter
1, 2 and 4 pm with m = 2.05 for a TM (a)—(c) and TE (d)—(f) polarised input plane wave.
The plots are normalised such that the incident field has an amplitude of 1. It can be
seen that larger cylinders produce higher amplitude focal spots and that they also have
more diffraction orders/scattering lobes. Comparing across polarisations, for an incident
TM wave the focal spot is narrower and slightly higher in amplitude than for a disk of the
same diameter with TE polarised input. Intensity maps for the total field (which take into

account the interference between the incident and scattered fields) are given in chapter 5.



Inclusion, m < 1

For the experiments on FZPs described in chapter 6, m < 1 (the cylinder is PVA and the
surrounding medium is the SisNy core layer). With m < 1, there is not the same focusing as
for m > 1 but there is strong forward scattering. By using a combination of these cylinders
the indivdual scattered fields interfere to form a focus. (The full structures are shown in

chapter 6.) The scattered fields for cylinders of PVA in SigNy are shown in figure 2.5.

1.6
Figure 2.5 Amplitude of the scattered field for PVA cylinders in
SizNy. (a)—(c) Incident field is TM polarised for diameters of 0.2,

0.6 and 1pm, respectively; (d)—(f) same cylinders when the input
is TE polarised. Scale bar is 2 pm.

In the plots in figure 2.5 it can be seen how the amplitude of the scattered field varies
with cylinder diameter (0.2, 0.4 and 1pm) and incident field polarisation, (a)—(c) TM and
(d)—(f) TE. (The plots are normalised such that the incident field has an amplitude of 1.)
As was seen for m > 1, the smallest diameter produces the weakest scattered field but unlike
m > 1, increasing the diameter does not simply increase the forward scattered field. For
the largest diameter, there is less light scattered directly forward and the scattered field is
stronger at an angle to the forward direction. As before, the scattered fields a few microns
away from the cylinder have a similar shape for the two polarisations. The contrast in
focusing between cylinders with m < 1 and m > 1 can be seen by studying figures 2.4(a),
(d) and 2.5(c), (f)—because they have the same diameter. The method for designing a

focusing element from these individual cylinders is covered in chapter 6.

2.2 Numerical methods

As mentioned earlier, the analytical theory only covers simplified geometries and gives an
approximation of what to expect in experiment. Seeing the analytical solution gives a clear
insight into the effects of changing different parameters and often gives a better physical

understanding of the processes. However, for more complicated geometries analytical solu-
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tions have not been found and it is necessary to use numerical methods to make precise
simulations of these processes. (An example of a simulation set-up is shown in figure 2.6.)
A number of different numerical methods are used to simulated electromagnetic processes
with two of the most common being the finite element method (FEM) and the finite dif-
ference time domain (FDTD) method. In both of these methods, the simulation region
is divided into elements that are fractions of a wavelength in size and although FEM has
the advantage of being able to vary the shape of its elements, it is generally heavier on
computational resources. Both of these methods were used for simulations over the course
of this project but the simulations presented in this thesis, were performed using the FDTD
method (through Lumerical’s FDTD Solutions software [135]).

Figure 2.6 Simulation window in Lumerical’s FDTD solutions.
Some of the elements used to define the simulation are marked: in-
cluding the input light source (1), ‘monitors’ (2) and the simulation
boundary (3).

Figure 2.6 shows a two dimensional cross section of the simulation set-up in Lumerical’s
FDTD solutions. The input source (marked 1) is indicated by a faint line and an arrow
pointing in the direction of propagation; ‘monitors’ (marked 2) are planes on which the
electric and magnetic fields are stored—even though the fields are calculated over the entire
simulation region, the values are only stored for desired coordinates—and the power flow
through these planes is also calculated; the region marked 3 is the edge of the simulation
domain where boundary conditions are set. A brief outline of the FDTD method is given
below, covering the use of these elements and results which can be obtained from FDTD

simulations.

Finite Difference Time Domain method

In the FDTD method, Maxwell’s equations still need to be solved but to simplify the

calculations the electric and magnetic fields are discretized in both time and space [136, 137].



The discretization of time is done by choosing a suitable time step (At) and calculating the
fields only at these intervals. However, to improve accuracy the calculations of the fields

are offset from each other half an interval, as such

—

B(t) — EA, H(t) —» H )AL

The method for discretizing space was proposed by Yee [138] and works by first dividing the
simulation region into a grid and then separating the electric and magnetic field components
to different points of the grid cells (see figure 2.7(a)). Displacing the different field compon-
ents in this way makes calculating the curl expressions in Maxwell’s equations easier. The

fields are given by the recursion relations

EtD)At _ gnit L g o H(nt+3)At

FHnt+3)At _ fjn+g)At 1V x BntDAt,

The fields are calculated for each step until a set time is reached or until the fields have
decayed to a specified fraction of the incident field. By offsetting in time the calculations
of the fields, the simulations are relatively light on computational power but there is the
disadvantage that the fields are not known simultaneously. There is the same disadvantage
in space as the fields are never calculated at the same position and must be interpolated
if they are to overlap the same exact point in space. These aspects make it important to

choose suitably small grid cell sizes (typically ~\/6) and time steps (typically ~c/(*/6)).
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Figure 2.7 Yee cells used in FDTD to define the spatial com-
ponents of the electromagnetic fields. (a) 3D grid used in FDTD
showing the separation of the field components to different points
in the cell. (Based on [138].) (b) 2D grid across the curved inter-
face of two materials, €, and ¢y,, used for calculating the modes of
a cross section of waveguide. (Based on [139].)

In Lumerical’s FDTD solutions, the incident field can be defined manually or by using
one of the Lumerical’s source generators. To simulate the waveguide modes which propagate
in our experiments the ‘mode source’ was used to define the incident field. To find the modes

of the waveguide Lumerical uses a finite difference eigenmode (FDE) solver based on Zhu
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and Brown’s method [139] but with proprietary modifications and extensions [135]. The
eigenmode solver works by discretizing the fields onto a mesh of a 2D cross section of the

waveguide (see figure 2.7(b)) and writing the wave equation in matrix form [139]

H, 0 —ifl U, )\ (E.
iko [H, | =] i1 0 -U,||E,[, (2.6)
H, -uU, U, 0 E.

where I is the identity matrix and U, , are square matrices defined by the boundary con-

ditions of the simulation region. From equation (2.6) the eigenvalue equation is found as

E.\ . (E
(e) 7 (e)

where P is a 2 x 2 matrix made up of a combination of the variables from equation (2.6). The
eigenvalue equation can then be solved quickly by many computational techniques returning
the fields and effective indexes of the modes. (In Lumerical the fields are normalised such
that |E|?> = 1.) This FDE solver can find the modes of rectangular waveguides which are
beyond the scope of analytical methods. Using these modes as the incident fields, precise
simulations of the experimental measurements could be performed. A few examples of the

FDTD method simulations are given below.

Rectangular Waveguides

Rectangular waveguides are used with the focusing elements described later in chapters
5 and 6. Unlike the modes of slab waveguides, the electromagnetic fields of rectangular
waveguide modes are not strictly TE or TM but have finite components of their electric or
magnetic fields along the direction of propagation. For the core widths used in this thesis
the longitudinal field component is much weaker than the transverse component and the
modes are still referred to as TE and TM. Since the core of the waveguide now has finite
length in both transverse directions, the field and intensity distributions are structured
along both the x and the y direction (as opposed to just along x for slab waveguides). This
can be seen in the intensity maps in figure 2.8.

In figure 2.8, intensity maps for the modes of a rectangular waveguide (calculated with
Lumerical’s FDE solver) are shown. The material layers of the waveguide are the same as
for the slab waveguide described earlier but for these calculations the width (along y) of the
core was b nm. Truncating the core width and thus causing the refractive index to change
along y, the field profiles now have some y dependence as can be seen in each of the images.
The plot in figure 2.8(a) maps the variation of intensity of the fundamental TE mode (TEq)
on a cross section of the waveguide and (b) shows the same for TMyg (the discontinuities
in intensity can be seen at the boundaries parallel to y). In (c¢) and (d), it can be seen

that the field can have intensity nodes along both x and y directions; the modes plotted are



Figure 2.8 Modes in a rectangular waveguide—core width 5pm
and thickness 400 nm. The material layers are the same as for the
slab shown in figure 2.1 and light propagates along z. (a) Intensity
map of the fundamental TE mode (TEq), (b) TMoo, (c) TEq; and
(d) TE1o. The dotted lines mark the boundaries of the substrate,
core and PVA-RhB film. The scale bar is 1 jm.

TEg: and TEqg, respectively. In the ideal case, only the fundamental modes would be used
for illuminating any focusing elements; when higher order modes are focused the intensity
profile of the focal spot contains multiple peaks, similar to their intensity profile before

focusing.

Disk illuminated by waveguide

Once the modes have been found they can be used as the illumination source for the different
focusing elements. From the mode profiles shown above in figure 2.8 it can be seen that
the incident field is much narrower than in the case of the analytical solutions shown earlier
(see figure 2.4). An example of a 3 pm microdisk illuminated by the fundamental TM mode
of a 6 pm wide waveguide is shown in figure 2.9. The intensity maps are taken through the
centre of the waveguide in both height and width and are normalised such that the peak

incident intensity is 1.

A more comprehensive description of the 3D simulations for microdisks is given in
chapter 5 but here a couple of the differences with the analytical solutions are stated.
The first is simply that the incident intensity varies over the disk and so there is a variation
of the contribution of the different angles from which light is gathered. Possibly the greater
factor is the divergence of the incident field as it exits from the SizN4 layer. This can be
seen in the bottom image of figure 2.9. This effect is completely neglected in the analytical
solutions since they are effectively two dimensional. It might be seen that the divergence

affects how much light the microdisk can gather and also the intensity of the focus.
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Figure 2.9 A 3pm diameter disk illuminated by the fundamental
TM mode of a 6 pm wide rectangular waveguide. Intensity cross
sections through the centre of the SizNy layer as top and side views.
The dotted lines mark the boundaries of the core and the disk.

Hole in waveguide core

Simulating a slab waveguide mode in FDTD can be problematic due to the non-zero
propagating fields at the simulation boundaries; to overcome this, periodic boundary con-
ditions are used. This boundary condition is similar to simulating an infinite array of
the structure in the defined simulation region which allows for non-zero propagating fields
at boundaries but causes unrealistic interference from the virtual neighbouring structures.
However, this effect was not deemed detrimental and so simulations were performed in this
way. An example is shown in figure 2.10

The interference caused by “neighbouring cells” can be seen as the ripple effect in the
intensity maps in figure 2.10. The underlying intensity caused by a solitary hole can be
determined and, as with the microdisk above, there is a full discussion in chapter 6. The
agreement between the analytical method and this numerical method is also discussed in
that chapter. In the image at the bottom of figure 2.10 it can be seen that some light is

lost from the waveguide core when it reaches the hole.
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Figure 2.10 Intensity map for a hole (filled with PVA) in the core
layer of the slab waveguide shown in figure 2.1 illuminated by the
fundamental TE mode. The cross sections are taken through the
centre of the core layer (top) and the centre of the hole (bottom).
The dashed line in the top image marks the boundary of the hole.

2.3 Diffraction limited imaging

The experimental work described in later chapters relies on imaging and uses an optical
microscope which is limited in its resolution. For all the simulations shown and discussed
above, the resolution is limited by either the computing power or by time constraints since
the grid spacing can be made smaller and smaller. This resolution, however, is not physically
realisable because in far-field imaging experiments there is a fundamental limit on how
separated two features must be before they can be resolved. This limit was first noted by
Ernst Abbe and later refined to the expression [140]

Ao

nsinf’

Az =0.61

(2.7)

Abbe stated—in 1873—that two objects separated by less than Ax will not be resolvable
and will appear to overlap in an image. The nsin@ can be replaced with the numerical
aperture (NA) quoted on objectives and a lower limit calculated for an imaging set-up.
With a NA of 0.6 or 0.65 and A of either 532nm (the laser used in experiment) or 580 nm
(the peak of the RhB fluorescence spectrum) the minimum resolvable separation for the
imaging system used in this work is ~550 nm. This is the theoretical lower limit and is
increased in experiment if images are out of focus or elements in the imaging system are

misaligned.
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This characteristic of imaging systems also affects isolated features. Anything smaller
than the right hand side of equation (2.7) is imaged as an Airy disk with a central spot
width equal to equation (2.7). This broadening of the feature is accompanied by an apparent
decrease of intensity since the power collected from the feature is now spread out over a
larger area. This effect can make a focal spot appear wider and less intense in measurement
if it is smaller than the diffraction limit of the set-up.

In the simulated intensity maps shown above, it can be seen that some of the features
are beyond the resolution of the imaging set-up used for measurements. To demonstrate the
broadening effect clearly, some simulated intensity maps were convolved with a Gaussian
profile to convert them from ‘infinitesimal resolution’ to the resolution of the imaging system

used in this thesis.
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Figure 2.11 The effects of the blurring caused by an imaging
system with finite resolution. (a) and (b) Analytically calculated
intensity maps for a microdisk and a hole, respectively. (c) and (d)
The intensity maps from (a) and (b) passed through a Gaussian
filter of width 500 nm. Scale bar is 2 pm.

The intensity maps in figure 2.11 show how a simulated image might look when imaged
in a diffraction limited set-up. (a) and (b) are intensity maps of the total field calculated
analytically for cylinders of diameter 4 and 0.6 pm with m = 2.05 and 1.4, respectively. For
these images, the resolution is only limited by the spacing between the points where the
fields are calculated—the spacing was set to 15nm in this case. The clearest measure of

this resolution is the clarity of the */5 standing wave in (b) caused by the reflection of the



incident wave by the hole. This standing wave has a peak to peak separation of ~130 nm
which is far beyond the resolution of the experimental imaging system. Figure 2.11(c)
and (d) show the intensity maps from (a) and (b) after they are blurred to a resolution
of 550nm. This blurring was achieved by convolving the simulated intensity map with
a Gaussian profile that had a FWHM of 550 nm. The profile was normalised so that it
summed to one; this normalisation was used so that the total power in the original image
and in the blurred image would be equal. The difference made by blurring the original
images is clear with the focus of the microdisk broader and the ripples near to the hole
completely smoothed out. The reduction of intensity can be seen from the change of scale
on the colorbars. In (a) the microdisk focuses to a peak intensity ~14 but in (c) this is
reduced to ~6. A similar but less drastic reduction can be seen for (b) and (d). The reason
for the difference between the images can be most easily pictured when considering what
would happen for a point source of light. In a simulation, this would appear as a single
intense pixel surrounded by dark pixels. After convolving as above, the point source would
appear as a Gaussian distribution of intensity with a FWHM of 550 nm (~37 pixels). As
well as increasing the width of the spot, convolving reduces the peak intensity since the

power from the point source is now spread over a larger area.



Mode beating in slab waveguides

The concept of a waveguide mode was covered in chapter 2, which included a discussion
on multiple modes propagating simultaneously. In this chapter, a simple non-destructive
experimental technique to characterise these modes in terms of their effective indexes and
relative propagation losses is discussed. The technique, based on imaging the fluorescence
of a thin dye-doped cladding layer, is applied to the slab waveguide described in chapter
2. Although the results presented here are for SigsN, slab waveguides in the visible range,
the technique could easily be generalised to characterise multi-mode wave propagation in
different materials systems and any integrated optical devices. For example, the same
method can be readily applied to rib waveguides and recently a similar method has proven

useful for plasmonic waveguides [141].

3.1 Importance of non-destructive measurement

While a theoretical analysis can compute the number of modes (and their electric fields)
supported by a given waveguide structure, the modes excited when coupling light into
the waveguide in an experimental arrangement can vary. The incident angle and focal
properties of the input beam determine which modes are excited; as the modes propagate,
the roughness of the surfaces and different features (e.g. bends or tapers) of the waveguide
induce scattering between modes. These complications mean that the actual distribution of
energy among the modes propagating at a given time/position is not easily calculated. It is
worth mentioning that even though the theoretical analysis gives an exact mode structure,
when working in the visible spectrum of light even small changes of layer thickness or
values of refractive index can move the cut-off frequency (see chapter 2) appreciably and
increase/decrease the number of modes supported. With this in mind, a non-destructive
method for experimentally determining the number of modes propagating in a waveguide
and, in certain cases, the energy distribution among them is described in the current chapter.

Different techniques have been developed for measuring the modal characteristics of

dielectric waveguides. Depending on what information is desired and the type of waveguide

33



under investigation (e.g., buried channel, slab, planar), certain techniques are more suitable
than others. Interferometric techniques have been developed to measure refractive index
profiles [142]; the prism coupler technique is used to quantify the number of modes and their
effective indexes [143]; imaging the modes at the end-face of the waveguide can also return
the refractive index profile [144]; near-field imaging techniques have been used to map the
intensity in the waveguide and determine the effective indexes of modes [145, 146]. These
methods were covered in detail in chapter 1. Generally, prism or grating out-coupling of
the modes is used to determine the number of modes propagating in the waveguide at a
specific, fixed position. These methods rely on momentum matching and, as each mode has
a different propagation constant, the modes couple out at different angles. These methods
can be cumbersome; the prisms used are usually quite large (at least compared to typical
nanophotonics structures) while incorporating a grating into the waveguide structure is

often not desirable as it irreversibly changes the waveguide structure.

3.2 Theory

The measurements in this chapter were made on waveguides consisting of the material
layers described in section 2.1.1—a SigN, core of variable thickness on a SiOs substrate
and a 100 nm thick polyvinyl acetate (PVA) film coated on the SisNy. (A cross section of
the waveguide is shown in figure 3.1(a).) To aid imaging the PVA film was doped with
the fluorescent dye rhodamine B (RhB). Two thicknesses of core layer were tested: 284 nm
(thickness measured by ellipsometry) and 400 nm (average thickness from manufacturer’s
measurements). Using the analytical methods outlined in chapter 2, the number of modes
supported by the waveguides and the effective indexes of these modes were found. (With the
materials used here, core thicknesses less than 200 nm would support only the fundamental
TE and TM modes.) The electric field profiles of the modes were also found and were
plotted to obtain the overlap of each field with the region containing the fluorescent dye-
doped cladding—see figure 3.1(b).

As was briefly mentioned in chapter 2, each mode of the waveguide has a different field
profile. The lower the order of the mode the more its field is confined to the core and
for a given mode, the field permeates more into the cladding which has higher refractive
index (in our case the substrate). The electric field of the three TE modes supported by
the waveguide with a 400nm thick core is shown in figure 3.1(b) with the field in the
PVA-dye layer (0.2pm < z < 0.3um) highlighted. The fields have been normalised by
km, fffs |Ey7m]2dx where k,, and E, ,, are the propagation constant and the electric field of
the m'™ mode. This normalisation means each mode contains the same power so the size of
the shaded region indicates how much fluorescence one mode would excite compared to the
others if they contained the same power. The ratio of the portion of the field overlapping
the dye to the total field is the amount available to excite the dye and is referred to later in

the chapter as Feyx.. From the plots, it can be seen for these modes that as the order of the
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Figure 3.1 Electric field, E,, profile of the three TE modes in the
400 nm thick core—the fields have been normalised such that each
mode contains the same power. The highlighted region between
z = 0.2pm and z = 0.3 pm signifies the overlap of the field and
the PVA-dye film. This overlap is the fraction of the field that can
excite the dye.

mode increases, Fey. increases. (This might be the expected general case.) One exception
among our samples is for the TM modes of the 284 nm thick core. In this case, the first order
mode has a lower percentage of its field in the PVA-dye film than the fundamental mode
has. This happens as the field decays more slowly into the substrate than the superstrate
and while there is an increase of field in the film compared to the core, there is much more
of an increase in the substrate. The percentages of the field overlap are given in table 3.1

along with the effective indexes of each mode.

Table 3.1 Calculated effective indexes and mode-dye overlap

teore [nm]  Order Neff Overlap [%)]
TE ™ TE ™™
400 0 1.985 1.968 5.04 5.68
1.788 1.727 10.0 11.3
2 1.472 12.3
284 0 1.941 1.903 8.26  9.70
1 1.616 1.530 14.7 7.84

From the analysis it was found that there are five modes (three TE and two TM)
supported for a core thickness of 400 nm and four modes (two TE and two TM) supported



by a 284 nm thick core. Plots of the dispersion show that a 400 nm core is very close to the
cut-off for the second order TM mode and the second order TE mode. Increasing the core
layer thickness (with all other layers kept constant) to 403 nm the waveguide would allow
the waveguide to support six modes in all, while decreasing it to 382 nm would allow the

waveguide to support only four.

Mode beating

The experimental method described in this chapter relies on the interference between the
different modes co-propagating in the waveguide. When two waves with parallel polarisation
but different frequency propagate together they interfere and ‘beat’. This beat is comprised
of a quickly oscillating wave (with a frequency of the sum of the interfering waves) in a slowly
oscillating envelope (with a frequency of their difference). Beats are commonly noticed in
music, where two notes of similar pitch played together are heard as one slowly pulsing
note. The same effect can happen in the case of light and a waveguide is an ideal structure
for studying it, since the waves are well aligned over long distances. In this setting, it
is a difference of spatial frequency which causes the interference. Once the propagation
constants of the different modes of a waveguide have been found (see table 3.1, method
in chapter 2), the way they interfere can be deduced. The two important components of
this beat wave are its amplitude which can be used to find the amplitude of the individual
modes and the frequency which is used to determine the difference in effective index of the
individual modes.

For two modes (indexed by i and j) with field amplitudes E;; and wavenumber k; ;,
the amplitude of the beat wave is expressed as Apeas = %EZE] and was found as
follows. (kg = y/k? — nekd, see chapter 2.) The analysis here can be directly applied to
the experimental data, since the maps of the fluorescent intensity are proportional to the

electromagnetic power (P) of the coupled waveguide modes.

1 .
— _ *) .
P_//S 2%{(E % H ) uz}ds,
where R denotes taking the real part of the term within the braces and * denotes the
complex conjugate. For a TE mode travelling in the z-direction with layer interfaces in the
y-z plane (see figure 3.2 for the coordinate system), we have E = (0, £y, 0), reducing the

previous equation to )
p- /5%{—EyH;‘}d1:.

For a TE mode, H, = _wLuoEy and the total E and H fields are the sum of the fields over
the orders of modes. For a core thickness of 400 nm there are three TE modes (see table
3.1),som=1,2,3 and

Ey:ZEma Hw:ZHm;
m
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where A;; = k; — kj and o0;; = k; + k;. Taking the real part and putting this into our
expression for P, we have

1
 2whg

/ [ (k‘lE% + k2E22 + k?gEg) + FE1FEy 01,2 COS(ALQZ)
+ E2E3 02,3 COS(AQ:,Z)

+ E1E3 01,3 COS(A3712’)] dx.

Recalling that Ey, Es, and Es3 are functions of z (as seen in figure 3.1(b)), the power is a
function of = and z (this is shown in figure 3.2(c) for the 400 nm thick core). The limits for
the integral are the upper and lower surfaces of the dye film as that is the portion of the
E-field that excites the fluorescence which is imaged in experiment. The expression for the
electric field in the dye film is given in equation (2.1) and all that needs to be remembered
here is that it depends on z as exp(—fm £2), Kt = /k2, — nekg. (Where ki, ¢ is the field’s
decay constant in the film and k,, is the propagation constant of the mode of order m.)

Substituting in and performing the integration we arrive at
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The negative sign just indicates that P decreases as z increases (i.e. if we put in our
integration limits we would get a positive number). It can be seen that there is a ‘D.C’
term and a term which oscillates with z (i.e. the beat). The amplitude of the beat is
proportional to the product of the amplitudes of the underlying modes (E;E;) and to the

ratio of their longitudinal wavevector components to their transverse (749 /. Ny 0)-

The oscillating part of equation (3.1) has three separate components (one for each pair
of waves) each with period 27/A; ;. As a spatial frequency, this can be related back to the

effective indexes by

Aij _ ki—k
27 27
27T(neff»i/)\0 - nEH«j/)\g)
fbeat = 9
T
Neft,i — Neff,j
fbeat = =2 = . (32)

Ao

Thus, the beat frequencies depend linearly on the difference between the effective indexes of
the modes. Because of this simple relationship, a Fourier transform of the intensity profile
along the direction of propagation (z) provides three values for fyeat, which can then be

used to calculate neg; using equation (3.2).

To visualise the mode beating, some simulated intensity surfaces are shown in figure 3.2.
These intensity maps were made by propagating the three TE modes of the 400 nm thick
core together. A top-view (looking down onto the SigNy surface) and a side-view (the layers
of the waveguide stacked vertically) are given. (The scale in the side-view is different in the
vertical and horizontal directions—the scale bar marks 5 pm in the horizontal direction but

the total vertical scale is 2 pm.)

The intensity patterns in figure 3.2 are constant over time as a result of the fixed
relative phase between the modes when they are coupled to. Points of high intensity are in
red while low intensity are blue and the evanescent decay of the intensity outside the core
of the waveguide (decaying more slowly into the substrate) can be seen. The top-view (b)
is the type of image taken in experiment (see e.g. figure 3.6) and has variation in only the
z-direction. The side-view displays in more detail how the modes interfere and might also
make clear the need to determine the overlap percentages given in table 3.1. It can be seen
that an intensity profile taken along z will depend on its x coordinate (it would not simply
be shifted left or right but will have a different structure). Since the wavenumber of the
modes doesn’t change with z, the factor which changes the intensity structure is the modes’
relative amplitudes. This was confirmed by Fourier transforms of the simulated intensity

taken for different x coordinates.
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1
Figure 3.2 Intensity surfaces for multi-mode propagation in a slab
waveguide. (a) The layers and coordinate system for the waveguide
being studied. (b) Top-view (at SisN4-PVA interface) with modes
propagating to the right. (c¢) Side-view as modes propagate to the
right with the black lines marking the boundaries of the core. Scale
bar is 3 pm.
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3.3 Experiment

3.3.1 Fabrication and set-up

To simultaneously excite multiple modes in the waveguide, end-fire coupling was used. End-
fire coupling is the method of coupling light into a waveguide by focusing a beam onto the
end-face of the waveguide. The efficiency of coupling to a specific mode is given by the
overlap of the profile of the focused beam and that of the mode [71]. To produce a flat edge
for end-fire coupling a number of separate slots were etched through the SisN,4 layer using
UV lithography (to define an etch mask) and an inductively coupled plasma (ICP) etch
with Ar and CHF3. After these slots were created, a cladding layer (5% w/w PVA, 104 M
RhB in water) was spin-coated onto the SigNy, to a thickness of ~100nm. The refractive
index of this dye-doped layer was measured as 1.5 using ellipsometry. The light source for
these experiments was a 4.5mW, 532nm wavelength (low polarisation ratio) diode laser.
A neutral density filter of optical density 1.0 was included to reduce photobleaching. The
power coupled into the waveguide was sufficiently low to avoid any non-linear effects in the
dye. For most of the experiments discussed here a film polariser (>99% extinction) was used
for polarisation specific coupling. A demonstration that the method works for unpolarised
input and that the result is a simple superposition of the two orthogonal polarisations
without any inter-polarisation interference (as exepected from the Fresnel-Arago laws) is
given towards the end of the chapter. A 40x, 0.6 NA (numerical aperture) microscope
objective was used for the imaging, along with a monochrome CCD camera. The camera
is a 1024-by-768 (width-by-height) array of square pixels, each of width 4.65 pm. With

this magnification, the effective pixel size was 0.11 pm which corresponds to a maximum



sampling rate of ~4.5 pm~! (f/2). This sampling rate was greater than the beat frequency
defined in equation (3.2) (fpeat sets the lower limit for the sampling rate in experiment). In
the fourier transform (FT), the frequency resolution (for a fixed sampling rate) is determined
by the number of sampling points (in our case, half the number of pixels in one row on
the CCD). The frequency resolution was equivalent to a resolution of ~0.005 in refractive
index. Although this is not outstanding in terms of refractive index measurements, it is
achievable with standard, low cost lab equipment. Higher resolution could be achieved by
using a camera with more pixels per row or by decreasing the magnification, for instance.
(Decreasing the magnification decreases the maximum sampling rate while keeping the
number of sampling points constant thereby reducing the spacing between sampling points.)
To calibrate the set-up, a ruled grating (Horiba Analytics, 400 lines/mm) was imaged. The
FT returned a frequency of 3908 mm~—! which was deemed an acceptable value and the data

taken in the following sections was normalised by this value.

Laser

CCD

Figure 3.3 Experimental set-up for exciting and imaging modes
of a waveguide. The green line shows the path of the laser through
a polariser (P), a neutral density filter (ND) and focused (L1)
onto the waveguide (WG). The fluorescence (red line) was collected
by the microscope objective (MO) and imaged (L2) onto a CCD
camera after any scattered laser light had been filtered out with a
dichroic mirror (DM). The LED and lens (L3) provided brightfield
illumination of the sample.

A diagram of the experimental set-up is shown in figure 3.3. The laser was end-fire
coupled to the waveguides in order to excite multiple modes. The angle of incidence to the
waveguide end-face was ~10° and a cylindrical lens was used for focusing. With the end-fire

method, the coupling efficiency for each mode is proportional to the spatial overlap of the
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input beam on the mode [71]. The cylindrical lens provided a broad input with uniform
intensity across the vertical range of the camera images. This resulted in each row of pixels
in every image being available as a set of data for F'Ts which meant signal-to-noise could
be reduced by averaging over the FTs.

The microscope arm of the set-up (photograph in figure 3.3) was built on a translation
stage. This meant that everything necessary for coupling could remain fixed while the
imaging apparatus was free to move. This was important for the measurements related to

propagation loss discussed later in this chapter.

Thinning SizgNy4 layer

The original wafers (as received from Si-Mat) had a 400 nm thick Si3Ny layer. To produce
a second sample with a thinner core (which would therefore have a different mode structure
to the original samples) the wafers were etched. The etching process that was used was
developed by a previous student of the group and was known to produce smooth surfaces.
The etch was a reactive ion etch using SFg and CHF3 and it was timed to remove ~100 nm
of SigN4. A comparison of the surface of the silicon nitride films before and after etching is

given in figure 3.4.
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Figure 3.4 AFM scaus of SizN, surfaces. (a) 5pm x 5 pm scan of
an original, unetched sample. (b) Similar scan of the same sample
after etching; the inset image is a magnified view of a 400 nm x
400 nm region of the scan. The scale bar is 1 pm.

After etching, the surface roughness of the SigN,; was measured using atomic force
microscopy (AFM) and the film thickness was measured using ellipsometry. Figure 3.4(a)
shows a 5um X 5pm AFM scan of one of the samples before it was etched. Although
there are some particles on the surface, the average roughness (the RMS roughness) was
measured as less than 1 nm which can be expected for a film grown by LPCVD. The images
in figure 3.4(b) are scans of the sample after etching. The high regions on the scan were

most likely caused by contaminants on the surface during etching but the width of these



regions was overestimated as an artefact of the AFM scan. Overall the surface was still
smooth (the inset image shows a 400 nm x 400 nm region) and the average surface roughness
was measured as ~2 nm.

An ellipsometer was used to measure the thickness of the SizNy films after etching. (A J.
A. Woollam, alpha-SE ellipsometer was used.) The tool measures reflectivity over a range
of wavelengths and angles and can calculate the film thickness from these measurements.
Using the software (CompleteEase) provided with the tool the thickness of the films after

etching was calculated as 284 nm.

Rhodamine B

As mentioned earlier, a fluorescent dye was used in experiment to improve the imaging of the
intensity at the surface of the SigN4. Without using a fluorescent dye, imaging the intensity
in the waveguide relies on scattered light. Scattering relies on surface roughness or sharp
changes of refractive index and thus images can be dominated by particles (e.g. dust) or
scratches or other imperfections on the surface of the SisN4. (Imaging the scattering from
pristine samples would produce similar intensity maps to the fluorescence images shown
below, however, an incoherent light source would need to be used as well as a suitably
high intensity. Using a coherent light source produces artefacts in the imaging.) In later
chapters, the light scattered by focusing elements is imaged; the elements produce large
intensities that can be imaged reliably.

By coating a fluorescent dye on the SigNy, the reliance on imperfections needed for
scattered images is removed and the emission from the dye is imaged. Fluorescence imaging
relies on the absorption and re-emission of light by fluorophores—in this case molecules of
RhB. The molecules absorb incident photons at one wavelength, promoting electrons to
an excited state and as the electrons return to the ground state, they emit photons. The
emitted photons are typically of longer wavelength due to the loss of vibrational and/or
rotational energy as the electrons relax to the ground state and this shift in wavelength is
known as the Stokes shift [147]. The Stokes shift allows for the separation of the incident
and emitted light through the use of filters in the set-up thus images can be made solely of
the fluorescence. Quenching and photobleaching—the reduction in fluorescence emission—
of fluorophores can happen as the molecules become reactive in the excited state and change
their molecular structure; however, these effects can be diminished by using low intensity
excitation and short exposure times. The concentration of the dye is uniform over the
surface so an image of the fluorescence maps the intensity in the waveguide. RhB was the
fluorescent dye used in experiment because it could be easily dissolved/dispersed in a PVA
solution and coated on SigN4 and because of its optical properties some of which are shown
in figure 3.5.

Figure 3.5 shows the absorption and emission spectra for RhB in solution with PVA.
The spectra were normalised separately to have maximum values of 1. The wavelength of

the laser (532 nm) is marked by the dotted line. In experiment, a dichroic filter is used to
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Figure 3.5 Normalised absorption and emission spectra of rhod-
amine B in a PVA solution. The dotted line indicates the
wavelength of the laser used in experiment (532nm). A filter,
blocking wavelengths below 535nm, was used when taking the
emission spectrum.

remove any laser light from the images. This filter has its maximum reflectivity centred
on 535nm and drops below 50% reflectivity ~570nm. This filter blocks a portion of the
fluorescence but transmits enough for imaging. The emission peaks at ~580nm which is
the value that was used in calculations for the resolution of the experimental fluorescence

images, however, the finite width of the emission spectrum worsens the resolution.

3.3.2 Linearly polarised, single input angle

Once light was coupled into the waveguide an image (figure 3.6(a, b)) was taken, with a
dichroic mirror used to remove the green input laser, and the intensity profile (figure 3.6(c,
d)) along the direction of propagation (left-to-right) was recorded. The low frequency
oscillations in intensity are stable in space and time, and are due to the interference of the
different waveguide modes, while any overall decay is mostly due to the absorption of the
dye.

Figure 3.6(a, b) show false-colour representations of the optical images taken after the
laser had been coupled to the waveguide under TM and TE polarisation, respectively (im-
ages are normalised to their own maximum value). The intensity peaks and troughs can
be clearly seen, and comparing the images the TE polarised case appears to have more fine
structure. For clarity, the images shown have been cropped to an area of 20 pm x 8 pm
(the original images are 110 um x 80pm). The intensity profiles in figure 3.6(c, d) show
the periodic beating pattern produced by the interference of the different modes. For a
core thickness of 284 nm (circles), in both TM and TE cases, the intensity seems to vary
like a single sine wave. This is the typical result for beating of two waves and suggests
that, as theoretically predicted, there are only two modes supported. For the thicker core

(crosses), however, in TE polarisation it is clear that the mode behaviour is more intricate.
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Figure 3.6 Fluorescence from a slab waveguide. (a, b) Colourmap
images of the intensity of fluorescence from the dye layer coated on
a slab waveguide when light is end-fire coupled (scale bar is 5 pm).
The image (a) is from the 400 nm thick core with TM polarisation.
The plot in (c) shows the intensity for both the 400 nm (crosses)
and 284 nm (circles) thick cores. (b) and (d) show the same for
TE polarisation.

Quantitative results cannot be gathered simply by eye from the images. These intensity
profiles were taken for every row of pixels (768) and put through a FT using NumPy’s fast
Fourier transform [148]. The F'Ts were then averaged to produce the plots in figure 3.7.

The peaks in the Fourier spectra in figure 3.7 are the beat frequencies, fyeat, caused by
the interference between the modes. The number of peaks, N,, in a given spectra depends
on the number of modes, m, propagating in the waveguide and is given by N, = m(m—1)/2.
The magnitude of a peak in the FT is directly proportional to its amplitude in the spatial
domain and so the relative magnitude of the peaks can be used to compare the power
coupled into each mode. That each peak is the result of a combination of two modes, and
the factor of Feyc, need to be taken into account.

The Fourier spectra in figure 3.7 have been normalised individually to the highest peak
in their curve and are plotted for frequencies up to 1.0 pum. This value covers the range of
possible frequencies predicted by theory and, in experiment, no peaks were found at higher
frequencies. For TE polarisation in the 400 nm thick core (plotted in (b)) there are three
peaks as a result of three modes interfering. When the thinner core sample was measured,

still with TE polarisation, (plotted in (d)) there is only a single peak from the interference
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Figure 3.7 Beat frequencies in slab waveguide. Plots of FT of the
intensity profiles for a 400 nm thick core in (a) TM polarisation and
(b) TE polarisation, and a 284 nm thick core in (¢) TM polarisation
and (d) TE polarisation. The peaks are at the beat frequencies
caused by the interference of modes propagating in the waveguide.

of two modes. The peak has also shifted to a higher frequency indicating the increased gap
between the modes’ effective indexes. For TM polarisation there is only a single peak in
each curve and the frequency shift of the peak is the evidence of a change of thickness.

From the Fourier spectra the beat frequencies were found and, using (3), converted
to effective index differences. The beat frequency was chosen as the frequency at which
the magnitude of the FT peaked. The finite width of the peaks is mainly due to the
finite resolution of the imaging system. (The decay of the oscillations caused by the dye
absorption will also broaden the peaks, however, it is expected this effect is weaker than the
imaging resolution.) Table 3.2 displays the beat frequencies and effective index spacings for
both core thicknesses and both polarisations alongside the theoretically calculated values
of effective index difference, for comparison. There is good agreement between theoretical
and experimental values, with the theoretical values consistently larger than those found
experimentally, suggesting perhaps that some value (e.g. film thickness, refractive index) is
slightly different from the one used in theory calculations.

To determine if there was preferential coupling for a specific mode, the amplitudes of
the peaks in figure 3.7(b) were compared. The lowest frequency peak, caused by the beating
of modes TEy and TE;, has an amplitude of 0.345. The lowest frequency peak will always
be caused by the beat of the lowest order modes because they are always the closest in
effective index. This can be seen as the propagation angle (x neg) needing to decrease by
greater and greater amounts for the phase-matching, ‘round trip’ to be a whole number of
wavelengths. The amplitude of the peak caused by the beating of TE; and TE, is 0.800,
and by TEg and TEy is 0.145, giving a ratio of 0.43:1.0:0.18. From this, the amplitudes of



Table 3.2 Beat frequencies and effective index differences for
modes in slab waveguide.

foeat (mnm~1) Aneg Calculated
400nm TE 0.365, 0.571, 0.936  0.194, 0.304, 0.498 0.197, 0.316, 0.513
™ 0.440 0.234 0.241
284nm TE 0.590 0.314 0.325
™™ 0.636 0.339 0.373

the individual modes were found and are in the ratio 0.17:1.0:0.46 for TEy:TE;:TEs. (The
relationship of a mode’s amplitude to the amplitude of a beat was derived in section 3.2.)
This ratio is for the fields exciting the dye. Normalising by the percentage of a mode’s field
in the dye layer (table 3.1) and converting to power in the mode, a ratio of 0.13:1.0:0.03
was found. This strong coupling to the first order mode may change by varying the angle
of incidence of coupling. To expand on this measurement and determine how the power in
each mode relative to the others varied with propagation distance the experiment described

below was performed.

3.3.3 Propagation length

The measurements discussed above were taken close to the “in-coupling” end of the wave-
guide. For comparison, images were taken at different positions along the waveguide
(~0.25 mm separations). As before, a laser was coupled in with TE polarisation. The
microscope was then moved along the waveguide, away from the in-coupling region. Images
similar to those in figure 3.6(a, b) were taken at successive distances along the waveguide
and the FT of the intensity was taken for each of the different images. Three of the res-
ulting Fourier spectra, for images taken ~1 mm apart, are shown in figure 3.8. The data is
presented on a log scale so that the higher frequency peaks remain clear. The scatter plot
compares, also on log scale, the relative power of each mode when normalised by the sum of
the powers in the three modes. The fitted lines are of the form 107 with « representing
decay length for the mode. The total power in the waveguide is found by averaging the
intensity over a consistent portion of each image, and can be seen in figure 3.8.

The FT taken near the beginning of the waveguide—the dashed line in figure 3.8(a)—
shows three peaks resulting from interference between the three modes. The peak at
0.57pm~1! is the strongest. Moving along the direction of propagation by 1mm (dotted
line) the relative magnitudes of the peaks has changed so that the peaks caused by interfer-
ence of the second order mode with the other two have diminished. Moving further along
the waveguide (solid line) the second and third peaks have become weaker still. Monitoring
the change in amplitude of the Fourier peaks as a function of distance we can extract the
relative losses in each mode. The scatter plot in figure 3.8(b) shows the propagation losses

of the individual modes as well as the normalised relative power in the waveguide. The first
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Figure 3.8 Relative propagation losses. (a) Fourier transform
taken at different positions along the length of the waveguide with
the peaks relying on the second order mode becoming weaker with
distance. (b) Plot of the power in each mode relative to the power
in the waveguide.

order mode is coupled to most strongly while the fundamental and second orders contain
significantly less of the propagating power in the beginning. Due to their greater overlap
with the dye layer, the TE; and TEs modes lose more power exciting the dye. After a short
distance the TE, mode has diminished to a power noticeably lower than the TEg mode
while at around 2 mm distance the TE; has similar power to TEy. The total power at each
position is then used to determine the loss of the different modes. To find these losses,
the logarithm of the power was plotted against propagation distance (see figure 3.8). It
can be seen that the power in the TE; mode reduces to about one-tenth of its initial value
after 2 mm corresponding to losses of ~50dBcm™!. Fitting the plots in figure 3.8(b), the
slope of the fitted line is equal to the propagation loss of the mode and (after converting
units) losses of 12.6 dB em™!, 63.0dBem™! and 117dBem ™ for TEg, TE; and TE, were
found. These losses are quite high compared to reported measurements of propagation
loss in SizgNy waveguides [111, 126]. These losses can be partly attributed to absorption
by the dye. For comparison with analytical calculations, a suitable value of 0.001 as the
imaginary component of the dye’s refractive index (suitable for this concentration of dye)
results in losses of 11.5dBcm ™!, 54.7dBem ™! and 123.6dBcm~'. While there are more
accurate measurements of single mode propagation loss, e.g. cut-back method, this provides

a non-destructive measure of the loss for co-propagating modes relative to one another.



3.3.4 Circularly polarised, single input angle

To broaden the scope of the method, measurements of mode beating in the waveguide with
circularly polarised input were made. Like before, the experiment was set up as shown in
figure 3.3 but with the addition of a quarter-wave plate. The wave plate (with fast axis at
45° to the beam’s polarisation) was inserted between the linear polariser and mirror (M2).
This ensured equal amounts of TE and TM polarisation were incident on the waveguide and
suggested all the modes supported by the waveguide would be coupled to and propagate
simultaneously through the waveguide. As the field in the waveguide is a superposition of
the TE and TM modes (the field is generally elliptically polarised) any interference effects
can be seen as a superposition of TE modes interfering and TM modes interfering. This
arises from the orthogonality of the polarisations (Fresnel-Arago laws) and means that the
resulting intensity patterns are effectively those of the TE case overlaid with those of the
TM case (i.e. there are no additional interference peaks in the FT) and contain separable
information about the TE and TM modes.

As before, the fluorescence images (figure 3.9(a) and (b)) show the interference caused
by the beating of the modes propagating in the waveguide. By eye it is difficult to identify
any differences from the linearly polarised cases shown earlier (see figure 3.6(a) and (b))
and it is in the FTs that the expected results are verified. The intensity profiles from these
images were put through a FT as described for previous measurements and then compared
with the earlier results. Figure 3.9(c) and (d) plot the FT for circularly polarised input
(solid line) for the 284 nm and 400 nm thick cores, respectively; in both cases, there are
more peaks than in the linearly polarised measurements. For ease of comparison, the TE
and TM cases are overlaid as dotted and dashed lines, respectively. It is clear that the solid
line is a simple combination of the broken lines demonstrating, as expected, that there is
no interference between the TE and TM modes since there are no new peaks. This also
shows that a measurement with unpolarised input is enough to determine mode spacings
when there are a small number of modes. However, as the number of modes propagating
increases, the likelihood for peaks (of separate polarisations) to overlap increases making it
more reliable to use polarised input.

A note on the FT magnitudes in the circularly polarised case. Each of the curves was
normalised by a different value since the aim was only to show that no additional peaks
arise when using circularly polarised input. However, quantitative results can be found
by examining the solid curve alone. Comparing the contributions of TE and TM to the
solid curve in figure 3.9(c), it can be seen that the peak for TE interference is stronger
(~3x the TM peak) while in (d) the peak for TM interference is strongest (~2x the TE
peaks). Since equal amounts of TE and TM polarised light were incident on the waveguide
for the two thicknesses (with the angle of incidence unchanged) it suggests that this is not
a preferential excitation of the dye by either polarisation and is more likely a preferential
coupling depending on the mode’s properties. This led to experiments with varying incident

angle described below.
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Figure 3.9 Images and FTs for circularly polarised input. (a)
Fluorescence heatmap produced when circularly polarised light is
coupled into a 284nm thick core (scale bar is 5pm). (c) Plot of
FTs comparing circularly polarised (taken from (a)) to linearly po-
larised (from earlier measurements). The solid curve is for circular
polarisation while the dashed and dotted are for TE and TM, re-
spectively. (b) and (d) show the same measurements for a 400 nm
thick core.

3.3.5 Varied angle coupling

To determine if there was any control over mode specific coupling a run of measurements
was performed where the input angle of the beam to the waveguide was varied. With the
set-up as shown in figure 3.3 the mirror M2 was moved (“vertically” in the figure) to change
the incident angle of the beam; lens L1 was then repositioned to focus the beam. For this
experiment only the 400 nm thick core was used. Considering error in the measurement of
the incident angle and the small spread introduced by the focusing lens meant that nominal
values of 10°, 18° and 23° were taken. The range of input angles available was limited at
lower angles by the beam spreading (due to its finite width) over the superstrate of the
waveguide and exciting fluorescence; at larger angles the microscope objective would block
the beam reaching the waveguide. For these measurements linearly polarised input was
again used and the results are shown in figure 3.10.

The plots in figure 3.10 seem to indicate that the coupling does not vary greatly with
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Figure 3.10 Mode coupling with input angle. (a) Graph of FT
with TE polarisation for different input angles: 23° (solid), 18°
(dotted) and 10° (dashed). (b) The same for TM polarisation.
The curves have been offset from each other for clarity.

input angle. Each curve has been normalised to its highest peak so relative peak heights
should be compared rather than absolute values. The TE polarised case is plotted in (a)
and shows that there is not a large change over the range of angles as, similar to earlier
measurements, the ‘2-3’ peak is the strongest for each angle. However, it can be seen that
the ‘1-2” and ‘1-3’ peaks vary relative to each other over the three curves. It might be
expected that over this range of angles the TE; mode would be coupled to moreso than the
fundamental TE mode—reflections from the substrate and base Si wafer would alter the
field at the waveguide end-face. To couple more strongly to the fundamental mode it might

be necessary to move to lower input angles.

3.4 Conclusions

An experimental method for determining the difference between the effective indexes of dif-
ferent modes propagating simultaneously in a dielectric slab waveguide was demonstrated.
It was shown that copropagating modes in a waveguide interfere because of the different
optical path lengths arising from the modes’ different effective indexes. The interference
produces a standing wave—a corrugated intensity profile that is constant over time. Al-
though beats in waves are generally travelling waves, the fixed relative phase between the
modes at input is what causes the standing wave. The period of the standing wave is con-
trolled by the effective index difference of the modes interfering and a desired profile could
be achieved by varying the wavelength of light used. The ability to control the electric field
profile along a planar optical structure in this way could prove useful in optical trapping

and manipulation [125].
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Since the intensity profile is constant in time it can be imaged and information of
the underlying mode structure can then be extracted from the images. By imaging the
fluorescence from a dye-doped PVA film spin coated on the core of the waveguide, the
intensity in the waveguide was spatially mapped. Using a Fourier transform the intensity
profiles were converted to spatial frequencies which were used to calculate the effective index
difference between the modes. The experimentally determined values matched well with
those analytically calculated—in all but one case the difference was <5%. The deviation
between the theoretically and experimentally calculated values is most likely due to the
thickness of the dye-doped PVA film varying between samples.

Aspects of mode propagation and coupling were also measured. The propagation losses
of the different order TE modes were measured and showed that the lower the order of the
mode the lower the loss. This would be expected as losses would be dominated by surface
scattering (and in this set-up dye absorption) and the higher order modes have a greater
fraction of their fields near the surfaces (and outside the core layer). The variation of mode
excitation with input angle was also looked at, though over the range of angles considered
was not found to vary greatly.

The advantages of this method lie in its ease of application and analysis, using inexpens-
ive equipment. The non-destructive nature of the method is also worth noting as the dye
layer can be easily removed after testing. Also, the dye layer is not absolutely necessary but
was used here to improve imaging the intensity at the surface of the waveguide core. Images
of the scattered light would also contain the same information, provided the surface was
uniform with a small surface roughness. The method can be extended to rib waveguides,
specifically in cases of bends and tapering, where different modes are affected differently.
Ideally, this would be done with controlled input coupling.

When orthogonally polarised modes (i.e. TE and TM) propagate simultaneously, the
resultant field is elliptically polarised in space. In time, however, the polarisation of the
field depends on the position; in general, the beam is elliptically polarised but at positions
where the TE and TM modes are in-phase, the resultant field is linearly polarised. (This is
different from the general free space case where a polarisation state is the same in both time
and space.) Because of this effect, the polarisation state of the radiated field depends on
the position at which the waveguide is terminated and will also vary between linearly and
elliptically polarised. The effect of the radiated intensity varying with termination position

was previously demonstrated and measured by Gut [149].






Rectangular waveguide structures

In the previous chapter, it was shown that information about the propagating modes can be
attained from simply imaging the intensity at one surface of a slab waveguide. To demon-
strate how this measurement could be used in other systems, different waveguide structures
were fabricated. In this chapter, the propagation of light in rectangular waveguides, around
bends and along tapers is studied. As in the previous chapter, the interference of modes
can be seen but in these structures a greater number of modes is supported and their effect-
ive index differences are often minuscule, making quantitative measurements challenging.
However, the effects of different perturbations on the modes are clear and a few cases are

shown.

4.1 Introduction

The use of dielectric waveguides in integrated optics (I0) was covered in depth in chapter
1. For IO circuits to be compact, bends in the waveguides connecting the elements are
a necessity and thus have been the subject of much research. Low-loss bends with small
bend radii have been demonstrated in SOI platforms (~0.01 dB per bend for a 2 pm bend
radius [150]) and unconventional structures have been proposed to achieve tight bending on
other platforms, e.g. incorporating plasmonic elements into the bend [151]. However, these
structures are generally designed and tested for single mode waveguides. The propagation
of higher order modes is often not considered but for IO circuits to be optimised multiple
modes of a waveguide need to be used.

To theoretically study waveguide bends, analyses such as the beam propagation method
and transformation optics (TO) have been used [152, 153]. Using TO a 90° bend (radius
~80 pm) which supported three modes with negligible intermodal coupling was designed and
experimentally measured. TO can be used to predict suitable designs for many structures
but they can require elaborate fabrication.

Measurements of waveguide bend performance generally rely on just transmission meas-

urements; the insertion losses are measured for similar systems with an increasing number
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of bends and from the total losses the bend losses can be deduced. Direct imaging of the
bends, when performed, is usually carried out by scanning the optical near field [92, 154,
155]. These technniques (NSOM and PSTM) provide high resolution of the intensity as
the modes propagate through the waveguide but they can be cumbersome. Far field op-
tical measurements are less common but can visualise the same information (with reduced
resolution) [83]. These measurements can be used to determine how different modes are

perturbed by a bend in the waveguide core (or any structural change to the waveguide core).

Rectangular waveguides and bends and tapers in rectangular waveguides are investig-
ated through far field imaging in the following sections. The structures presented support
multiple modes and, in some cases, information can be extracted from the interference of the
modes. The tapered waveguides are studied as simple focusing elements and far field images
show clearly how effective different tapers can be for focusing light to a spot. Numerical
simulations are given for certain cases to support experimental observations and also to
provide insight into the processes of the individual modes (in contrast to the multi-mode

experimental images).

Si0,

Figure 4.1 Cross section of a rectangular waveguide. The thick-
ness (T) and the width (W) of the core vary between samples. The
core, substrate and other layers (not shown here) are the same as
in the previous chapter.

The geometry of the waveguides used in this chapter is shown in figure 4.1. The width
of the core was kept in the range 1-10 pm and thicknesses of 180nm and 400 nm were
used. The materials of each layer were the same as in the previous chapter. The structures
presented in this chapter were fabricated using electron beam lithography (EBL) and an
inductively coupled plasma (ICP) etch. A negative tone resist (nLOF) was used in EBL
to define the etch mask. The methods used for fabrication were presented by a previous
student of the group [156]. Optical and scanning electron microscopy (SEM) images of the
different waveguide structures (bends, tapers) are shown in later sections. As before, a film

of RhB doped PVA was coated over the surface to improve imaging measurements.
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4.2 Modal interference in rectangular waveguides

The interference of slab waveguide modes was studied in the previous chapter and it was
shown that the intensity pattern produced by simultaneously propagating modes contains
information about the individual modes. In rectangular waveguides the same effects occur
and so similar information can be extracted. However, rectangular waveguides support
many more modes than a slab waveguide of similar thickness; the ‘extra’ modes are closer
in effective index which makes definitive measurements more difficult. As an example,
rectangular waveguides with different core widths were measured.

The end-fire method was used to couple light (A = 532nm) into the waveguides. The
fluorescence of the PVA-RhB film was imaged using the set-up shown in figure 3.3 with
a dichroic mirror preventing laser light from reaching the CCD camera. With the optical
elements used the resolution was ~600nm and the effective pixel size was ~105nm. FEx-
perimental images of a set of waveguides with different widths are shown in figure 4.2.
Similarly to the modes of a slab waveguide, rectangular waveguides have an order relating
to the number of nodes in the electromagnetic field profiles. Since rectangular waveguide
modes can have nodes in both transverse directions, the modes have a double subscript, i.e.,
TE;; and TM,;, where i is the order in the smaller dimension (in this case the thickness)
and j is the order in the larger (the width). As stated in chapter 2, rectangular waveguide
modes are not purely TE or TM but for widths = 1 um they are well approximated as TE
and TM.

Figure 4.2 Experimental intensity maps of light propagating in
rectangular waveguides. The width of the core is (a) 1pm, (b)
2pm, (¢) 3pm and (d) 5pm. The scale bar is 5 pm.

The images in figure 4.2 experimentally map the intensity along waveguides of different

core widths. (For these images the input was TE polarised). The thickness of the core



is 400nm and the width is varied from 1pm to 5pm. The intensity varies both across
and along the direction of propagation (left to right). The greater propagation loss in the
waveguides with smaller cores is due to a larger fraction of the power in these waveguides
being outside the core thus being absorbed by the dye.

As the width of the waveguide increases, the number of modes supported by the wave-
guide increases and if these modes are excited, the intensity pattern becomes more intricate.
The variation of intensity can be separated into oscillations due to different order modes in
the thickness and a changing profile due to different order modes in the width. The modes
of different order in the thickness have effective index differences similar to those in the
previous chapter while the modes of different order in the width have much smaller effective
index differences. As in the previous chapter, the Fourier transform (FT) of the intensity

along the waveguide was calculated using NumPy the results of which are shown in figure
4.3.
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Figure 4.3 Fourier transforms of the intensity profiles along wave-
guides of different core width. (a) Fourier transforms of the wave-

guides shown in figure 4.2. (b) Fourier transforms taken at different
positions of the 2 pm core waveguide.

The curves in figure 4.3(a) are the FTs of the waveguides shown in figure 4.2. For
each waveguide, a F'T was taken along each row of pixels of the core and the average of
these FTs is plotted. Each FT has a peak near 0.4pm™! and the peak is shifted towards
lower frequencies as the width of the waveguide increases. This peak is a result of the
interference between the TEg; and TE;; modes. The splitting of the peak in the FT for
the 1m core is from excitation of TE and TM modes; for a core of this width, the modes
have electric field components along both axes and are not distinctly TE or TM. The modes
of the waveguides were found theoretically using the finite-difference eigenmode solver in

Lumerical’s MODE solutions (described in chapter 2). The wider waveguides support tens
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of modes in the width which are not all listed here, instead the lower order TE modes of
each waveguide are listed in table 4.1. It can be seen that the effective index difference
between the modes increases as the width of the core decreases. This corresponds to the
experimentally measured increase in the beat frequency with decreasing core width. One
other correlation between simulations and the experimental measurements is the reduction
in the number of peaks in the F'T as the width of the core is decreased, as fewer modes are
supported. Ultimately, the number of modes supported by the waveguide made quantitative

measurements of the modes quite difficult.

Table 4.1 Numerically calculated effective indexes (neg) of the low
order TE; ; modes of a rectangular waveguide. The thickness of
the waveguide core was 400 nm and the width (weore) varied from

1pm to 5pm.
Weore [M] Neff
Order (i)\Order (5) 0 1 2

) 0 1.985 1.983 1.979
1 1.787 1.785 1.781
2 1.472

3 0 1.984 1.973 1.960
1 1.785 1.775 1.758
2 1.469

2 0 1.981 1.969 1.948
1 1.783 1.770 1.747
2 1.467

1 0 1.970 1.923 1.846
1 1.771 1.720 1.634

Averaging the FTs across the waveguide core can improve the signal-to-noise ratio of the
data but it removes the dependence of position. In figure 4.3(b), the FT taken for different
rows of the same waveguide core are plotted. A FT was taken for a row of pixels near to the
top edge of the core of the waveguide shown in figure 4.2(c)—the 3 pm wide core—as well as
along the centre and along the bottom edge of the core. Each of the F'Ts contains the peak
at 0.4 pm, however, there are differences between the FT for the centre and those for the
edges. The clearest difference is the peak at ~0.08 pm~! which is missing in the FT for the
centre. This low frequency interference is from modes of different order in the width (i.e.
TEo; and TEg;,. Another, less striking, difference is the emergence of a peak at 0.8 pm !
in the FT for the centre. This peak would correspond to modes with a large effective index
difference (likely TEg; and TEgj). As before, these measurements were inhibited by the

number and density (in effective index) of the modes supported by these waveguides. While



increasing the resolution and magnification would be an improvement, the measurement
would perhaps be best suited to low index contrast waveguides which support only a few

modes even for relatively large cores.

4.3 Bends

As mentioned earlier, waveguide bends are necessary components for IO circuits and they
have been studied theoretically and with near-field scanning optical microscopy (NSOM)
imaging. Direct imaging generally provides the greatest insight into light propagation
through a structure; even though transmission measurements (where just the power at
the input and output are recorded) can determine the loss of a structure, they do not con-
tain any information on how the modes are perturbed. Here, a number of waveguide bends
with different bend radius are examined through the intensity mapping technique used for
rectangular waveguides, above. Microscope images of a group of bends fabricated by EBL
and ICP etching are shown in figure 4.4.

(a)

Figure 4.4 Microscope images of bends in dielectric waveguides.
(a) Optical image of a set of bends with radius of curvature 1-
25p1m and a core width of 2pum. (The scale bar is 20pm.) (b)
SEM image of a bend of radius (R) 5pm and width (W) 2 pm.
(The scale bar is 2 um.)

The image in figure 4.4(a) is of a set of waveguide bends, each with a core thickness
of 400nm and a width of 2pm. The radii of curvature of the bends are 1, 2, 5, 10 and
25 num. These are sharp bends for dielectric waveguides with a core refractive index ~2 but
were chosen as they would demonstrate very clearly the effects of changing the radius of
curvature. In figure 4.4(b), an SEM image of the 5 pm bend from (a) is shown. The width
(W) of the core and the radius of curvature (R) of the bend are marked. The radius of
curvature is chosen as the average of the inner and outer radii of the core. Measurements

of the bends were made using the same method described above.
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4.3.1 Varying bend radius
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Figure 4.5 Experimental intensity maps of bends in 2 pm wide
waveguide cores. The radius of the bends range from 2pm to
25 um. The images shown in (a)—(d) are of waveguides with core
thickness 400 nm; those in (e)—(f) have a thickness of 180 nm. The
intensity is normalised to the intensity in the core before the bend.

Experimental measured intensity maps of modes propagating around bends in a wave-
guide core are shown in figure 4.5. The width of the core is 2 pm and the bend radius (R)
varies from 2-25pum. The thickness of the core is 400 nm for figure 4.5(a)—(d) and 180 nm
for (e)—(f). Light was coupled into the waveguides by the end-fire method, exciting multiple
modes. The modes propagate from the top-left corner to the bottom-right. For each image
the intensity is normalised such that the intensity at the beginning of the bend is 1. This
was done so that the power lost over each bend could be compared.

Although there are multiple modes propagating before the bend in both the 400 nm core
and the 180 nm core, the overall effect of the bend on the individual modes is clearer for the
thicker core. In figure 4.5(a)—(d), the input to the bends is symmetric across the core and
makes a steady beating pattern before the bend. As the modes traverse the bend it can
be seen that this symmetry is lost as the changing refractive index profile (i.e. the bend)
induces intermodal coupling. (The magnitude of this intermodal coupling is different for
each mode and a simulated intensity map for individual modes traversing a bend is shown
in figure 4.6.) The effect of intermodal coupling is least strong in the 25 pm bend, though
it is still evident; the 10 pm and 5 pm radius bends demonstrate it more clearly, while the
2 pm bend is too sharp and acts almost as a mirror. The intensity maps for the same core

width in the 180 nm thick sample match each other well with the paths traced by the modes



overlapping for the different thicknesses (apart from the increased loss for the thinner core
which is expected). In an effort to distinguish the modes from each other, the propagation

of individual modes around a waveguide bend were simulated.

Figure 4.6 FDTD simulated intensity maps for different order
modes in a waveguide bend with a radius of 10 pm. The width of
the core is 2 pm and the thickness is 180 nm. The TEqg, TEq; and
TEgs are the input mode in (a), (b) and (c), respectively. (d) The
intensity when TEqy, TEg; and TEg, are input simultaneously.
The images are normalised such that the input power is constant.
The scale bar is 5 pm.

In figure 4.6, intensity maps simulated for the TEqyg, TEg; and TEge modes as the input
to a bend of radius 10 pm are shown. The thickness of the core was 180 nm. The images in
(a)—(c) are intensity maps when only a single mode is input, while in (d) the simultaneous
propagation of all three modes is simulated. (In these images the intensity is normalised
such that the input power is constant; this was chosen to help comparison between the
single mode and multi-mode simulation.) The simulations show clearly how the power from
a single mode input is redistributed into other modes as it traverses the bend. Although the
intensity distribution around the bend is quite similar for the different modes, the output
from the bend is not. It is the output from the bend that ultimately shows the intermodal
coupling, and this new distribution of modes becomes the input for the next section of
the waveguide. The intensity map for multi-mode propagation in figure 4.6(d) is shown for
comparison with the experimental images in figure 4.5(f). In the experimental measurement
it is expected that more than three modes were propagating before the bend but there is a
reasonable overlap of the experimental intensity map and the simulated intensity map for
the fundamental TE mode.



4.4 Tapers 61

Using single mode coupling the effect of a bend on the individual modes could be more
clearly demonstrated in experiment. While the effects of a bend on the modes of a wave-
guide can be clearly seen in the experimental images in figure 4.5, investigating each mode

separately would simplify the analysis of how the bend perturbs a given mode.

4.4 Tapers

Tapering the width of the core of a waveguide provides a simple method of mode focusing.
Similarly to the bend, if the taper angle is too sharp then the sudden change of refractive
index profile will cause scattering of the modes. Using a small taper angle to avoid this
is termed adiabatic tapering since it maintains the power within a single mode in the core
as the width of the waveguide gradually decreases. As the aim of this project was to
demonstrate a micrometre scale focusing element, the tapers here are kept relatively short
and the shorter ones exhibit the effects of non-adiabatic tapering. A set of tapers fabricated
by EBL and ICP etching are shown in the optical microscope image in figure 4.7(a). The
lengths of the tapers are 5 um, 10 pm, 20 pm and 50 pm. The width of the core is 5 pm and
the thickness is 400nm. An SEM image of the 5pm long taper is shown in figure 4.7(b);
it can be seen that the taper does not narrow to a point but has a slightly rounded end.
Other tapers might have flattened ends with widths of tens of nanometres and although
it will be seen that the finite tip radius was not an issue for this taper, for more gradual

tapers the definition/resolution of the end-point is important.

(a)

Figure 4.7 Microscope images of waveguide tapers. (a) Optical
image of a group of four tapers of varying length and constant
initial width. The scale bar is 10pum. (b) SEM image of a taper
with a length (L) of 5um and an initial width (W) of 5pum. The
taper angle (A) is also marked. The scale bar is 1 pm.



4.4.1 Varying taper angle

To demonstrate the focusing characteristics of tapers, a set of measurements which studied
the effects of varying the taper angle is described. For these measurements, the tapers that
were shown in figure 4.7(a) were used (as well as one longer taper, 100 pm). Again, light
was coupled into the waveguide by end-fire and the fluorescence of the RhB dye was imaged

onto a CCD camera. The experimental images are shown in figure 4.8.

— 0.0

Figure 4.8 Experimental intensity maps of waveguide tapers. The
length of the taper is 5 pm, 10 pm, 20 pm, 50 pm, 100 pm in (a)—(e),
respectively. (Only the end-points of the tapers are shown in (d)
and (e). The intensity is plotted on a log scale and each image is
normalised separately. The scale bar is 10 pm.

The intensity maps in figure 4.8 show how the propagating modes of a waveguide are
focused by tapers of different taper angle. The intensities have been plotted on a log scale
so that all of the information is visible. In figure 4.8(a) and (b), the effects of tapering the
waveguide core too sharply can be seen; light is scattered at high angles out from the core
before reaching the end of the taper. The 5 pm long taper in (a) radiates only at large angles
(~60°) to the waveguide axis while the 10 pm taper radiates a noticeable amount directly
forward. The longer tapers in figure 4.8(c)—(e) (20 pm, 50 pm and 100 pm, respectively) do
not exhibit any high angle scattering. Although there is light radiating from the taper in (c),
the modes have been focused to the end of the taper. As expected focusing/confinement of
the modes was achieved best by the longest tapers. For the tapers in (d) and (e), there is no
noticeable scattering or radiation out of the waveguide; there is some loss due to absorption
by the fluorescent dye. As the width of the core decreases below the size of the wavelength
in the core (~260nm) the modes become less confined to the core and more of the power
is in the cladding material. While the tapers in (d) and (e) exhibit efficient mode focusing

their size does not match with the design parameters imposed earlier.
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To verify that the high angle scattering in figure 4.8(a) and (b) is due solely to the sharp
tapering and not the result of sidewall roughness or high order modes being present, these

tapers were simulated.

Figure 4.9 Simulated intensity maps of waveguide tapers for
TEqg, TEp; and TEg2 modes as the input. (a) 5pm long taper
with a starting width of 5pm. (a) 10 um long taper with a start-
ing width of 5pm. The scale bar is 3um. The intensities were
normalised separately.

The inputs for the simulations were the TEqy, TEg; and TEg2 modes and the intensity
maps in figure 4.9 shows the combination of these modes. Due to the resolution of the
simulations, the diffraction of the modes by the tapers can be seen. The 5um long taper
in figure 4.9(a) shows excellent agreement with the experimental image; the modes are
scattered out of the waveguide at high angles before reaching the end of the taper. The
simulated intensity for the 10 pm taper in (b) shows that the modes do reach the end of the
taper before being radiated both directly forward and at an angle to the waveguide axis.
This matches some of what was seen in experiment for the 10 pm taper and the scattering
at higher angles may have been produced by higher order modes. The simulations reinforce
the expectation that micrometre scale tapers cause undesirable diffraction and as such do

not focus waveguide modes sufficiently well.

4.5 Conclusions

In this chapter, the application of fluorescence imaging to understand multi-mode propaga-
tion in rectangular waveguides was discussed. In particular, waveguides of different width,
waveguide bends and focusing tapers were investigated.

It was shown that fluorescence imaging is a viable method for examining propagation in
rectangular waveguides, and the effective index differences and losses of individual modes
could be extracted for narrow waveguides. With wider waveguides, however, it was not
possible to quantify each of the modes individually due to the large number of modes
supported by the waveguide. It is suggested that these measurements would be best suited
to low index contrast waveguides which do not support many guided modes even at large core

sizes. Fourier transforms of the mode distributions at different points along the waveguide



allow losses of the different modes in the system to be examined.

Waveguide bends are essential elements in 10, but are difficult to design for multi-
mode waveguides due to differing levels of loss in each mode at the bend. This leads
to a redistribution of energy in the waveguide after the bend and beating in the spatial
intensity profile similar to that observed in the slab waveguides. This is a serious problem
for multiplexing schemes such as spatial division multiplexing. Therefore advanced designs
requiring grey-scale lithography have been proposed to maintain the intensity distribution
on bends [152]. In this work, the issue was clearly demonstrated in intensity maps of the
waveguide before and after the bend for a range of bending radii.

Finally, dielectric tapers were investigated as focusing elements. The fluorescence ima-
ging allows the portion of light that is radiated into the surrounding medium to be measured
and could theoretically be used to measure the light reflected in the waveguide core at the
taper. As expected the sharper angle tapers radiate more light and at sharp angles to the
direction of propagation. This method could be used to aid in design of focusing and mode

converting tapers and help check for adiabatic tapering.



Microdisks as Planar Photonic Elements

As a result of their impressive light focusing characteristics, dielectric microdisks have been
the subject of intensive study both computationally [157-159] and experimentally [29, 160,
161]. Generally, these studies use the microdisk as a stand-alone element and the illumin-
ating beam is approximated as a plane wave. In this arrangement, microdisks have proven
to be useful in many applications, such as nano-particle sensing, trapping/manipulation
and more [26, 162-164]. In this chapter, the microdisk is studied as an integrated optical
element; illumination of the microdisk from a waveguide with core material identical to the
microdisk is examined. The illumination is split into two cases: a rectangular waveguide (its
width similar to the diameter of the microdisk) and a slab waveguide (width > diameter).
The effect of varying the microdisk diameter, with respect to the waveguide is also discussed.

Beyond the microdisk, other dielectric structures for focusing light have been studied
and are suitable for coupling light to a plasmonic element. One way of confining the
field within a waveguide is by tapering the width of the waveguide. If the taper angle
is small enough this method has negligible loss and can form focal spots smaller than a
wavelength [165]. A reflective element which could be integrated has also demonstrated
suitable focusing capabilities, with an NA of 0.45 [18]. Solid immersion lenses (SILs) have
demonstrated deeply subwavelength focusing and have been investigated through simulation
and experiment as planar integrated optical elements in the form of the PSIL and PSIM
(planar solid immersion lens and mirror) which also produce focal spots a fraction of a
wavelength [19, 20, 166]. These structures, along with other coupling elements, were covered
in chapter 1. In spite of their suitable focusing capabilities, these elements are relatively
large and it is the aim of this chapter to demonstrate a focusing element in the micrometre

size regime—that is an element with both physical size and focal length of a few microns.

5.1 Theory

The general theory for light scattering by a microdisk has been covered in chapter 2.
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5.1.1 Microdisk

A microdisk focusing element, as the name suggests, is a cylindrical structure which has
a height small compared to its diameter which is typically a few microns. As a refractive
element it gathers light similarly to a lens and its focusing capability depends on the incident
wavelength, the diameter, the refractive index of the disk and the refractive index of the
medium surrounding the disk. However, on this size scale the microdisk also causes non-
negligible diffraction and gathers light from beyond its physical limits to a single focus.
This combination of refraction and diffraction means that very high intensity (compared to
background /incident intensity) focal spots can be produced. Whether the focus is within
the disk or beyond depends mostly on the refractive index contrast, m, of the disk to the
background medium (m = Mdisk npacigrouna). A contrast of about 1.7 or higher is needed for
the focus to form inside the disk. In this work two different regimes are studied—in the first
the background medium is air, so m = 2.05 (the refractive index of the SizN4 microdisk), and
in the second the background medium is PVA, so m = 1.4. An example of the difference
these parameters make is depicted in figure 5.1 in which the intensity of the total field
(incident plus scattered) for different diameter cylinders is plotted. (The calculations are
for infinitely tall cylinders and the methods for these calculations are described in chapter
2.)

The motivation to use a microdisk as a focusing/coupling element in planar waveguide
structures came from previous work within the group which showed the remarkable per-
formance of a microdisk [20]. The capabilities of the microdisk as a stand-alone lens have
been well studied and it has been shown that suitably designed microdisks can form sub-
wavelength focal spots, photonic nanojets and other phenomena. The basis for that work
came from studies at the beginning of the last century concerned with light scattering by
cylinders having diameters similar to the incident wavelength of light (most popularly from
Mie whose name was given to this light scattering size regime). An analytical solution for
the scattered field was found for the case of a plane wave incident on a cylinder and this is
usually the starting point for quickly simulating different diameters and materials.

Figure 5.1 shows two different cylinder diameters—3 pm in (a) and (c) and 6 pm in (b)
and (d)—with two different m—2.05 in (a) and (b) and 1.37 in (c) and (d). The effect
of changing m is clear, (c¢) and (d) focus to a spot outside the disk, and in this geometry
(infinitely tall cylinder, infinitely wide input beam) the larger diameters gather more light.
The important characteristics of a focusing/coupling element are the full width at half
maximum (FWHM) of the focal spot it produces (in transverse and longitudinal directions)
and its light gathering efficiency (the ratio of the amount of light incident on the element
to the amount of light contained within its focus). As a 2D case these simulations provided
a rough approximation of what might be seen in experiment but 3D simulations were also
performed and are discussed in the following section.

Generally, the width of the incident beam is much larger than the disk diameter and

so it can be approximated as an infinitely wide plane wave. Under these illumination
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Figure 5.1 Total intensity resulting from a TM polarised plane
wave (electric field along the cylinder axis) incident on cylinders of
infinite height with refractive index 2.05. (a) Cylinder diameter is
3um and the surrounding medium has refractive index 1.00. (b)
Diameter of 6 um in same surounding medium. (c) and (d) show
the same cylinders as (a) and (b), respectively, but in a surrounding
medium of refractive index 1.5. Scale bar is 2 pm.

conditions the amount of light the disk can gather is proportional to its size and a larger
disk will contain more optical power in its focus compared to a smaller disk. As an analogy
to geometrical optics the numerical aperture of the focusing element increases with the
diameter of the disk, so a tighter focus should also be formed. However, if the width of the
incident beam is decreased to a few microns, it is not expected that increasing the diameter
indefinitely would improve the focusing capabilities. This can be seen plainly when, for a
large enough diameter, the disk will be effectively flat across the entire width of the beam.
As such, there is expected to be an optimum ratio of width to disk diameter for a beam
of finite width—one where the disk can gather a large proportion of the beam but is still
curved enough to strongly refract the beam and form a sharp focus. To examine these
regimes—infinite and finite beam width—in a planar photonics capacity two experiments
were conducted. The first used light exiting a slab waveguide as the illumination for a set
of microdisks of varying diameter while the second used a rectangular strip waveguide of

fixed width (6 pm) to illuminate individual microdisks.



A drawing of the waveguides displaying the important parameters is shown in figure
5.2. The materials are the same as in previous chapters, however, the thickness of the SigNy4
core layer is 180nm. At this thickness, the waveguide supports only the fundamental TE
and TM modes. (The notation of TE and TM matches the notation for the illumination of
the microdisk, i.e. a TE waveguide mode, with its electric field along the y axis illuminates
the disk with its electric field transverse to the cylinder axis.) A 100nm thick film of
rhodamine B (RhB) doped poly-vinyl acetate (PVA) was coated over the structures for
some experiments. The variable parameter of core width and disk diameter are also marked
on the main image; the inset shows a slab waveguide with the difference to the main image
being the very large core width.

ro—

Figure 5.2 Schematic of the waveguide-disk combination used
in the experiments in this chapter. (Some experiments include a
layer of RhB doped PVA coated on top.) The inset shows the
slab waveguide. The slab waveguide has a width of ~1 cm and the
rectangular waveguides have a width of 6 pm.

5.1.2 3D simulations

With a simplified version of what to expect from the microdisks (from figure 5.1), the
simulations were extended to full three dimensional numerical simulations. Finite difference
time domain (FDTD) simulations were used to model how a disk of finite height affects a
beam of light radiating from a waveguide. (The software used for these simulations was
Lumerical’s FDTD solutions.) Compared to the Mie scattering solutions shown earlier,
the FDTD simulations provide control over the shape and width of the beam incident on
the disk and account for divergence along the direction of the cylinder axis. A number of
simulations for disks of varying diameter and waveguides of different width are shown in
figure 5.3.

In the images in figure 5.3, the intensity of the electromagnetic field is mapped for

structures similar to those shown in figure 5.2 with and without a PVA-RhB cladding.
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Figure 5.3 FDTD simulations of microdisks illuminated by wave-
guides. (a) and (b) A slab waveguide illuminating a 1 pm and a
5 pm diameter disk with PVA as the surrounding medium. (c) and
(d) A 6 pm wide waveguide rectangular waveguide illuminating a
disk of 6 pm diameter with air and PVA as the surrounding me-
dium, respectively. (e) and (f) Cross sections through the centre
of the disk for (c) and (d). Scale bar is 2pm. The dashed lines
signify the edges of the waveguide and the disk.

Each simulation is normalised such that the peak incident intensity in the core is 1. This
normalisation makes it easier to compare the cases of different cladding material. The
intensity maps in (a) and (b) are taken at constant height along the upper surface of the
SisNy4 layer; this height was chosen as it should compare well with the power exciting
fluorescence in the dye. For both (a) and (b) there is a layer of PVA cladding and the
dashed circle signifies the edge of the microdisk. A slab waveguide mode is the input light
source for the disks which have diameters of (a) 1 pm and (b) 5 pm. Comparing between
the two simulations the 1 pum diameter disk produces the higher intensity focus, contrary to
the 2D simulations shown earlier. (Reasons for this are given below.) Another important
contrast between the images is the position of the focus relative to the disk. For the larger
disk, the focus is ~2 pm beyond the disk while the smaller disk focuses light just beyond its
surface. The separation of the focus from the disk and the information seen in the intensity

maps (e) and (f) explain why the 3D simulations are inconsistent with the 2D ones.



The intensity maps in figure 5.3(c) and (d) show a 6 pm disk illuminated by a rectangular
waveguide of the same width when the cladding is (c) air and (d) PVA. (These maps are
taken through the centre of the SizNy layer.) The important aspect to note here is how
the microdisk cladded by PVA gathers light from a wider area than the air clad disk. This
is manifested as more of the disk being illuminated in (d) than in (c¢). The advantage of
the air cladding is that the focus forms within the microdisk meaning it doesn’t suffer from
the divergence after the disk. For the PVA cladding the highest intensity is just inside the
right hand edge disk even though the focus is formed outside. With intricate fabrication,

an element combining the benefits of these geometries to improve on both could be made.

To see why the disk in (d) gathers more light than (c) and why the disk in (a) forms a
higher intensity focus than (b) a different viewpoint is required. Figure 5.3(f) is a side on
view of the same simulation showed in (d), cutting through the centre of the disk which is
again outlined. (The horizontal to vertical scale is 1:4 to make the image distinguishable.)
From this viewpoint it is clear that once light reaches the end of the disk it diverges quite
quickly in the surrounding media. The divergence is what reduces the intensity of the focus
(compared to 2D) since all of the light that was gathered has been spread out in this other
dimension. As the focus for the 1 um disk is so much nearer to the disk it suffers less from
the divergence which is one reason for it having a higher intensity than the larger disk. Since
the divergence only happens as the light beam enters the medium of lower refractive index
it is presumed that placing a secondary element or target close to the surface of the disk
would capture more of the light and increase the intensity of the larger disk’s focus. It may
also be possible to reshape the disk—to elongate it on one side such that it encompasses
(or very nearly encompasses) the focus. Although this would alter some diffractive effects

of the disk it might be more advantageous for reducing the loss to divergence.

The divergence of the beam after it exits the SigNy layer also affects the light gathering
of the microdisk,and a comparison of what happens for a cladding of air and one of PVA is
shown in figure 5.3(e) and (f), respectively. When the cladding is air, the beam splits upon
exiting the SisNy with the majority of the power propagating into the higher index SiO»
substrate. This rapid divergence is due to the width of the beam being smaller than the
wavelength as it enters air (beam width ~220nm < * /). The amount of power continuing
directly forward after exiting the SigN4 is very small meaning that a significant separation
of waveguide and microdisk will have very weak coupling. When the film is added there
is a marked difference in the power radiating from the waveguide end-face; the decay of
intensity along the forward direction is much slower providing a better coupling at a given
separation when compared to the air cladding. (Some light travelling upward—the positive
x direction—is reflected at the PVA-air interface.) As is expected, the reflection at the
waveguide end-face is weaker in the case of a PVA cladding because of the smaller refractive
index contrast. These aspects make the PVA cladding a better option for coupling light

from the waveguide to the microdisk (in terms of total power).

Returning briefly to the unexpected results in comparing (a) and (b) it is important to
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state that larger disks have a greater average waveguide-disk separation than smaller disks.
This results in larger disks being relatively less illuminated for the infinite beam width case

and thus producing weaker focal spots.

Some of the focusing characteristics of the microdisks are listed in table 5.1. The reflected
power (R) as a percentage of the incident power, the width of the focus and the peak
intensity (Ipeak) of the focus normalised to the incident intensity are given. (For rectangular
waveguides, Iy is the intensity in the centre of the core. For slab waveguides, R is unreliable
as the incident power depends on the size of the simulation region chosen, however, it
provides some comparison between different cylinders.) In table 5.1 it can be seen that the
reflected power is lower when the PVA film is included. This is important for applications
where the light source is butt coupled to the waveguide and light reflecting back into the
source could cause damage. Ipeax generally decreases with increasing diameter apart from
the slab with air cladding case. The width of the focus increases with increasing diameter.
It should be noted that although Ipcak is low for the larger disks when PVA is used, there

is higher intensity closer to the disk but the beam is considerably wider than at the focus.

Table 5.1 Simulated focal spot width, peak focal intensity and
reflected power for disks of different diameter illuminated from a
slab or rectangular waveguide (6 pm in width) cladded by air or a

PVA film.
Waveguide Dy [pm] FWHM [nm)] Ipeax o] R [%Py]
Air PVA Air PVA Air PVA
Slab 1 222 240 4.008 2.515 6.34 1.37
2 242 256 4.643 2.569 7.01 1.55
3 296 298 4.683 2.525 591 1.68
4 337 383 4.712 1.954 7.65 1.60
5 388 335 5.207 1.138 558 147
6 435 362 4.653 1.015 821 1.65
7 468 381 5.199 0.759 534 194
Rectangular 1 222 243 4.251 2.457 7.43  2.37
2 246 260 4.670 2.322 9.87 2.60
3 306 318 4.569 2.093 5.79 298
4 376 441 4.161 1.535 11.75  2.46
5 443 414 4.390 0.686 4.75  1.57
6 527 510 3.585 0.540 13.02 2.20
7 586 677 3.810 0.430 4.09 3.12




5.2 Experiment

Set-up

Laser

Figure 5.4 Experimental set-up for imaging light scattering and
fluorescence of microdisks illuminated by waveguides. The green
line shows the path of the laser through a polariser (P), neutral
density filter (ND) and focused (L1) onto the waveguide (WG).
The fluorescence, the red line, was collected by the microscope
objective (MO) and imaged (L2) onto a CCD camera after any
scattered laser light had been filtered out with a dichroic mirror
(DM)—when imaging the scattered light, DM was removed. The
LED and lens (L3) provided brightfield illumination of the sample.

The experimental set-up for the measurements covered in this chapter is the same as in
figure 3.3 but is shown again in figure 5.4 as a reminder. For each measurement, the laser
was coupled into the waveguide under TE or TM polarisation and the microdisk elements
were illuminated by light radiating from the end-face. The scattering and fluorescence
around the elements were then imaged onto the CCD camera to be analysed. For most of
the images shown in this chapter, a microscope objective with a numerical aperture of 0.65
was used giving the set-up a theoretical resolution of ~530nm for scattered light images
(when the wavelength is that of the laser, 532nm) and ~600 nm for fluorescence images
(when the wavelengths are the RhB emission spectrum, ~580nm). The fluorescence was
imaged separately by the inclusion of the dichroic mirror which excludes green light (the

laser) from reaching the camera.
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Fabrication

All the structures presented in this chapter were fabricated using electron beam lithography
(EBL), to define a mask, and inductively coupled plasma (ICP) etching. Although EBL is
a time-consuming and not readily scalable process, this fabrication could be converted to
ultra-violet lithography as the minimum feature size is >0.5 pm allowing for fast, large-scale
production of these designs.

To make the etch mask for the sets of microdisks, a positive tone resist (Microchem Corp
PMMA 950K A6) was spin coated onto the SisN4 and left on a hotplate at 180 °C for three
minutes and then the area around the would-be disks was exposed using an electron beam
in a scanning electron microscope (SEM). The exposed area was removed by developing the
sample in a solution of MIBK and IPA (concentrations 1:3, respectively) and the remaining
PMMA formed a mask for etching. An ICP etch with Ar and CHF3 was used to remove the
exposed SizNy, leaving behind a trench containing five microdisks of varying diameters. The
trench itself is 90 pm x 40 pm, with the length of the trench beyond the disk found to be long
enough that back reflections are not an issue. A number of these trenches were fabricated
on a single chip and one of them is shown in figure 5.5. The diameters of the disks in each
trench were designed to be 2pm—6 pm in intervals of 1pm but, as a result of fabrication
variances (e.g. beam current, dose, alignment), there was some fluctuation in the size of the
final structures. A spacing of 15 pm was left between each disk to avoid interference between
adjacent ones. Post-fabrication, the diameters of the disks were measured and it was found
that over the entire range of samples the fabricated diameter varied from the intended by
+400nm. To take account of this, disks’ diameters are rounded to the nearest 0.5 pm when
they’re being compared. Images taken with an optical microscope and an AFM are shown
in figure 5.5. The lighter colour corresponds to areas where the SisN4 remains while in the
darker areas it has been etched away.

The different micrographs shown in figure 5.5 give a representation of a typical fabricated
sample. The optical image in (a) covers an entire array of microdisks which came out very
close to the designed sizes (diameters ranging from 2pm to 6 pm in steps of 1 um). From
this optical image the disks appear circular and uniform but they seem to overlap with the
waveguide—there is no clear separation between the end of the waveguide and the edge of
the disks. The resolution of this optical image, however, is around ~500nm so it is not a
definitive check and it was decided to examine the disks with a more precise measurement.

AFM was chosen as it can achieve finer resolution than the optical images. Two scans
(along perpendicular directions) of a disk designed to have a 3pum diameter are shown in
figure 5.5 (b) and (c). (In both images the AFM tip is scanned along the x direction,
as labelled.) Perpendicular scans were made to account for some virtual artefacts that
appeared in the scans—such as the surfaces being curved transverse to the direction of
scanning. From these images it can be seen that the surfaces are quite smooth while the
sidewalls are somewhat rough; it is also clear that there is some distinction between the end

of the waveguide and the beginning of the disk. To find quantitative values, line profiles
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Figure 5.5 Microscope images of a sample of disks. (a) An optical
micrograph of one set of disks (false coloured) ranging in diameter
from 2-6 pm in 1pm steps from the bottom to the top of the
image. The scale bar is 5um. (b), (¢) AFM measurements of a
3um disk scanned in perpendicular directions. (d) Graph of the
AFM height taken through the centre of the disk from (b) and (c),
perpendicular and parallel respectively.

were taken along the scan direction of these graphs.

In figure 5.5(d) the height of the AFM scan is plotted against the distance, x, running
through the centre of the microdisk both “Perpendicular” (taken from (b)) and “Paral-
lel” (taken from (c)) to the end-face of the waveguide. The diameters measured in either
direction match well with each other and with the designed value. It can be seen (from
the ‘parallel’ curve) that the sidewalls of the disk are not perfectly vertical so stating one
diameter is not exact. The diameter at the top of the disk was measured as 2.78 pm while
at the bottom it was 3.32 pm giving an average diameter of 3.05 pm (assuming linear side-
walls). The curve labelled ‘perpendicular’ shows that the disk and waveguide are connected
although a notch ~30 nm in depth divides them. (This curve shows the smallest separation
between disk and waveguide; a profile taken parallel to this one ~0.5 pm away, shows com-

plete separation of the waveguide and disk.) Of course, some variation across samples is
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expected but these measurements are intended to display typical values.

5.2.1 Illumination from slab waveguide

Light propagation in slab waveguides has already been covered in chapter 3 and here it is
merely restated that a beam propagating along a slab is confined in one direction, allowed
to diverge in another and propagates along the third. As seen earlier in figure 5.2 (inset)
the beam was confined along the direction of the cylinder axis. As described in chapter
3, light was coupled into the waveguide by the end-fire method and a cylindrical lens was
used to keep the beam width large and effectively a plane wave across the set of microdisks.
Unlike chapter 3, the thickness of the waveguide core (180nm) was sufficiently small to
support only the fundamental TE and TM modes. This is an important restriction on
the incident wave; if the input to the disk was multi-mode the resulting focal spot would
be a linear combination of the focus for each of the separate modes and so wouldn’t be
as narrow or as well defined as in the case of only the fundamental mode being incident.
Single mode propagation is generally desired for measurements of focusing elements and in
certain planar photonic applications. The effective index of the TE mode was 1.84 (1.86
when using a PVA film) and that of the TM was 1.71 (1.77).

Scattering

The first measurements made on the microdisks were taken with no PVA cladding. In
this configuration, only scattering images could be obtained. Images of the scattered light
contain a great deal of information about the electric field [156], however, it is difficult to
compare absolute intensities across different samples. Scattering relies on surface roughness
or other discontinuities to divert light into the microscope collection so similar powers within
the waveguide core do not always correspond to similar intensities in the image. In an effort
to compare intensities, an appropriate method of normalising images is given. An example
image of the scattering for TE polarisation is shown in figure 5.6(a) along with the intensity
cross section for the 3 pm diameter disk (second from the bottom; the diameters of the disks
increase ascendingly). Some statistics on the disks, averaged over the entire set of samples,
are gathered and listed in table 5.2.

The image in figure 5.6(a) is a false colour representation of the scattered intensity
caused by microdisks illuminated from a slab waveguide. The propagation direction is left-
to-right and the broken, vertical ‘streak’ is light scattered by the end-face of the waveguide.
For this sample, the disk with a diameter of 3 um produced the highest intensity focal spot,
however, judging by the variation of scattered intensity along the end of the waveguide it
is assumed that the incident intensity was not constant across all the disks. While a wide
input beam was used to try and provide constant power across all of the disks, any defects
in or on the waveguide would cause the beam to diffract and result in an unknown profile
to the intensity across the disks. To take account of this variation of incident power, the

most reliable way to compare peak intensities for different disks was to normalise by the
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Figure 5.6 Light scattered by microdisks illuminated by a slab
waveguide. (a) An intensity map displaying the scattered intensity
for one array of disks; the scale bar is 5pum. Cross sections of the
intensity through the focus for the 3 pm diameter disk (second from
bottom) are plotted in (b) and (c), across and along the direction
of propagation, respectively.

scattering from the end-face close to the disk. The normalisation consisted of averaging the
intensity over a distance of the radius of each disk either side of it. It is presumed that this
end-face scattering was directly proportional to the power incident on the disk and so it is a
suitable normalisation. (There is some dependence on the random surface roughness as well
though it was assumed that over the number of samples this factor becomes insignificant.)
This average was used as the incident power and divided into the focal intensity of the
corresponding disk to give a ‘light gathering efficiency’ (see table 5.2). For the sample
shown in figure 5.6, the 3 pm and 6 pm disk had similar gathering efficiencies while the 2 pm
disk’s was less than half theirs. From table 5.2, a general trend of the gathering efficiency
increasing with diameter is seen. This behaviour is expected since a larger disk has a greater
area over which it can gather light and was replicated in 3D simulations (see Iyeax in table
5.1).

Having compared the gathering efficiencies of the microdisks, the focal spot sizes were
considered. For a background of air, the focus is expected to form within the microdisk but
close to the edge. (3D simulations showed that the focus formed ~200 nm before the edge
of the disk.) The scattering from the disk edge gives a good indication of the focal spot
and the FWHM of this scattering spot is used to compare the focusing of the disks. Cross
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Table 5.2 Experimentally measured widths of the focal spots for
microdisks illuminated by a slab waveguide mode. “Diff. lim’d”—
diffraction limited.

Disk diameter Mean FWHM (best) Gathering efficiency (st. dev.)
[nm] [nm] [ u]
2 0.65 (diff. lim’d) 3.27 (0.40)
3 0.61 (diff. lim’d) 5.97 (2.66)
4 0.62 (diff. lim’d) 4.97 (1.42)
5 0.68 (diff. lim’d) 6.88 (3.53)
6 0.67 (diff. lim’d) 10.00 (3.92)

sections of the scattered intensity taken through the centre of the focus of the 3 pym disk
are plotted in figure 5.6(b) and (c). These plots demonstrate how tightly the microdisk can
focus in the transverse (b) and longitudinal (c¢) directions and they verify (along with the
images) that the focal intensity is much greater than any surrounding scattered intensity.
From the curves, the FWHM is determined to be 570 nm and is believed to be diffraction
limited by the imaging system. (The value of 530 nm stated earlier is a theoretical lower
limit and it is expected that the real diffraction limit of the imaging set-up is greater than
this.) Again, it was seen in simulations that this disk would focus below the diffraction
limit of this imaging set-up (see FWHM in table 5.1). The transverse FWHMs of the other
focal spots in this and the remaining samples were measured and are averaged in table 5.2
along with the minimum spot size. It was found that the disks regularly focused to/below

the diffraction limit of the set-up.

A note on simulation-experiment comparison: light gathering efficiency increases with
diameter as expected—even though larger disks are, on average, farther separated from the
waveguide end-face than smaller disks, they have a greater area below a certain separation.
This is what increases the light gathering efficiency. However, as larger disks collect over a
smaller fraction, they collect over a smaller range of angles and therefore do not focus to
spots as narrow as smaller disks. Since simulations produce focal spots below the diffraction
limit of the set-up any variation cannot be verified but suggest that as a coupling element the
diameter of the disk is important to create the spot power and size which would maximise

coupling over the extent of the next element.

As covered earlier, changing the refractive index ratio of the microdisk to the surround-
ing medium changes where the focus forms. To investigate the case of the focus forming
outside the disk, a layer of PVA-RhB was coated over the surface of the waveguide. This
superstrate had a refractive index of ~1.5 giving a ratio of 1.37 which was enough to move
the focus outside the disk. Doping the PVA with RhB produced a fuller image of the power
distribution incident on the disks as well as making the focus visible—when it is moved
outside the disk it has only air/PVA to scatter off.



Fluorescence

Using fluorophores to image the focusing caused by the microdisks provides different inform-
ation to the images of the scattered light (as discussed in chapter 3). As well as moving the
position of the focus, the superstrate also reduces the rapid divergence of the light radiated
from the waveguide end-face which is seen in simulations, meaning that the disk can gather
more light. The same sample of disks used in the previous section were studied with this

fluorescent layer added and an example of each diameter is shown in figure 5.7.

Figure 5.7 Light focusing by microdisks illuminated by a slab
waveguide. Microdisks ranging from 1pm to 6 pm in steps of 1 pm
are shown in (a)—(f), respectively. Focusing, photonic jets and side
lobes are visible for different diameters of disk. Scale bar is 5 pm.

The images in figure 5.7 are intensity maps showing, on a linear scale, the focusing
of light radiated from a slab waveguide by microdisks of varying diameter. The diameter
of the microdisks ranges from 1pm (figure 5.7(a)) to 6 pm (5.7(f)) in steps of 1 pm. The
flat, vertical line immediately before the disk marks the end-face of the waveguide. To
display the images on a consistent scale, each one is normalised to the power incident on
the disk. The incident power is deemed proportional to the fluorescence over an area of
the waveguide before the disk. The value of average fluorescence for an area proportional
to the disk diameter was set to one for each image. In theory, the field available to excite
fluorescence could be related to the field in the core and an estimate of the incident to focal
power could be made. (A similar method is used in chapter 3.)

A number of interesting optical effects can be seen in the images in figure 5.7. The first
thing to note is the focus formed by each disk. As suggested by simulations, the smaller
disks (figure 5.7(a) and (b)) produce higher intensity focal spots than the larger disks. For
the larger disks, (d)—(f), it can be clearly seen that the focus is beyond the disk and that
the beam exiting the disk is still quite wide. The simulations in section 5.1.2 show that
once light exits the SigNy it diverges quite quickly (in the plane out of the page) meaning
that some of the power is lost from the focus by having it so far beyond the end of the
disk. Even with this divergence it can be seen that a region of (relatively) high intensity
is maintained along the ‘centre’ long beyond the focus. This photonic jet is apparent, to

varying degrees, for the different diameters. The intensity profile through the centre of the
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disk along the direction of propagation is plotted in figure 5.8.
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Figure 5.8 Cross sections of the intensity comparing the light
gathering ability of the disks and the falloff beyond them. (a)—(c)
Intensity through the centre of the disks shown in figure 5.7; disks
with similar features have been grouped. (d) Power entering and
gathered by disks of different diameters averaged over samples. (e)

Intensity for same.

From the images in figure 5.7, there appear to be distinct cases for the intensity beyond

the disk and these cases have been separated into three pairs of curves plotted in the graphs
in figure 5.8. Figure 5.8(a) plots the 1 pm and 2 pm diameter disks, both following a similar
trend—the intensity decreases quickly after the focus but then levels off at over half the

peak intensity and diminishes very slowly over tens of microns. The 3 pm and 4 pm diameter
disks, plotted in (b), produce slightly different effects—the intensity initially decreases more
slowly but continues to falloff at this rate and eventually falls below the intensity of the



smaller disks. The largest disks, plotted in (c¢), appear to have two ‘stages’ separated by a
sudden drop in intensity. The decay rate in the initial stage is slower than for the smaller
disks but the sudden drop brings the intensity to a level to the 3 um and 4 pm disks. The
divergence angle of the central beam of the 1 pm disk is 6.3°. 2D simulations were performed
and replicated /verified these characteristics. (3D simulations over such a large region used
prohibitive amounts of computing power.) The plots (d) and (e) compare the light gathering
efficiency for the different disks. The data for these was attained by taking cross sections
similar to those in (a)—(c) but along each row over the entire diameter of the disk. Averaging
these cross sections for each disk and normalising such that the input to each disk was equal
it can be seen how efficiently the different disks gather the light incident on them (plotted in
(e)). To produce a plot for total light gathering, the normalised curves are multiplied by the
diameter of the disk (plotted in (d)). From (d) it is apparent that increasing the diameter
of the disk increases the amount of light that is collected (the height of the peaks increases);
this, of course, is expected since the larger disks have more light incident on them (this can
be seen in the graph as the Power at Distance = 0 increases with disk diameter). The first
peak/kink in the curves marks the end of the waveguide. Although the curves show that
the incident power increases with disk diameter if a constant input beam width was chosen
the incident power would be constant over disk diameters and the power beyond the first
kink would remain the same for each of the curves. This would show the largest disk to
be an improvement on the others and the idea is studied explicitly in the section below.
A comparison with the increase in fluorescence produced by removing the microdisk and
simply terminating the waveguide with a flat edge is not shown although it was seen when
taking similar intensity profiles through a flat edge that there was an increase of ~2.8 £ 0.2
from input to peak. From the curves in figure 5.7(e) it can be seen that there is about the
same increase as the flat edge suggesting that a large amount of the light has been gathered
and also (since there has been some focusing) that the intensity at the edge of the disk
should be greater than that at a flat edge. This may be seen in the images in figure 5.7.
Also from (e) it is clear that the smallest disk gathers light most efficiently while the largest
is the least efficient. This has been explained earlier as the larger disk having a greater
average separation from the waveguide and so it is only able to gather a smaller fraction
of the light incident on it. This suggests that above a certain diameter there is no benefit
to having a microdisk and that optimisation of disk diameter would need to be done for

different input wavelengths.

These different cases could find use in varying planar photonics applications aside from
light focusing elements. The low divergence, central beams in figure 5.7(a) and (b) ap-
pear ideal for coupling between structures as the slowly changing beam width means that
separation would not be severely strict. The intensity in (c) is along the lines of a beam
splitter with two symmetric output ‘arms’ for symmetric input. The depth of focus in (f)
(corresponding to the plateau in intensity clear in figure 5.8(c)) is also a desirable aspect

of a focusing element as it provides some margin for error in fabrication or alignment of
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different structures.

5.2.2 Illumination from rectangular waveguide

Illumination from a rectangular waveguide is expected to be a more common integrated
optical scenario as rectangular waveguides are more frequently used than slab waveguides.
In this arrangement, the ratio of the disk’s diameter to the waveguide’s width is important.
As the waveguide’s width defines the beam width illuminating the disk, there is a finite
amount of light that a disk can collect and in contrast to the previous section, the light
gathering efficiency is related to the total power in the waveguide and not just the power
directly incident on the disk. As in the previous section, it was necessary to have a reliable

method for normalising different disks.

Structures

Figure 5.9 Optical microscope images of structures for illuminat-
ing a microdisk with a rectangular strip waveguide. (a) Full-view
of structures showing the initial, tapered and final waveguide re-
gions (scale bar is 100 pm). (b), (¢) Magnified views of waveguide
end and disk of 3pm, 5um (scale bar is 5 pm).

In this experiment, rectangular waveguides of constant width were used to illuminate
microdisks of varying diameter. The width of each waveguide was 6 pm and the diameter
of the disks varied from 2-7pm. For this experiment it was important that only a single
mode was propagating in the waveguide and incident on the disk. To achieve single mode
propagation, the structures shown in figure 5.9 were fabricated. These waveguides are
initially 60 pm wide and the gradually taper (over ~700 pm) to the 6 pm final width and the
disk. The complete structure can be seen in figure 5.9(a) where the darker regions mark the
edge of the waveguide where the SisNy has been etched away. The images in (b) and (c)
show the end of two waveguides with disks of diameter 3 pm and 5 pm, respectively. AFM



measurements, similar to those described in section 5.2, were made to check the diameter
of the disk and the separation from the waveguide, with similar results found.

The slow tapering of the waveguides shown in figure 5.9 was used to convert the initial
coupled mode to a narrower waveguide without exciting higher order modes. The funda-
mental mode of the final waveguide has an intensity profile similar to a Gaussian centred
on the disk and FWHM about half the width of the waveguide (i.e. ~3 pm). (An idea of the
profile can be seen in the simulations in figure 5.3(e) and (f).) This profile contrasts with
those from the previous section as there is less light available away from the centre of the
disk.

Measurements

The experimental method and set-up for the measurements in this section were similar
to those described in the previous one. Light was end-fire coupled into a slab waveguide
using a spherical lens and this mode propagated into the 60 pm wide rectangular waveguide
shown in figure 5.9. The lens was chosen such that the beam width was narrower than
60 nm at the beginning of the rectangular waveguide and scattering images of the slab-to-
rectangular interface suggest this was achieved. (Because there was negligible scattering
from the sidewalls.) It was then assumed that this mode was converted to the fundamental
mode of the 6 pm wide waveguide. The light scattered by the microdisks was imaged to
extract focal spot sizes and light gathering efficiencies. Some of these images are displayed

in figure 5.10.

Figure 5.10 Light scattering images of microdisks illuminated by
rectangular strip waveguides. (a)—(c) Intensity maps for TE polar-
ised input and disk diameters 3 pm, 5pm and 7pm, respectively.
(d)—(f) show the same for TM polarisation. Scale bar is 5 pm

The intensity maps in figure 5.10 show the light scattered by disks of different diameter
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for different input polarisations. (Each image has been normalised to its own highest value
so that more information is visible). The images in (a)—(c) used TE polarised input for disks
of 3pm, 5um and 7pum, respectively; those in (d)—(f) show the same disks but with TM
polarised input. Although comparing intensities across different images requires suitable
normalisation, certain information can be extracted from the images as they are shown—
such as the focal spot size. The FWHM of the spots were consistently larger than predicted
by simulations; the narrowest focus was formed by a 3 pm disk and was ~700 nm. Typically,
the FWHM of the focal spots was ~800nm + 50nm for each diameter. This is believed
to be due to higher order modes propagating in the waveguide and work is ongoing to get
fundamental mode illumination of the disk.

To attempt to compare focus intensities across these images, the scattering from the
sidewalls is used to normalise them. The sidewall roughness from waveguide to waveguide
is consistent and so the scattering from waveguide to waveguide should be proportional to
the power propagating along it. Due to the disparity of the EM field at the waveguide
walls between TE and TM modes, this normalisation is not used to compare the different
polarisation cases. Early work shows that the smallest disk collects more light, however,
the scattered intensity at the sidewalls was very low in these images and similar to spot size

measurements further work needs to be done before reliable results are realised.

5.3 Conclusions

Light focusing by dielectric microdisks illuminated by the light radiating from the end-face
of a waveguide was studied through simulation and experiment. Two different regimes were
investigated: in the first, the material surrounding the disk was air and light incident on the
disk was brought to a focus within it; in the second, the material outside the disk was PVA
(npya ~ 1.5) and the focus formed outside it. The waveguides used with the disks varied
between a slab—where the incident beam is much wider than the disk—and a rectangular
strip—incident beam width similar to disk diameter. The disk had the same height and
was made of the same material as the core of the waveguide.

Analytical calculations were used as preliminary simulations but were found to overlook
important factors. 3D FDTD simulations were used to model the focusing elements more
precisely. In the 3D simulations it could be seen that light radiated from the waveguide
diverges quickly, especially when the background material was air; this divergence is a
result of the thickness of the core layer being much smaller the wavelength. This divergence
affected the light gathering efficiency of the disks in both regimes and when the focus was
formed outside the disk, it reduced the peak intensity of the focus. For disk diameters
in the range 2-7 um illuminated from a slab waveguide, simulations showed that a 1pm
diameter disk produced the tightest focus and a 5 pm produced the maximum intesity when
the cladding material was air (1 pm and 2 pm, respectively, when a 100nm PVA film was

the cladding). For the same range of disks illuminated from a rectangular waveguide, a 1 pm



disk produced the tightest focus and 2 um produced the maximum intesity in air (1 pm for
both with PVA). Focal widths < 0 /5 with peak intensities > 4x the incident intensity were
produced in simulations.

In experiment, the imaging set-up limited measurement of the focal spot widths, how-
ever, the focusing effect was clearly demonstrated. Scattered light images showed the fo-
cusing for a background material of air and with a slab, the average FWHM of the focal
spots was ~640 nm for each diameter of disk (in the best case, each disk focused below the
diffraction limit of the set-up); in this configuration, the light gathering efficiency of the
disks was found to increase with diameter. When PVA was the background material, the
gathered power was found to increase with diameter, however the gathering efficiency was
shown to decrease as the disk diameter increased. This regime also showed narrow, slow
diverging focuses (known as photonic jets) forming outside the disk.

For the case of illumination from a rectangular waveguide, only preliminary measure-
ments of the scattered light were made. The images show that focusing was achieved,
however, from the intensity distributions it is likely that multiple modes were propagating
rather than just the fundamental mode. Further work in this configuration would need
single mode propagation for the microdisks to focus to minimum spot sizes.

Ultimately, the microdisks studied in this chapter might find use in coupling light
between different elements in photonic integrated circuits or as an on-chip planar lens for
sub-wavelength focusing. Dielectric elements have been suggested for coupling to plas-
monic focusing elements in heat assisted magnetic recording systems. In this configuration,
photonic jets could be used for on-chip sensing applications—there is large backscattering
when a particle passes through the photonic jet—as well as for optical data storage [163,
167, 168].



Fresnel Zone Plates

In the previous chapter, a focusing element illuminated by the light radiating from the end-
face of a waveguide was studied. It was found that the rapid divergence of light between the
waveguide and the element reduced the gathering efficiency of the element. To overcome this
drawback, a focusing element which is contained within the waveguide core was designed
and measured and is presented in this chapter. The element consists of a number of holes
milled or etched into the waveguide core which scatter the propagating waveguide mode.
By deliberately positioning the holes, their scattered fields constructively interfere to form
a high intensity focus. The elements were designed to focus the incident waveguide mode to
a point on or near the end-face of the waveguide to make it accessible to other components.
The design, simulation and measurement of these focusing elements, referred to here as a

Fresnel zone plate, is discussed in this chapter.

6.1 Background

Traditionally, free space focusing optics could neglect diffractive effects because the size
of the elements is so much larger than the wavelength of light. Recently, however, the
topic of diffractive optics has seen a surge of interest and diffractive focusing has been well
studied both theoretically and experimentally on these size scales [169, 170]. Diffractive
focusing elements often find use in specialised cases such as for focusing x-rays because most
materials are opaque to radiation at those frequencies and refractive index values are close
to 1 [171]. On scales comparable with the wavelength, refractive effects are less dominant
and diffraction of an incident light beam can be used to form a focus. With the increase in
computing power now available, micron scale elements can be designed through numerical
optimisation methods, e.g. a scattering based lens in a silicon waveguide at a wavelength
of 1550 nm has recently been demonstrated [172]. Similar photonic crystal lenses which
introduce large arrays of holes (typically 100-200nm) into the waveguide core and Fresnel
lenses and overlaid Fresnel lenses, where a Fresnel lens is lithographically defined on top

of the waveguide core thus altering the effective index in the core to cause focusing, have
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been investigated as planar photonic focusing elements [173-179]. (In the case of these
Fresnel lenses, each of the individual structures making up the lens are ~10 pm in size.) An
example of a diffractive focusing element is the Fresnel zone plate which, along with the
Rayleigh-Wood zone plate, was the inspiration for the structure presented in this chapter.

A Fresnel zone plate (FZP) is a focusing element which works by diffracting an incident
beam of light to cause constructive interference at a specified location. A basic FZP is
designed as a sheet consisting of concentric transparent and opaque rings (see figure 6.1).
The sheet is transparent at the centre and the opaque rings have inner and outer diameters
such that they block any light which, at the focus, would be out-of-phase with light travelling
through the centre. This means that all the light arriving at the focus is in-phase and
constructively interferes. One drawback of this design is that simply blocking light with
opaque material reduces the collection efficiency. Alterations can be made to improve the
efficiency: in the case of the Rayleigh-Wood zone plate, the opaque regions are replaced
with a material which adjusts the optical path length such that light from these regions
will be in-phase with light travelling from the transparent regions. The focusing element
studied in this chapter was originally designed on a similar principle. Cylindrical holes were
made in the core of a waveguide to block parts of the propagating mode; the positions
and diameters of the holes were defined by same the design as a FZP. Ultimately for the
structures presented in this chapter, the design was based on how the individual holes
scatter light—the design process is explained in a later section—but the focusing elements

are still referred to as FZPs.

p'-p="

T?L:Vf2+(f+%}\‘)2

Figure 6.1 Fresnel zone plate consisting of transparent rings in
a sheet of opaque material. The distance from the centre to the
outer edge of the n'*® ring (r,,) depends on the desired focal length
f and the wavelength .

The focusing elements are made up of sub-micron cylindrical holes and have focal lengths
of several microns. As discussed in previous chapters, on this size scale the approximations
of geometrical optics or dipole scattering cannot be used and Maxwell’s equations have to

be explicitly solved (see chapter 2). As with the microdisk, the starting point for designing a
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suitable FZP was the plane wave scattering solutions for the Mie regime. Although the codes
are for a single, infinitely tall scatterer they provide a useful, quickly solved base for more
precise simulations later. Over the following sections the methods for designing, fabricating
and measuring the FZPs as an integrated optics structure are discussed. Similar to the later
measurements of the microdisks, a RhB doped PVA cladding was spin-coated on the SigNy
layer to aid imaging. Using a cladding of PVA provides some control over the refractive
index contrast which is an important parameter for scattering (as explained in chapter 2).
By changing the thickness of the cladding, the effective index of the waveguide mode would
change thereby changing the refractive index contrast of the hole to the background.

6.2 Design and Simulation

Figure 6.2 Schematic of focusing/coupling element. An example
of how holes of varying diameter (D) in the waveguide core can be
arranged in a certain width (W) to make a light focusing element.
(As in other chapters, light travels along the z direction.)

The material geometry (shown in figure 6.2) for these experiments was the same as in
the previous chapter—a 180nm thick SizNy4 layer on 2 pm SiOy on a Si base wafer. (The
wavelength of light used in experiment was 532nm.) Holes in the SizNy core layer were
made by milling or etching (described later). For imaging, a dye doped PVA layer (not
shown) was spin coated on the SigN4. The widths of the elements were typically 6-10 pm
and the diameters of the holes were between 300 nm and 900 nm. For the geometry shown
in figure 6.2 the waveguide mode propagates along the z direction. The method used to

decide the size and position of the holes is explained below.

6.2.1 Individual inclusions

The theory relating to light scattering by an infinite cylinder was covered in chapter 2; here,

it is shown how the scattered field (and as a consequence the total field) varies with the size



of the cylinder. For the work in this chapter, the cylinder has a lower refractive index than
the background medium in which it is contained. The focusing element consists of an array
of cylinders and to design an efficient element, it is important to know the light scattering
of these substructures. The amplitude and the phase of the scattered electric field for three

cylinders with different diameters are plotted in figure 6.3.
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Figure 6.3 Light scattering by infinite cylinders of varying dia-
meter. The background medium has refractive index 1.77 (the
effective index of the TM mode) and the cylinder has an index of
1.5. (a) The amplitude of the scattered electric field when a plane
wave is incident from the left on a 200nm diameter cylinder; (d)
the phase difference of the scattered and incident electric fields for
the same cylinder. (b), (e) and (c), (f) show the same for cylinders
of 500 nm and 800 nm, respectively. The scale bar is 2 pm.
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The images in figure 6.3(a)—(c) are plots of the theoretically calculated amplitude of the
scattered electric field for cylinders of diameter 200 nm, 500 nm and 800 nm for TM polarised
input. The data are plotted on the same amplitude scale for ease of comparison across the
diameters and are normalised such that the incident intensity is 1. The background medium
has the refractive index of the fundamental TM mode (TE calculations aren’t shown here)
of the waveguide described above and the cylinder was given the refractive index of PVA
(1.5) under the assumption that the PVA coating would seep into the holes. (Calculations
were also performed for an air cylinder in case the PVA simply coated over the top of
the hole; to avoid repetition the calculations are not shown here.) As might be expected,
the largest cylinder has the strongest scattered field and it is evident that these cylinders
scatter light mostly in the forward direction with only a small fraction of the incident light

reflected back. The angular spread of the forward scattering is also important as, for an
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effective focusing element, light should be gathered over the full extent of the incident beam
(expected to be ~5-10 um). To do this, the width of the focusing element matches the width
of the beam and holes placed on the outer edges of the element then need to scatter light at
higher angles than those placed near the centre. It can be seen that the 800 nm diameter (in
figure 6.3(c)) produces a number of scattering lobes of moderate intensity and the 500 nm
diameter in (b) produces some low intensity lobes at very high angles (at almost right angles
to the incident beam) which would be utilised. For the 200nm diameter cylinder (a) the
scattering is weak and almost constant for forward angles below 60° where it begins to
drop off quickly. As might be expected, the scattering is symmetric about the horizontal
axis. This suggests that half the light incident on the cylinder is lost to the undesired side
(i.e. away from the would-be focus) while even on the desired side power is lost to other
diffraction orders. Although these images show where the scattered field is strong, it is also
important to know how the scattered field interferes with the incident field.

The plots in figure 6.3(d)—(f) map the phase difference of the scattered and incident
electric fields when a plane wave is incident (travelling from left to right) on cylinders of
diameters 200nm, 500 nm and 800 nm, respectively. The plots show the phase difference
(modulo 27) between the scattered field and the incident field—a difference of 0 or 2w
produces constructive interference and a difference of 7w causes destructive interference.
(The symmetry of the colourmap does not intend to suggest that a phase difference of ™ /9
is the same as a difference of 37/ but only that these phase differences would cause the
same reduction of intensity of the interfering fields.) The plots are used to find the lateral
positions where the scattered field is in-phase with the incident field a chosen distance (i.e.
the focal length) after the cylinder. In these calculations, the incident field is the same
regardless of the diameter of cylinder. This means that when the scattered field is in-phase
with the incident field in its own plot, it is in-phase with the incident field in another
plot and the phase can be compared cylinder-to-cylinder. The first contrast to notice is in
the forward scattering where the larger diameters are more out of phase with the incident
field at low angles compared to the smallest diameter. There is also a slight change in the
position of the diffraction orders for the different diameters (this is clearer to see in the
intensity profile plotted in figure 6.4(b)). As a result, the positions of constructive and
destructive interference of the scattered field with the incident field are different for each
cylinder. Combining the scattered field amplitudes with these phase maps the arrangement
of the cylinders to scatter light to the focus was determined; this becomes clearer in figures

containing the total intensity in the following section.

6.2.2 Designing focusing element

When designing the focusing element the first parameter that was set was the focal length.
An example element, with the focal length chosen to be 5 um, is described here. Two element
widths—this is the distance separating the outer edges of the outermost cylinders (see figure

6.2)—were set before design as well, 6 pm and 10 pm. To design a lens, the starting point



was to calculate the total intensity (combined incident and scattered fields, see chapter 2)
for a range of diameters 100nm—1 pm. The lower limit was set as a reliable fabrication

constraint and the upper limit was chosen to reduce the overall size of the element.
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Figure 6.4 Total intensity for a plane wave incident on a cylinder
of diameter 800nm. (a) Map of the intensity showing how the
incident plane wave interferes with the scattered field to produce
diffraction orders. The scale bar is 2 pm. (b) Intensity profile taken
5um after the cylinder centre (marked by the dashed line in (a))
for cylinder diameters of 200 nm, 500 nm and 800 nm.

The total intensity for an 800 nm diameter cylinder is plotted in figure 6.4(a); the para-
meters for the calculations were the same as in the previous section. From the image, it is
evident that if this hole was used in an element it would need to be placed near to the centre
since the highest intensity is at small angles from the direction of propagation. Intensity
maps similar to this were plotted for the range of diameters and then, for each diameter,
a cross section of the total intensity was taken 5pm beyond the cylinder (marked by the
dashed vertical line in figure 6.4(a)). These intensity profiles (see figure 6.4(b)) contain the
diffraction orders from the cylinders and are the guides for the positioning of the cylinders
in the final focusing element.

In figure 6.4(b), the total intensity is plotted at a distance 5pm to the right of the
cylinder centre for three different cylinder diameters (200 nm, 500 nm and 800nm). The
position as well as the strength of the peaks varies with diameter and it is these two values
which influence the design of the element. For these cross sections, it can be seen that
the 800 nm diameter cylinder produces a much stronger first order peak. In the focusing
element, this diameter would be used for the cylinder nearest the centre. The strongest
second order peak is produced by the 500 nm cylinder and so it would be placed second
from the centre. The cylinders are then offset laterally from the centre of the element
by the position of the peak, i.e. 1.6 nm for the 800 nm diameter cylinder and 2.2 pm for
the 500 nm one. The design continued like this until the maximum width of the focusing

element was reached. Two constraints during the design was that adjacent cylinders should
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have space between them and for a given cylinder the ratio of the peak contributing to
the focus compared to any non-contributing peaks should be significant. For instance, in
figure 6.4(b) it can be seen that the second order peaks for the 800 nm and the 500 nm
are almost equal but that the first order peak is much larger for the larger diameter. This
makes the smaller diameter an even better option as it would reduce side peaks in the final
element. The final arrays generally consisted of four or six cylinders placed symmetrically
about the horizontal axis. To justify the use of the Mie scattering codes, the total intensity
calculated with it and that calculated with FDTD software (Lumerical FDTD Solutions)

were compared. This comparison is shown in the following section.

6.2.3 3D Simulations

With a first approximation of the diameters of holes that should be used and the position
to place them from the analytical simulations, the complete FZPs made up of these holes
were simulated in Lumerical’s FDTD Solutions (chapter 2 covers the FDTD method and
simulation set-up). In the analytical simulations above, all the materials outside the cylinder
were approximated as a single material with an effective index of the waveguide mode (TEq
or TMjp). The FDTD simulations can handle a full description of the outside materials and,
considering the finite height of the waveguide core (and the cylinder), they take into account
the light that is scattered out of the waveguide. To verify that the analytical approximations
produced accurate solutions some of the intensity maps calculated with FDTD are shown
in figure 6.5.

The images in figure 6.5(a)—(c) show the total intensity when the fundamental TM
mode of the waveguide described earlier in the chapter is incident on a PVA filled hole in
the SigNy core. The images show the intensity in the SigsNy core layer (the top row) and a
cross section through the centre of the holes (the bottom row of (a)—(c)). (The side view
images have been scaled so that horizontal:vertical is 4:1 to make the different features more
easily visible.) The images are normalised such that the peak incident intensity in the SizNy
core layer is equal to 1. The criss-cross patterned fluctuation in intensity is an artefact of
the simulation set-up which is covered in chapter 2 (section 2.2).

In general terms, the intensity maps calculated using FDTD have a similar profile to the
analytical solutions, arising from the interference of the incident mode and the scattered
light. It can be seen that the 200 nm diameter hole in figure 6.5(a) produces the weakest
scattering—as was the case in the analytical computations—and that increasing the dia-
meter of the hole increases the strength of the scattering. Comparing the intensity maps
in figure 6.5(c) and figure 6.4(a) which are both for a diameter of 800 nm, the maximum
intensity is lower in the FDTD simulation. One reason for this is the loss of light that is
scattered out of the waveguide core which is not accounted for in the analytical calculation.
These scattering losses can be seen in the images in the bottom row of figure 6.5(a)—(c). Due
to the finite thickness of the SigN4 core and the finite beam width of the incident mode, the

mode is diffracted with some power lost to the substrate and cladding. A direct comparison
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Figure 6.5 FDTD simulations of light scattering by cylindrical
holes in the core of a slab waveguide. The diameters of the cylinders
are (a) 200nm, (b) 500 nm and (c¢) 800nm and the TMy mode is
incident. In the top row the intensity in the SigNy core layer is
plotted and in the bottom row a cross section through the centre
of the hole is shown. The scale bar is 2 pm. (d)—(f) Comparison of
the intensity calculated by analytical and FDTD methods for the
holes in (a)—(c), respectively.
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of the intensities calculated analytically and by FDTD is given in figure 6.5(d)—(f).
From the plots in figure 6.5(d)—(f) it can be seen how the total intensity 5pm beyond

the hole varies with y position. The plots are for the same diameters of cylinder as shown in
(a)—(c) and compare the analytical calculations (solid lines) to the FDTD (circles). There
is a good overlap of the intensities calculated by the two methods and the differences in the
shape of the profile is due to the ‘artefacts’” mentioned above while the loss by scattering
out of the waveguide also affects the amplitude of the peaks. From the good agreement of
the methods, it was decided that it would be acceptable to design the focusing elements
using the analytical calculations. Some simulations of the FZPs for different focal lengths

are shown in figure 6.6.
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Figure 6.6 Three dimensional FDTD simulations of FZPs. (a)
Intensity map in the SisNy for a focal length of 5 pum; (c¢) intensity
profile in the focal plane of the FZP in (a). The plots in (b) and
(d) show the same for a FZP with a 10 pm focal length. The scale
bar is 2 pm.

Figure 6.6 contains intensity maps and cross sections for FZPs of focal length 5 pm (in
(a) and (c)) and 10 pm (in (b) and (d)). The widths of the FZPs are (a) 7pum and (b) 8.5 pm
and the intensity is normalised to the intensity of the TMy mode which is the illumination
for these simulations. The intensity maps in (a) and (b) are taken in the centre of the
SizNy layer (where the intensity is expected to be greatest) although the intensity in the
film layer was also recorded for comparison with experiment. The curves plotted in (c) and

(d) are the intensity profiles along the focal plane for the intensity maps in (a) and (b),



respectively. Both elements focus the incident light to a narrow, high intensity spot that is
well isolated from any side peaks.

Both of the focusing elements in figure 6.6 are made of six PVA filled holes in the SigNy
core. For both FZPs, the diameter of the hole nearest the centre of the element is 0.8 pm and
moving away from the centre the next holes have diameters of 0.6 and 0.9 pm, respectively;
the only difference between the elements in (a) and (b) is the position of the holes used. The
FZP in (a) focuses to a spot with a FWHM of 300 nm and a peak intensity 8.5 times the
incident intensity; in (b) the focal spot has a FWHM of 230 nm and a peak intensity 10.3
times greater than the incident. (The focal length of the FZP in (b) is shorter than designed
at 9pm.) The design process for these focusing elements was concerned with maximising
the power in the focus rather than minimising the width of the focal spot. A focal spot
with a FWHM of ~* /5 was considered sufficient. However, narrower focal spots could
be produced—the limit given by 20 /ona suggests a width of ~130nm could be achieved
in SigNy for A\g = 532nm—by chaging the design. (The typical FZP has a minimum spot
width dependent on the width of the outermost ring.) Simulations for similar FZPs designed
for an incident TEg mode or different focal length produced equally satisfactory values for
spot size and peak intensity. The power reflected to the source by these elements is very
low (<1%) when the core of the waveguide is not terminated; it increases to ~10% when
the core is terminated and PVA surrounds the core. It is expected that the reflected power
would lie towards the lower end of these values if a target or secondary element was being

coupled to.

6.3 Fabrication

To define the inclusions in the SigNy4 core, a couple of methods were explored. The first was
focused ion beam (FIB) milling, a “direct write” process where the inclusions are fabricated
in a single step. The second method was the more widely used electron beam lithography
(EBL) which is a two step process and involves first patterning a resist layer to act as a
mask in the second step—etching away only the undesired material. FIB milling seemed the
more reliable method: since it has fewer steps there are fewer chances for errors and it was
possible to examine the structures immediately after milling (since the FIB machine is a
dual beam microscope it contains an SEM column as well). Having considered these factors,
fabrication tests were carried out to find the optimum recipe for FIB milling sub-micron
diameter holes into SigNy.

FIB milling is a technique similar to SEM imaging; sub-atomic particles are focused onto
a material using electric and magnetic fields. In the FIB system, the beam of electrons is
replaced by a beam of ions (in this case gallium ions) which are much heavier. Bombarding
a material with a narrowly focused beam of these heavy ions displaces atoms in the material
thereby milling it away in a highly controllable fashion. When FIB milling, the displaced
material is deposited behind the path the beam traces. (Described as being like a dog
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digging a hole.) To examine and correct for this deposition, the fabrication tests varied the
parameters beam current (I,) and energy (E},) and the number of passes (/) the beam
made over the milling area. One other variable was the dose (D) which is simply the number
of ions directed at the material’s surface. Changing IV, is the same as milling the same area
N, times, each time using a dose of Dy N,- These parameters essentially control the rate and
the force with which the ions strike the SigN,4 surface and therefore affect how the surface
reacts and is milled. To demonstrate the effects these parameters have on the milled holes,
some images of the fabrication tests are shown in figure 6.7. The ideal milled hole would
have vertical sidewalls, not penetrate into the substrate and have the specified diameter.
To control the beam during milling Raith ELPHY QUANTUM software was used. (These
tests were initially carried out on the wafers with a 400 nm thick SigNy layer and the results
could be directly applied to the 180 nm thick SizNy.)

Figure 6.7 SEM images of holes FIB milled into SisN,. (a) Look-
ing down on a set of holes with diameter varying (100 nm—600 nm,
100 nm steps) vertically and dose varying horizontally. Scale bar is
1pm. (b) Cross section of 600 nm diameter hole milled in a single
pass; (¢) 600 nm diameter milled in 5 passes; (d) 200 nm diameter,
single pass; (e) 200nm diameter, 5 passes. The images have been
false coloured to highlight different regions (marked I, II, III in
(b)). Scale bar is 200 nm.

The SEM images in figure 6.7 show a sample of the fabrication tests performed where



the dose, hole diameter and number of passes are varied. Figure 6.7(a) is a view from above
the SigNy surface showing a grid of holes where the diameter was varied from 100nm to
600nm in steps of 100nm in each column while the dose was varied from 100 mC cm ™2
to 200mCcm~2 in steps of 20mC cm~2 in each row. (I, was 20 pA and N, was 5). The
diameter of the holes increases slightly moving along the rows and, judging by the darkening
colour, it appears that the holes become deeper as well. This is the expected effect of
increasing the dose while keeping other parameters constant. The slight deviation from
circular of some of the holes is due to the sample drifting during the milling process. This is
one of the drawbacks of using NV, > 1 because the milled area might move from where the
software controlling the beam expects it to be. To get more quantitative information of the
sidewalls of the holes, cross sections were taken. These were made by FIB milling along each
row. (Before FIB milling, platinum is deposited onto the surface to reinforce the structure
being milled so that it doesn’t cave in or reshape during the cross sectioning). Some of the

cross sections comparing the effects of different IV, are shown in figure 6.7(b)—(e).

Figure 6.7(b) shows a cross section of a FIB milled hole intended to be 600 nm that was
milled in a single pass of D = 120mCcm~2 and I, = 20pA. (Each hole in (b)—(e) was
milled at Iy, = 20 pA; it was found during the tests that reducing I}, did not greatly improve
the holes and only increased the milling time and that increasing I}, reduced the fine control
required for milling.) The lightest region (marked I) is the platinum which shows the angle
of the sidewalls and the depth of the hole. The hole goes through the entire SizNy layer
and even into the substrate but is much narrower at the bottom (<100nm) than at the
top (~600nm) because of what is believed to be the redeposition of the milled material
(marked II). Measurement of the sidewall angle gave a nominal value of 50° (where 90°
would correspond to perfectly vertical sidewalls), although it can be seen that the sidewalls
are curved. (The darkest region, marked III, is untouched SigNy4.) The inconsistent diameter
of the hole and the curvature of the sidewalls make it clear that this is not the ideal case.
Figure 6.7(c) shows a cross section for a hole intended to have a diameter of 500 nm (when
fabricated this was 600 nm) which was milled with a higher dose (D = 180 mC cm~2) and
more passes (N, = 5). It can be seen that by increasing N, the dose required to mill
through the SigNy layer was increased. It is immediately apparent that the sidewalls are
much steeper (typically >80°) and that the hole is shallower (though it still goes through
the entire core layer). There is also less redeposited material left around the edges of the
hole. Of (b) and (c) the parameters chosen to mill (c) clearly performed better. The
cross sections in (d) and (e) are for 200 nm diameter with the parameters of (b) and (c),
respectively. Again it is clear that using N, > 1 improves the sidewall angle of the holes
with the hole in figure 6.7(d) being conical. For early experiments, the holes and FZPs
were fabricated using FIB milling with the parameters of 6.7(c) and (e). Later, aspects of
the FIB system and the possible redeposition forced fabrication of the structures to switch

from the FIB process to a more standard EBL one in certain cases.

As stated in section 6.2.1, the lower limit on cylinder diameter was 150 nm which was
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set to ease the fabrication process. (A cylinder any smaller than this would cause near
negligible scattering in any case.) Defining consistent structures 150 nm in size is not a
straightforward procedure for e-beam patterning and is simply beyond the capabilities of
many UV patterning facilities (which would be necessary for large scale production). The
EBL process used for defining the structures was previously established within the group
for depositing metals by the lift-off procedure—here the mask defined by EBL is used as
an etch mask rather than a deposition mask. The resist used for the EBL process was
PMMA A6 which was spin-coated to a thickness of ~300nm. PMMA is a positive tone
resist meaning that the exposed area is removed when immersed in a developing solution
(MIBK:IPA). The remaining PMMA then acted as an etch mask during an ICP etch with
Ar and CHF3 which defined the cylinders in the SigNy4 layer.

Figure 6.8 FZPs fabricated by FIB milling. (a) Angled SEM
image of a FZP in a slab waveguide. (b) SEM image of FZP used
to determine hole position and diameter. Scale bar is 1 pm.

SEM images of two FZPs used in experiment are shown in figure 6.8. These FZPs were
fabricated by FIB milling of a slab waveguide. For both of the FZPs, the diameter of the
holes were intended to be 600 nm, 500 nm and 900 nm moving outwards from the centre.
The image in figure 6.8(a) was taken at an angle to try and get an idea of the sidewalls of
the holes; in (b) the diameters of the fabricated holes could be measured and were found
to be larger than designed at 660 nm, 560 nm and 950 nm. Using SEM images of these and
other FZPs, the simulations were updated to match the fabricated structures so that they

could be compared with experimental measurements.

6.4 Experiment

The set-up used for these measurements was described and shown in the previous chapter
(see figure 5.4 in section 5.2). The structures were fabricated 2-3 mm from the waveguide’s

input end-face to avoid any complications of the laser beam directly illuminating the struc-



tures. The experimental images in this chapter are of the fluorescence of the RhB doped
PVA film (with a couple of exceptions which are stated). The concentration of the RhB
was the same as in the previous work so that the modes would propagate to the structures
without much loss. However, in keeping the absorption losses low, the fluorescence which is
excited is weak and the intensities in the images are thus quite low. Ideally, an optimisation
of the fluorescent dye concentration would be performed or the dye would cover only the
area near the structures. Unlike in the previous chapter, scattered images of the FZP focus-
ing elements do not give a clear view of the intensity distribution near the structure as they
are dominated by the scattering of the individual holes. In most cases, the SizN4 core layer
is not terminated and the focused beam is allowed to propagate far beyond the lens. In any
final device, the core layer would be terminated at the focal plane of the FZP to allow for
coupling to the subsequent element—most likely a plasmonic focusing element. The method
of imaging the fluorescence provides adequate information on the focusing abilities of the
FZPs in any case. A couple of examples of FZPs focusing to the end-face of a waveguide

are briefly covered at the end of the chapter.

6.4.1 Individual holes

Before any full arrays were fabricated, a number of isolated holes were fabricated and meas-
ured to verify the simulated intensity maps. Holes with diameters ranging from 300 nm—
900 nm were etched all the way through the SigN4 core layer of the slab waveguide structure
(shown earlier in figure 6.2). The RhB doped PVA solution was then spin coated on the
SigN4 to a thickness of ~100nm. Light was coupled into the slab waveguide as described
in earlier chapters and the diffraction of the waveguide mode by the holes was imaged and
compared with simulations. Fluorescence images of a waveguide mode being diffracted by
a 900 nm diameter hole are shown in figure 6.9.

The images in figure 6.9(a) and (b) are experimental intensity maps for the diffraction
of a mode incident on a hole in the waveguide core. For comparison, simulated intensity
maps are shown in 6.9(c) and (d). The simulated images have been ‘blurred’ to the same
resolution as the experimental images—the method for this is described in chapter 2—
to give a more realistic comparison. The intensity in each image is normalised so that
the incident intensity is 1. For the experimental images, this was done by averaging the
fluorescence over a 10 pm x 10 pm area before the hole and dividing the intensity everywhere
by this value. The incident intensity was kept low to avoid photobleaching the dye and due
to the low intensity of fluorescence there is some CCD noise in the images. However, the
diffraction patterns match well with those of the FDTD simulations.

The simulated intensity maps in figure 6.9(c) and (d) are cross sections taken in the
middle of the PVA film layer. The simulation was over a smaller area than shown in
the experimental image but both sets of images are on the same scale. Compared to the
experimental images, the simulated intensity maps have a greater contrast (the difference

between the maximum and minimum intensity values) but the profiles are similar. Unlike
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Figure 6.9 Diffraction of a mode by a hole in the waveguide core.
(a), (b) Experimental images for a 600nm and 900 nm diameter
hole, respectively. (c), (d) Simulated intensity maps for the same
structures as (a) and (b) which have been blurred to have the same
resolution as the experimental images. Scale bar is 5 pm.

earlier simulations, the outer diffraction orders do not become distinguishable until a few
microns after the hole. In intensity profiles taken from the experimental images at a distance
of 5pm beyond the holes only the first peak can be clearly seen, however, the position
overlapped well with the positions from simulations. Since the outer diffraction orders are
quite weak in the simulated intensity maps after they were blurred, it was decided that
the experimental measurements were reliable but limited by the resolution of the imaging
set-up. With the scattering of a mode verified experimentally, some complete FZPs were

fabricated and measured.

6.4.2 Fresnel Zone Plates

Measurements of the FZPs were made by the same method that was used for the individual
holes. A number of FZPs with focal lengths of 5pum and 10 pm were fabricated in slab
waveguides. Experimental, fluorescence images of two of the focusing elements are shown
in figure 6.10.

Figure 6.10(a) and (b) are experimentally measured intensity maps of FZPs intended
to have focal lengths of 5pum and 10 pm, respectively. From the experimental images the
focal lengths are closer to 7pum and 12 pm. The increase of focal length is a result of the
fabricated FZPs differing from the simulated ones. The focal length is sensitive to the
positioning and size of the holes and the fabricated elements would need to match these
for the focal lengths to be identical. The sidewalls of the holes not being perfectly vertical

may also cause discrepancies between simulation and experiment. Again, the images are
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Figure 6.10 Diffractive focusing by an array of holes in the core of

a slab waveguide. (a)

Experimental intensity map for an element

designed to focus light at a distance of 5 pm. (c¢) Intensity profile
taken along the focal plane of the element in (a). (b) and (d) show
the same for an element with a designed focal length of 10 pm. The

scale bar is 5 pm. (e)

and (f) are simulated intensity maps in the

PVA film for the elements shown in (a) and (b); the intensity has

been normalised such

that the incident intensity in the PVA layer

is 1. The scale bar is 2 pm.
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normalised to the incident intensity. The focusing element in figure 6.10(a) consists of four
holes—the two nearest to the centre have diameters of 780 nm and the two nearest the edges
have 950 nm—and the overlap of their diffraction patterns can be seen to form a focus ~6 pm
beyond the element. As with the experimental images of the individual holes, the maximum
intensity is not a lot greater than the incident intensity and this is partly due to the size
of the features being smaller than the resolution. (The contrast in the images might be
improved by optimising the concentration of the fluorescent dye.) A cross section of the
intensity across the focus is plotted in figure 6.10(c). Due to the low intensity levels, several
rows of pixels were averaged to make the plots—this has the negative effect of reducing
the peak intensity and broadening the width but without the averaging, the plots are too
jittery to allow meaningful conclusions be drawn. The plot shows a central peak which is
overlapped by lower intensity side peaks. A definitive FWHM for the focal spot cannot be
determined though it would appear to be less than 1 pm. The maximum intensity of the
focus is ~1.2 times the incident intensity which is not great for a focusing element but for
sub-resolution features the intensity might be higher than measured. (This was shown in
chapter 2.)

The focusing element shown in figure 6.10(b) consists of six holes: 880 nm, 700 nm and
940 nm moving outwards from the centre of the element. As with the FZP in (a), the
individual diffraction orders can be seen to overlap and form a focus. The FZP in (b)
appears to focus light to a higher intensity which might be expected as it has a greater
width than the FZP in (a). The intensity profile across the focus (figure 6.10(d)) shows the
increased peak intensity and a decrease of the side peak intensity, however the side peaks
are still not fully resolved from the central focus. Again, it is difficult to go beyond putting
an upper bound of 1pm on the FWHM of the focal spot but the peak intensity for this
element is ~1.3 times the input. The oscillations of the intensity directly beyond the FZPs
in (a) and (b) were caused by the reflection from the Si base of light scattered out of the

waveguide core by the holes.

For comparison, some simulated intensity maps are shown in figure 6.10(e) and (f).
(The simulations are on a different size scale to the experimental images.) The maps were
calculated for the intensity in the PVA film layer to match with the experimental images
and they give some insight into the experimental images. In the simulated intensity maps
the scattering of the individual holes at the element (the bright vertical lines to the left
of the images) are constant across the element; this suggests that each hole is equally
illuminated and that they all contribute to the focus. In contrast, the experimental images
show uneven scattering at the element. This is most likely due differences between the
fabricated structures and the simulated structures; the simulated structures are perfectly

circular and have perfectly vertical sidewalls with no roughness.

The other FZPs that were measured produced similar results. Generally, the focal
spot was overlapped by side peaks and the maximum intensity in the focus was ~1.2. The

measurements of these samples could be improved by using an imaging set-up with a greater



resolution and a CCD sensor with better sensitivity for low light levels. In experimental
images a higher intensity but wider ‘secondary focus’ was formed farther from the lens than
designed. This second spot was obscured from simulation because of the limitations of the
size of the simulation region but gives further evidence to the method of design.

Although the values of peak intensity and focal spot width are not as impressive as
the values calculated in simulations, part of this is caused by the experimental set-up and
optimising it could improve the measured values. One other reason for the disparity between
simulated and measured intensities are that the simulated images map the intensity on an
infinitely thin slice while the experimental images map the fluorescence from a 100 nm thick

layer. Having a finite thickness, the features are not as sharp as in simulations.
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Figure 6.11 Light focusing beyond designed focus. (a) Experi-
mentally measured intensity map for a FZP. The scale bar is 5 pm.
(b) Longitudinal intensity profile through the focus of the FZP. (c)
Transverse intensity profile through the focus.

The image in figure 6.11 is the experimentally measured fluorescence for a FZP similar
to the one shown in figure 6.10(a). The FZP was intended to focus at a distance of 5pm
and while there is a weak focus slightly beyond this distance, a more intense peak is formed
at a distance of ~20 pm. This secondary focus has a peak intensity of ~1.5x the incident
intensity. The intensity profile plotted in figure 6.11(b) is taken along the propagation
direction, through the centre of the focus. Disregarding the oscillations, it can be seen that
the maximum intensity is ~18 um beyond the focusing element. (‘0’ corresponds to the
position of the FZP). In figure 6.11(c) a transverse cross section of the intensity at the focus
is plotted. Unlike the plots in figure 6.10(c) and (d), this intensity profile contains only a
single peak. The FWHM of the peak is ~1.4pm which is larger than the diffraction limit
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of the imaging set-up and larger than would be desired in applications.

6.5 FZP in Rectangular Waveguides

In applications, an integrated optical focusing element would more likely be incorporated
into a rectangular waveguide than a slab waveguide. To demonstrate the practicality of
these designs for rectangular waveguides a few meaurements are shown here. The design
method for a FZP in a rectangular waveguide is very similar to the method described earlier.
One difference in this configuration is that the holes towards the outside of the focusing
element have less of an influence because the incident mode is weaker away from the centre
of the waveguide—as was seen for the microdisk simulations in the previous chapter. The
mode of the rectangular waveguide was found using Lumerical’s FDE (see chapter 2) and
although for this illumination the incident intensity varies across a hole, there is no drastic
change of the scattered fields. To extend the design, a second type of FZP is shown here;
this design aimed to position the holes along a curve rather than a straight line as with the
FZPs shown earlier. To position the holes for this type of FZP, the change from the earlier
method was to replace the linear profile taken 5 pm beyond each hole with an arc of radius
5pm. Two fabricated FZPs are shown in figure 6.12.

Figure 6.12 FZPs in rectangular waveguides. (a) SEM image of
a linear FZP in a 10 pm wide rectangular waveguide. (b) Curved
FZP in a waveguide of the same width. The scale bar is 1 pm.

The SEM images in figure 6.12 show FZPs designed to focus onto the end-face of the
waveguide. The waveguide core is 10 pm wide in both cases. The holes were FIB milled into
the waveguide core after the waveguide was fabricated by EBL. (The waveguide and FZP
could be fabricated in a single EBL process but at the time the EBL was being done with a
negative tone resist which would have made defining the holes within the core unreliable.)

The curved FZP was used as it would keep the ‘hole-focus’ distance smaller thus increasing
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Figure 6.13 FZP focusing elements in rectangular waveguides.
(a) Experimental image of the scattered light for the FZP shown
in figure 6.12(a); (c) Plot of the intensity profile along the end-face

of the waveguide in (a). (b) and (d) show similar for the FZP in
figure 6.12(b). The scale bar is 1 pm.

the intensity since the intensity of the scattered field decreases with distance. Both elements
were designed to have focal lengths of 5 pm and so were positioned 5 pm before the end of
the waveguide core. For these structures no PVA cladding was used and the measurements
taken were of the scattered light. Experimental scattered light images of focusing elements

similar to those in figure 6.12 are shown in figure 6.13.

For the rectangular waveguides, the separation of the input to the waveguide and the
focusing element was less than in the slab case and to avoid light from the laser beam
entering the imaging system, a microscope objective with a lower magnification and lower
NA was used. This reduced the resolution of the images and the data plotted in figure 6.13
has been interpolated (rather than being shown pixelated). The image in figure 6.13(a)
shows the light scattered when a mode of the rectangular waveguide was incident on the
FZP shown in figure 6.12(a). An intense spot was formed on the end-face of the waveguide,
however, since the top half of the FZP itself scattered more light it is unlikely that the
illumination was ideal. The intensity along the end-face of the waveguide is plotted in
figure 6.13(c) and the width of the central peak is ~900nm which was the limit for the
imaging set-up. The same measurements were made of the curved FZP and are shown in
figure 6.13(b) and (d).



6.6 Conclusions 105

The illumination for the element in (b) was more even across the FZP. Again, the element
focused to a spot on the end-face ~900 nm in width. It is expected that a curved FZP could
produce a more intense (and possibly narrower) focus since the holes towards the outer
edges of the element are nearer to the focus than they would be in a linear element. (The
higher angle scattering also increases the effective NA of the focusing element.) Although
it is difficult to give quantitative measures of the focusing efficiency or focal spot size from
these measurements, it is clear that the FZPs can produce an intense, narrow spot on the

end-face of the waveguide and thus could be used to couple into other elements.

6.6 Conclusions

Focusing of a waveguide mode by a structure contained within the core was demonstrated.
The structure consisted of holes etched into the core which were either filled with PVA for the
slab waveguide measurements or with air for the rectangular waveguide measurements. The
positioning and size of the individual holes in the focusing element was determined from
analytical simulations of scattering by cylinders and the complete focusing element was
simulated using 3D FDTD software. Experimental measurements of the elements verified
the focusing of slab and rectangular waveguide modes.

The holes were made in the waveguide core by FIB, milling (and later by ICP etching).
It was found that milling a region numerous times with a low dose of ions gave the best
results. However, when the sample ‘drifted’ on the stage of the FIB milling numerous times
caused the holes to become misshapen. The sidewalls were adequately vertical (>80° the
interfaces of the materials) and smooth. Holes etched using ICP (with an etch mask defined
in EBL) were not as smooth though they did not suffer from the problems of drifting.

3D FDTD simulations of the individual holes showed that some light was scattered out of
the waveguide and thus lost, reducing the light gathering efficiency of the element. The holes
did not reflect much light (<« 1%) back toward the source however, making them suited for
scenarios where back reflections would cause issues for other elements. The 3D simulations
matched the analytical simulations for an infinitely tall cylinder so the design of the full
element could be done with the analytical caluculations which are much faster. Simulations
of the focusing elements suggested focal spot widths smaller than 230nm (~0.43)\g) and
a peak intensity more than ten times the incident intensity. The design of the focusing
element was based on gathering power rather than minimising the focal spot width and it
is expected that a narrower focus could be achieved with similar elements.

Experimental measurements of the FZPs and individual holes were made by imaging
the fluorescence of a thin dye doped film which was coated on the surface of the waveguide
core. (Some measurements were made of rectangular waveguides by imaging the scattered
light at the end-face of the waveguide.) The resolution of the images was limited by the
optical imaging set-up but the scattering of the individual holes and focusing of modes by

complete elements was observed. The measured focal widths of the elements were closer to



1 pm and the intensity was ~1.3x the incident intensity. However, there was good agreement
between the profiles of the experimental and simulated intensity maps after the simulated
images were blurred to a resolution similar to the experimental set-up. One factor for the
discrepancy in the absolute values is believed to be that certain holes in the element did
not scatter as much (compared to others) as simulations predicted. Improvements to the
experimental set-up—e.g. optimised dye concentration, higher NA imaging system—might

also produce a better match to the theoretical simulations.



Outlook

In this thesis, the propagation and manipulation of visible light in planar, dielectric wave-
guides was discussed. Through simulation and experimental measurement, characteristics
of slab and rectangular waveguides were demonstrated for multi-mode propagation. Two
focusing elements, with sizes and focal lengths of a few micrometres, were presented as
integrated optical structures. Simulation of the structures predicted high intensity focal

spots and measurements verified the simulations.

Multi-mode propagation in dielectric slab waveguides was investigated experimentally.
It was shown that the interference of the modes produces an intensity pattern that is
constant in time due to a fixed phase relationship when the modes are excited. The intensity
was imaged using a fluorescent dye coated on the surface of the waveguide core. The
interference pattern was related to the effective index difference between the propagating
modes and experimental measurements of the differences matched well with theory. It was
demonstrated that other mode characteristics, such as the relative coupling and propagation

losses could be extracted from the intensity pattern.

Similar imaging analysis was demonstrated for rectangular waveguides. In the structures
examined here, it was found that the number of modes inhibited quantitative measurements
but the analysis could be applied to waveguides which support only a few propagating
modes, such as in low refractive index contrast systems. The intermodal coupling caused
by micrometre scale bends in the waveguide core was shown along with multi-mode focusing

by tapering the core.

A focusing element for integrated optical applications was fabricated and measured.
The microdisk was positioned at the end-face of the waveguide and illuminated by a mode
radiating from it. Simulations predicted focal spots ~0.4)\g wide and intensities five times
greater than the incident intensity. Experimental results showed good agreement, however,
the efficiency of the focusing element was reduced by light lost as the beam diverged upon

exiting the waveguide.

A second focusing element, which was part of the core of the waveguide, was then
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investigated. The Fresnel zone plate (FZP) focused a waveguide mode by etching holes in
the core to cause scattering. The position and size of the holes were determined from the
phase and amplitude calculated from Mie solutions for an infinite cylinder. Simulations of
the FZPs suggested focal spots sizes similar to those formed by the microdisk ~0.4\g but
peak intensities ten times greater than the incident intensity were predicted. Experimental
measurements of the fabricated structures were limited by the optical imaging system but

a clear demonstration of focusing was seen.

The purpose of this thesis was to develop micron scale dielectric focusing elements
which could be easily integrated in planar waveguides. The immediate application of these
elements was as part of an optical heating element in a HAMR, write-head. In recent
years, research has been carried out on microspheres as focusing elements while the planar
elements studied have generally been tens of micrometres in size. The large field confinement
achievable with plasmonic structures has made them the forerunner for nanofocusing. A
drawback of plasmonic elements is the localised heating in the plasmonic structure itself.
This thesis investigated two dielectric elements focusing elements both a few micrometres in
size and integrated with planar dielectric waveguides. The size of the elements means they
could be quickly fabricated in industrial scales with UV lithography and easily incorporated
with existing designs for HAMR write-heads. Simulations found that both elements focus
to spot sizes smaller than 250 nm which would be useful for coupling to micron and sub-
micron size plasmonic elements. The small back-reflections from the elements are essential
for reducing the light returning to the source; light coupled back into the source can have
detrimental effects and reduce its operational lifetime. While fine-tuning may be needed
in the fabrication when studying the elements, it is clear that the elements presented here

could be used as integrated planar focusing elements.

Further to this, a measurement technique for planar waveguides was presented. The
measurement requires only a basic optical imaging set-up but extracts information about the
modes propagating in a waveguide and how the modes are perturbed by different waveguide
components (e.g. bends). This method provides a simplified alternative to NSOM which,
though it can achieve better resolution (as low as ~100 nm), requires specialised equipment.
The technique also provides an in situ alternative for quantifying the number of modes
propagating in a waveguide. This is typically done by coupling modes out of the waveguide
using a prism or a grating, thus giving an angular distribution of the modes—different modes
will couple out at different angles. However, grating coupling is a destructive method and
prism coupling is not well suited to micro/nanophotonics structures due to the size difference
of the prism and the waveguide. The method demonstrated in this thesis is ideal for studying

mode propagation in micro/nanophotonic waveguides.

It is planned to publish more of the work from this thesis in the coming months. At
present, a manuscript on the simulation and experimental measurement of the FZP as a
planar focusing element is in the final draft and is planned to be submitted to Optics Letters

this month (titled “Planar Focusing Element based on Scattering Structures in a Dielectric
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Waveguide”). An abstract on the same topic has been accepted for presentation at CLEO
(Conference on Lasers and Electro-Optics) for May 2018. It is also hoped to publish some
of the research on rectangular waveguides and on microdisks but the specific content has

not yet been finalised and may require further work.

Carrying on from this thesis, initial work could concentrate on improving fabrication
methods. The fabrication recipes used in this thesis were adapted from other students’ work
in which either standalone structures or larger structures on different substrates were made.
While some time was put into refining the processes to work for the sizes and material
systems used in this thesis, it seems that further improvement is needed. More precise
fabrication of the focusing elements should lead to better agreement of the experimental
results with the simulations. Such improvements might include reducing the overlap of the
waveguide and microdisk, smoothing any sidewall roughness and increasing the sidewall
angle of both the microdisk and the FZP elements. Beyond this, the immediate direction
of work would be to design different shapes of FZP focusing elements. Most of the work
on FZPs presented in this thesis investigated linear arrays of holes, however, it might be
expected that a circular array would produce a higher intensity focus as the separation
between each hole and the focus would be smaller. Since there is typically a !/r? falloff of
the intensity moving away from the hole, it is important to minimise the distance to the
focus. Other array shapes were considered briefly and research into these could be done
straightaway. Perhaps one other thing that could be considered in the immediate follow-on
from this thesis is to improve the experimental measurement set-up. The current set-up is
limited to a resolution of ~500 nm which is not ideal for quantifying focusing capabilities of
different elements. The combination of fabrication limitations and the set-up also inhibited
the measurement of elements in rectangular waveguides. This was caused by the large
separation needed between the focusing elements and the point where light was coupled
into the waveguide. Any initial work after this thesis should concentrate on optimising
the fabrication process, improving the measurement set-up and then testing and comparing
different array shapes of FZPs. Further work which could be carried out following this is

suggested in the section below.

Future Work

Continuing the research into planar, dielectric focusing elements is the main outlook from
this thesis. Although the design of different types of focusing elements can be suggested,
some modifications which might improve the performance of the existing structures are
proposed here. An emerging technique for localised field enhancement is also mentioned

briefly.



Reduced separation microdisk

As was seen in chapter 5, the microdisk’s focusing capabilities were diminished because of
the divergence of the field between the waveguide end-face and the disk itself. The simplest
way to reduce the divergence would be to use a thicker core layer, however, this might
not always be suitable. To overcome the effects of divergence, the disk could be reshaped
into an element similar to a Fresnel lens which would minimise the average separation. A

diagram is given in figure 7.1. The sketch is a primitive version but illustrates the concept.

\ Waveguide

(a) end-face (b)

Figure 7.1 Reshaping the microdisk to reduce the waveguide to
disk separation. (a) The disk is split into sections of constant width
and length. (b) The sections are displaced such that they touch
the end-face of the waveguide.

Reducing the separation but maintaining the curvature of the microdisk maintains
the refractive characteristics of the focusing element. However, introducing discontinuit-
ies might impair the diffractive effects and reduce the focusing efficiency. In fabricating
such an element, it would be challenging to maintain the curvature of the different sections

but simulations could test the sensitivity to fabrication discrepancies.

Computationally designed focusing element

Recently, computational design of micrometre scale photonic elements has been demon-
strated [172, 180, 181]. Structures with sizes of a few micrometres can be simulated relat-
ively quickly with modern computing power, and methods such as the genetic algorithms
or inverse electromagnetic design can be used to optimise the performance of a photonic
element given an adequate initial structure. Some of these methods are randomised optim-
isation schemes—e.g. the genetic algorithm simulates the performance of a group of initial
structures then chooses aspects of the best performing structures to design the next group
(as well as adding some random mutation) and continues like this until a specified perform-

ance is reached or until the simulated performance plateaus. The structures designed by
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these methods are often unseemly, the best designs for optics on this scale are not simply
miniaturised versions of ‘bulk’ optics.

A computational method could be used to redesign the Fresnel zone plate focusing ele-
ments presented in chapter 6. The design method in that chapter positioned the individual
holes in the focusing element along a straight line but this might not be the best design.
Using a computational method, a larger parameter space could be explored (e.g. the po-
sition, shape, size, depth of the holes) and the element could be optimised for different
needs; the FZPs were designed to maximise the focal power but the light gathering effi-
ciency or the focal spot size could be optimised instead. As this design approach is rarely
analytical, structures optimised for a given set of circumstances cannot generally be easily
tailored to other circumstances (a complete redesign is necessary). This drawback, along
with the time and computing power needed for simulations are the main disadvantages of

the computational design method.

Combining dielectric and plasmonic elements

As mentioned earlier in the thesis, a plasmonic focusing element is needed to achieve focal
spot sizes far below 100 nm. Coupling light into plasmonic structures requires momentum
matching of the incident light field and the plasmonic mode. (Plasmonic modes have high
momentum—i.e., short wavelengths—which is how they can produce such small spot sizes.)
Using a dielectric element to focus a waveguide mode onto a plasmonic element achieves the
momentum matching. However, this arrangement requires multi-step fabrication: first the
dielectric focusing element and waveguide are defined and then the metal for the plasmonic
structure is deposited. Alignment of these structures is critical to maximising coupling and

is not trivial.

Resonant scatterer

To avoid the intrinsic losses associated with plasmonic structures, resonant dielectric particles
have been proposed for localisation of light. These structures take advantage of Mie
resonances—certain geometrical shapes excite highly localised fields when on resonance,
i.e. at certain size to wavelength ratios—to achieve high amplitude scattering. The field
localisation of these particles can be similar to that of metallic nanoparticles of comparable
size but they do not suffer from the heating associated with metals. However, the dielec-
tric constant of the particles must be quite high (the effects begin to be seen for refractive
indexes 2 4) to get strong fields and the structures need to be quite small (typically a few

hundred nm).
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