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This thesis addresses the challenges with utilising diamond for integrated optical

devices; a platform where its impressive material properties can be exploited. The

major objective was to develop a process by which diamond could be

heterogeneously integrated with non-native device platforms, to overcome its

limited geometry. A process was developed for fabrication, handling, and hybrid

integration of ultra thin diamond membranes. Plasma-etch chemistries were

developed, that enabled such processing, and provided sub-nm r.m.s. roughness.

Two sets of monolithic diamond structures were fabricated and transfer printed

with a thickness down to ~10 nm. For thickness characterisation, diamond

platelets, finding a low local-variation across typical device geometries. Diamond

resonator devices were also fabricated and when integrated with SOI waveguides

they showed high Q-factors as large as 1.8×105. Thermo-optic tuning of these

devices by > 450 pm at low mW powers was demonstrated, which has great

significance to all integrated optical fields where resonant frequency of a cavity is

important. The techniques developed are independent of integration platforms

and are of wide reaching relevance to the optics community.
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Chapter 1

Single crystal diamond for

integrated optical applications

1.1 Introduction

In this chapter, the motivation behind using diamond for integrated optical

applications is detailed. A general background into integrated optics and

waveguide theory is given to aid the understanding of concepts discussed

throughout the document. The background of electronic-grade single-crystal

diamond synthesis is presented, and the challenges that have impeded its wider

utilisation are discussed. Notable works that address these issues are reviewed

and their findings are used to detail the approach that is taken in this work.

Finally the chapter concludes with a short breakdown of what each subsequent

chapter will contain thus providing a narrative of the thesis at a glance.

1.2 Background and Motivation

Diamond was first used as a tool with which to polish stone axes and has long

been an attractive material to humankind [1]. For approximately the last eighty

years diamond has been prized as the gemstone with which to show one’s

commitment [2]. Now, in recent years, it is emerging as a promising candidate for
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FIGURE 1.1: A table showing the Mohs and Vickers hardness values
for some common gems and other materials.

quantum cryptography and information processing [1]. As far as materials go,

diamond is indeed impressive. It is harder than almost all other known materials,

four to five times more so than the next nearest gemstones - rubies and sapphires

(corundum) [3]. The Mohs and Vickers hardness values of some common

materials can be seen in Figure 1.1, a qualitative ordinal scale characterising

scratch resistance, and a quantitative measure of a materials resistance to plastic

deformation respectively. This incredible hardness sees diamond used

ubiquitously in the oil and gas industry, to prolong drill bit lifetimes and increase

drilling speeds - where any unplanned downtime can be very costly. Figure 1.2

shows such a drill head where the black cylindrical features are polycrystalline

diamond compacts. Diamond is also chemically inert [5], bio-inert [6], and has the

highest thermal conductivity of any solid at room temperature [7]. These
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FIGURE 1.2: a) A picture of a standard drill head used in the oil and
gas industry where the black cylindrical components are made of

polycrystalline diamond compacts [4].

attributes make diamond stand out as a material which could be used in many

extreme applications, such as radiation detection [8], heat sinks [9], and optical

windows in corrosive environments [10]. In some of these extreme environments,

only diamond could be used, where other materials would be damaged or

diminished in the properties that made them attractive to begin with.

The primary focus of this research however is on the appealing optical

properties of diamond. It has a large bandgap of 5.5 eV, preventing thermally

generated charge carriers [1]. It also boasts a broadband transparency wavelength

range, which covers from the deep UV to the infrared [1], enabling multispectral

optical applications on a single platform. The nitrogen vacancy (NV) used in

quantum applications for example, could be excited at 532 nm and have its 637 nm

emission collected through the same integrated diamond platform [11]. It also

exhibits attractive Raman properties, with a large - narrow linewidth - shift,

centred at 1332 cm−1. This allows for efficient Raman shifted lasing at exotic
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Semiconductor optical properties
Material Bandgap

(eV)
Refractive
Index

Transparency
range (µm)

Kerr
coefficient
(m2/W)

Thermal
Conductivity
(W/m· K)

Diamond 5.5 2.39 0.23-20+ 1×10-5 2300
Silicon
Carbide

2.61 2.55 0.37-5.6 1×10-5 375

Gallium
Nitride

3.4 2.32 0.5-7 7×10-5 200

Silicon 1.14 3.48 1.1-15 1.8×10-4 150

TABLE 1.1: Parameter recipes used in the plasma etching of
diamond.

wavelengths, with both the pump and shifted wavelengths - again - guided on the

same platform. The large Raman gain of ~10cm/GW at 1 µm, combined with

diamond’s aforementioned thermal and transparent properties, enables efficient,

high-power bench-top systems - which can be developed with unprecedented

average power and wavelength ranges [12, 13]. Diamond has a small thermo-optic

coefficient of ~10−6K−1 [14], thus the effective index of a diamond device will stay

relatively stable across a range of thermal changes. It exhibits a relatively large

Kerr non-linearity (n2 = 1.3×10−15 cm2/W) [15], allowing for tuning of the

refractive index relative to the square of an applied electric field. It has a high

refractive index of ~2.4 for waveguiding, and it plays host to over 500 defect

centres [1] - some of which, like the nitrogen and silicon vacancies (SiV), have

shown great promise as optically accessible spin registers for quantum

information processing applications [16, 17, 18, 19].

This array of impressive properties make diamond attractive for planar optics

and a comparison with other relevant semiconductor materials is shown in Table

1.1. Naturally occurring diamonds however are rare, expensive, and variable in

optical quality. In the next section, techniques used in the fabrication of synthetic

high quality diamond are discussed.
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1.3 Synthesis of diamond

1.3.1 High pressure high temperature

Diamond can be synthesised through simulating the high-pressures and

high-temperatures (HPHT) that resulted in the formation of natural gems to begin

with, ~60 GPa and 1000-1600 °C [20, 21]. The four scenarios diamond is thought to

have been created from are:

• within the Earth’s mantle, delivered to the surface by deep-source eruptions;

• at subduction zones, where movements of the tectonic plates cause one to

be forced under another - the descending plate being exposed to increasing

temperatures and pressures;

• at the site of asteroid impacts with the earth’s surface, hitting with large forces

that generate great pressures and temperatures;

• formed in space in some meteorites.

This information is shown pictorially in Figure 1.3. To mimic these conditions, a

cell filled with a mixture of metals; a high purity carbon source; and some

diamond seed crystals; can be placed between two anvils with a belt press used to

maintain radial pressure as shown in Figure 1.4. The internal temperature is raised

to 1500 °C which dissolves the carbon source into the solvent metal where it is

transported by a local temperature gradient to the seed crystals - forming a large

synthetic diamond crystal [23, 24]. Diamond growth occurs preferentially as, in

the hotter region of the molten metal, it has a higher solubility compared with

graphite. This provides a concentration gradient, with net flow of carbon atoms

from the hot source to cool diamond seed crystal sink [25]. Solvent metals are

typically group VIII metals and their alloys [26], with preferential growth of

particular crystal faces occurring depending on the combination.
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FIGURE 1.3: A depiction of four methods by which natural diamond
formation is likely to have occurred. 1) Within the Earth’s mantle,
delivered by eruptions, 2) subduction zones, 3) asteroid impacts, 4)
Extraterrestrial asteroid impacts forming diamonds on meteorites

that have then fallen to Earth [22].

FIGURE 1.4: A schematic of a belt press used to synthesise high
pressure high temperature diamond.
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FIGURE 1.5: a) and b) show two processes for CVD growth of
diamond, hot filament and microwave plasma respectively - figure

taken from Ashfold et al. 1994 [27].

Despite it being possible to fabricate single crystal diamond by this process, the

control over dopant levels is minimally flexible and so optical-grade diamond is

usually fabricated by chemical vapour deposition [1]. HPHT finds regular usage

however as an abrasive, such as in the aforementioned drill bit, or as a heat sink -

making use of its large thermal conductivity [27].

1.3.2 Chemical vapour deposition

High optical-grade diamond is controllably and repeatedly grown by chemical

vapour deposition (CVD) from single crystal diamond seeds. Two approaches to

this process are outlined in Figure 1.5 which involves hydrogen gas with small %

amounts of methane (or other hydrocarbons) being activated by hot filament or

microwave-enhanced plasma [27]. The reactants are transported through the

chamber by diffusion and convection towards the deposition surface. A complex

combination of adsorption, diffusion, and desorption of various species occurs -
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largely dominated by the nucleation of diamond particles and the suppression of

sp2 (graphitic) carbon. This process is carefully controlled by the mixture of gas

and the substrate temperature [28, 27, 29, 30, 31].

This technique, despite providing a method of synthetically fabricating

diamond with a carefully controlled purity, is inherently limited to growing chips

of a similar scale to that of the seed crystal [32]. To reuse diamond seeds multiple

times, the chip can either be laser cut, or ion-implanted, creating a damaged layer

between the newly grown material and the growth plate - the damaged layer can

then be preferentially etched [33]. Laser cutting requires multiple beam passes, a

process where it is difficult to maintain beam parallelism, thus highly wedged

samples need to be cut thicker - such that they can be mechanically polished

afterwards. Ion implantation creates internal strain to the diamond and thus if too

thin a diamond membrane is removed, bowing or fracturing can occur [34, 35].

For this reason, as well as an increased robustness to mechanical polishing, CVD

grown diamond is nominally grown to a thickness of several tens to hundreds of

micrometres before it is harvested from the seed crystal. Diamond’s incredible

hardness leads to difficulties in material processing and so regularly, chemical

mechanical polishing is used to smooth its surface by placing it under pressure

beneath an iron scaife and spinning with a diamond grit in an olive oil binder [36,

37]. By this method root-mean-square surface-roughness values of ~200 pm have

been shown - but so too has an induced sub-surface damage that requires plasma

etching to remove[37].

The attractive diamond optical properties and how an appropriate grade of

crystal might be sourced have now been discussed. In the next section a

background and introduction to integrated optical devices is given and how this

optical platform might be used to exploit diamond is described.
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1.4 Integrated Optics

1.4.1 Background

Diamond’s optical properties can be made use of through free-space optics: such

as by depositing high reflectivity coatings on mm thick diamond chips and

pumping with pulsed lasers to induce Raman lasing [38]. Emissions from

diamond defect centres can also be enhanced and collected, by placing defect

containing diamond membranes or nanodiamonds into open-access optical

microcavities with >10 000 Q-factors [39, 40]. As with all optical materials and

their applications however, many benefits exist from moving to an integrated

optical platform. For example, small component sizes with the potential of

scalability, are possible through standardised lithography and plasma etching

techniques. Devices are robust to vibration, requiring no alignment as they are

solid-state structures, and a greatly reduced mode volume facilitates higher

optical interaction with the material. This benefits the optical properties of

diamond by reducing the threshold power for effects such as Raman lasing, also

by increasing defect enhancement, and increasing defect emission-collection

efficiencies. Raman lasing is a stimulated inelastic phonon scattering that absorbs

and re-emits a photon at lower energy, giving access to a wide range of exotic

wavelengths. Another potential benefit of waveguiding structures within

diamond, is that the interaction between two NV defects, for entanglement say,

occurs on-chip without requiring extraction of the photons from the host material

first.

1.4.2 Planar waveguide and resonator structures

Waveguiding is made possible by utilising a contrast in two or more material’s

refractive indices, with light being confined to the higher index region of the

structure. A simplified ray optics view of this - for fibre optical cables - is that
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beyond some critical incident angle, the light is totally internally reflected within

the structure. In highly confining structures, such as those in integrated optics, the

confinement of the wave needs to be more precisely described using Maxwell’s

equations and their boundary conditions. Analytical solutions to these problems

do not exist and as such software packages using finite difference eigenmode

approximations are used to numerically determine the mode supporting

properties of certain structures. The technique works by solving Maxwell’s

equations on a cross-sectional mesh of waveguide and then formulating an

eigenvalue problem which can be solved using sparse matrix techniques[41].

Several of these different waveguide geometries, depicting the refractive index

contrasts that would lead to light confinement, are shown in Figure 1.6. A

one-dimensionally confining slab (a), a channel waveguide surrounded by a lower

index cladding (b) and a shallow etched rib waveguide (c). The different

geometries are utilised based on application or material constraints, for example a

rib waveguide might be used to guide on the upper surface of a bulk material that

has difficulty being thinned to wavelength scale dimensions. A channel

waveguide however offers less coupling to radiative modes and higher

confinement with more optical intensity. Modes of a dielectric waveguide are

defined in terms of the electric field components of the propagating

electromagnetic wave. An electromagnetic wave consists of, as the name would

suggest, electric and magnetic field components - which are perpendicular to one

another. For modes defined as transverse electric (TE): the electric field is

transverse to, and the magnetic field component normal to, the direction of wave

propagation. Transverse magnetic (TM) modes have the magnetic field transverse

to; and the electric field normal to, the direction of propagation. The direction of

propagation with reference to Figure 1.6, would be along the z axis. The primary

relevance of these concepts to the work presented, is that TE waves have more

modal extension laterally and TM modes have more vertically - this is an
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FIGURE 1.6: a) A slab, b) channel, and c) rib waveguide geometry.
In each of these examples the wave propagation is in the z-axis (into
the page) with the electric or magnetic field components transverse
to this direction. The refractive index n2 is < n1 and n3 might be
equal to or less than n1. For clarity the geometries are also shown in

3D.
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FIGURE 1.7: An example of a resonant peak measured from a
transmission sweep through a bus waveguide which has coupled

to a ring resonator.

important consideration depending on the coupling schemes used.

The device structures used in this work are fabricated from a waveguide which

has formed a closed gate, such as in a ring, racetrack, or disk geometry. Light is

coupled into the ring from a bus waveguide, by having the device fabricated or

micro-assembled in close proximity to the waveguide. Travelling light within the

cavity destructively interferes for all wavelengths whose phase change is not an

integer multiple of 2π. The resonant wavelength condition is thus given as:

λr =
2πRne f f

m
(1.1)

where R is the radius of the ring or disk, ne f f is the effective index experienced by

the mode, and m is an integer number. When the resonance condition is met the

light couples into and propagates around the ring - resulting in a drop of intensity

detected at the output facet of the coupling waveguide. Several useful properties

can be extracted from the transmission of such a resonator by looking at the

extinction, full-width-half-maximum (FWHM), and wavelength position of the

resonant wavelengths, shown in Figure 1.7. A full description of the waveguiding

properties and transmission spectra of ring resonators are given in Chapter 3.

A consequence of coupling only specific wavelengths into the resonators, is
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that they can be used to filter light. With multiple cascaded resonators,

higher-order optical filters are possible. The filters are tuneable by a variety of

methods that change the length or effective index, and thus solutions to the

resonant wave condition. This results in a measurable shift in the resonant

wavelengths of a transmission sweep [42]. This tuneable difference in resonant

peaks allows for a resonator to be used as a sensor, for example in changes of

mechanical strain [43], or biological and chemical environment [44], and also

temperature change [45]. Additionally micro-ring resonators have potential as

all-optical switches for fast binary switching at low power [42]. Cavities, such as

ring resonators, can also act to alter the available optical density of states and thus

increase or decrease the spontaneous emission rates of energy level relaxations -

used for example to enhance the zero phonon line (ZPL) emissions and suppress

the phonon sideband of the diamond NV centre.

The benefits to using integrated optics for diamond photonics has been

discussed and a brief introduction to the terms and concepts of waveguiding has

been given. In the following section the challenges that need to be addressed to

realise diamond integrated optics is discussed.

1.5 Challenges to using diamond for integrated optics

Integrated optical components are usually fabricated using template wafers where

a thin film of high index material is sputtered, CVD grown, or thermally oxidised

on a lower index substrate. Through lithography and plasma-etching, planar

waveguides that are single mode supporting at target wavelengths can easily be

fabricated. For meeting the single mode criterion of waveguiding, the film

thickness needs to be approximately on the order of wavelength to be guided,

divided by the refractive index of the material it is to be guided in [46]. The

thickness of an as-grown CVD diamond is much larger than that of the single
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FIGURE 1.8: a) The material stack of diamond grown on a Si carrier
wafer and b) a scanning electron micrograph of the material stack

[49].

mode guiding criterion and requires the chip to first be thinned. Rib geometries

can relax this thickness requirement, and have been demonstrated in diamond [47,

5], but these will suffer from large amounts of bending losses due to lower

confinement and coupling to radiative modes [46]. Ideally, a template-wafer

analogous to SOI for diamond would be used however this is not yet possible.

Research in this field has shown some promise, with diamond growth on

mono-crystalline iridium buffer layers however these have to be grown to > 30 µm

thickness before dissolution of grain boundaries occur, this is shown in Figure 1.8

[48, 49]. Instead, CVD grown single crystal chips are usually purchased

commercially with 200-500 µm thickness. They are then thinned using plasma

etching to some target thickness for single mode operation at a chosen

wavelength.

Not only limited in thickness, diamond is also severely limited in lateral

dimensions, with at most 4-10 mm2 areas - starkly smaller than current integrated

optical chips. Methods of overcoming this, such as through CVD growth using

several seed crystals as a mosaic base for growing larger crystals has been utilised,

as shown in Figure 1.9. The separate crystals amalgamate throughout the growth

process with the resulting monolithic chip used as a new larger seed crystal.

Unfortunately a high defect density builds up at the connection lines which
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FIGURE 1.9: A process flow showing the cloning and tiled growth
of single crystal diamond using a mosaic seed array [50].

propagate through all future crystal growth and thus these areas could not be

used for optical devices [33].

Plasma-thinned diamond membranes, of a few mm2 dimensions, are not ideal

for large scale integrated optics. To overcome this, hybrid integration of passive

and active components, fabricated from different material platforms, are of great

interest. By combining different materials, attractive properties from each can be

brought together into a single device. Hybridising materials by this approach,

requires careful consideration of the optical properties - such as the wavelength

transparency ranges of each. The refractive indices and thickness of each

candidate must also be considered, such that waveguiding is not disturbed

unfavourably where they meet.

1.5.1 Diamond-Silicon integrated optics

Of the potential material platforms that diamond could be integrated with, silicon

is particularly attractive. Firstly, it is used regularly for integrated optical devices

and has the potential to combine optical, optoelectronic, and electronic

components on a single substrate[51]. Due to its ubiquity, the infrastructure

surrounding wafer fabrication and processing techniques are well-developed and
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the costs are low. Silicon and diamond are both transparent at the near, to

far-infrared wavelengths, which could be utilised for non-linear diamond

processes. For example, Raman emissions could be cascaded and guided on a

single chip. Silicon is also a well understood platform, which reduces ambiguity

in qualifying the optical properties of a hybrid diamond-silicon device. For these

reasons the remaining chapters dealing with the hybrid integration of diamond

will use Silicon as the target platform.

In the next section of this chapter however, a brief overview of several other

works detailing some other methods by which diamond can be utilised in photonic

integrated circuitry are discussed.

1.6 Current diamond technologies

Below are some of the key demonstrations in the field of diamond integrated optics.

1.6.1 Gallium Phosphide membranes on bulk diamond

Two of the three issues highlighted in Section 1.5 were, that optical grade single

crystal diamond nominally has a larger than desirable thickness, and that the

thickness itself is wedged. Recent publications have shown that both these

challenges can be addressed by using other material platforms as the wave

confining structure and interacting evanescently with the diamond substrate. This

pre-empts the need for large amounts of diamond material to be removed and also

provides a uniform penetration depth into the diamond irrespective of wedge.

One such material, GaP, exhibits low optical absorption with a bandgap of 2.3

eV [52] and a large refractive index that can be used for guiding NV emissions.

The works of Fu et al., of the University of Washington [52, 53, 54, 55], have shown

that GaP membranes of approximately 100 – 200 nm can be transferred onto a

diamond substrate and subsequently patterned into hybrid-material devices with
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FIGURE 1.10: A micrograph of a GaP device patterned on a diamond
substrate with over etching into the diamond for increased mode

confinement [56].

light interaction into the diamond. The GaP membranes are grown on a sacrificial

Al0.8Ga0.2P layer, which itself was epitaxially grown on a GaP substrate. Using a

1.5 % hydrofluoric acid solution the membrane can be released and transferred

onto the diamond. At this stage electron beam lithography of a hydrogen

silsesquioxane (HSQ) negative resist and subsequent reactive ion etching (RIE)

using a Cl2/N2/Ar recipe can transfer device patterns into the GaP. Finally an O2

RIE to etch partially into the diamond gives an enhanced optical confinement by

lowering the effective refractive index of the nanocavities underlying substrate.

An example of such hybrid devices is shown in Figure 1.10.

By fabricating hybrid resonator devices in this manner, diamond chips with

NV centres close to its surface can have their emission enhanced into useful ZPL

decay paths through the Purcell effect. The effect details the increase or decrease

in spontaneous emission rate of a quantum system by its environment changing

the optical density of states. A GaP-Diamond resonator as described, showed

Q-factors of 5100 for an overcoupled resonance, the simulated field distribution

for this mode with an ideally oriented NV, 20 nm below the diamond surface,

would give a Purcell enhancement factor of 24 – the magnitude by which the

optical density of states has been increased [52]. The enhancement scales as a
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function of the resonator Q-factor and inversely with the mode volume. For many

applications this weak evanescent coupling gives a poor modal overlap with the

emitter and is a limiting factor. Also, NVs this close to the surface are often

fabricated using an ion implantation and annealing procedure which can see the

defect emissions suffer from spectral diffusion - limiting efficient readout of spin

and spin-photon entanglement [11, 57]. It is also well-known that surface

termination can have a negative effect on favourable properties of near-surface

emitters, such as NV− luminescence [58, 59, 60]. To address these issues, a similar

fabrication approach but with a material of lower index than GaP, would provide

a greater modal overlap with the defect emitter, or less stringent requirements on

depth of NVs. Incorporation of the NV centres during the growth of thin epitaxial

layers have also been shown to have better optical properties and could benefit

the approach [61].

1.6.2 Diamond patterned on insulator

Alternatively, there have also been several publications that use diamond as the

waveguiding material itself [62, 12, 52]. Loncar et al. for example, have shown that

diamond optical devices can be fabricated by thinning the diamond into

membranes and then bonding them to SiO2 substrates. The waveguide and

resonator structures are then fabricated using electron-beam lithography and

plasma etching. By this approach a much larger (or complete) modal overlap into

the diamond is possible – a vital consideration for the efficiency of enhancing

defect emissions - or as these works show, Raman lasing. An example of a

fabricated device and a false colour image depicting the Raman process are shown

in Figure 1.11.

In this process the diamond is globally thinned first, using inductively coupled

reactive ion etching (ICP-RIE), from 20 µm to ~1µm. Once at the target thickness

the membranes are bonded to an O2 plasma-activated silica substrate. The device
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FIGURE 1.11: Top: A false colour SEM image depicting Raman
lasing being initiated within a diamond microring resonator. Bot:
An SEM showing other fabricated devices with a 500 nm coupling

gap and visible polymer tapers [63].

structures are then patterned using electron beam lithography and dry etching,

with tapered in- and out- coupling pads consisting of SU-8 patterned in a second

e-beam lithography stage - extending the diamond waveguides to the end of the

substrate[64, 12, 62, 65, 15]. Care is taken to align device patterns along the lowest

gradient height-variation. Q-factors of larger than 300 000 have been demonstrated

as well as Raman lasing with a threshold power as low as 20 mW[12, 64]. Diamond

is able to support more circulating power without any negative thermal effects,

and thus higher stoke shifted output powers allowing for cascaded Raman lasing

towards longer wavelengths. The absorption of the silica in these devices hinders

such an application where an all-diamond platform would be beneficial. This could

be achieved by using angled etching techniques to fabricate suspended diamond

resonator structures[66].
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1.6.3 Suspended uniform thickness diamond windows

Addressing both the issues of non-uniformity in the diamond thickness, and an

excess of diamond material to be removed, suspended diamond membranes

within a diamond frame have been demonstrated [34, 67]. This technique builds

on the approach of ion implantation and lift-off, to create free-standing diamond

membranes with uniform thickness - a by product of the implantation ion’s

stopping distance. The process however leaves residual damage, which results in

the membrane having strain in that region, degrading its optical quality. The

membranes also tend to bow or crack after lift-off, limiting their usage [34]. To

address this, CVD overgrowth can be used to create a high-quality single-crystal

diamond layer with the damaged region removed afterwards using

plasma-etching [68]. A remaining limitation which Prawer et al. have addressed is

the handling of such membranes. By suspending the membranes through

overgrowth into a diamond frame, a method of fabricating robust, ultra-thin,

uniform, and high-optical quality diamond membranes is possible.

The step-by-step process is as follows: ion implantation is used to create a

damaged layer 1.7 µm beneath the surface, which upon annealing becomes

graphitic. The upper layer of the diamond is then overgrown by CVD and then

placed onto a bulk diamond frame, further CVD growth sees the two fused

together. The graphitic layer is then selectively etched to remove the diamond

frame and fused single-crystal layer from the bulk diamond. Etching by ICP-RIE

on both the top and bottom of the stack is used to remove the damaged

ion-implantation region and also thins the diamond within the frame. The entire

process flow is shown in Figure 1.12.

The suspended diamond membranes were measured to be of a high-optical

quality using Raman spectroscopy. An array of different photonic components

were fabricated which could be used as building blocks for nanophotonic circuits.
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FIGURE 1.12: A process flow for fabrication of high-quality, ultra-
thin, single crystal diamond membrane windows suspended in a

diamond frame for handling [34].

One optical ring resonator with monolithic grating couplers was reported,

showing loaded Q-factors of 66 000 and were coupled to using monolithic grating

couplers.

1.6.4 Other works

There have also been many other notable works, such as the fabrication of

photonic crystals with high Q-factors (>105) and high-efficiency fibre-optical

interfaces, increasing collection of single photons for use in quantum information

processing [69, 66]. Diamond nanowires address the issue of photon out-coupling

from the high index bulk diamond devices by producing a ten times greater flux

with ten times less power[70, 71]. Suspended diamond structures have also been

demonstrated using Faraday-cage angled etching with high Q-factors of 286 000

as the racetrack resonator shown in Figure 1.13 [72, 73, 74]. This technique shows,

that in the absence of a template wafer - where a thin film is heteroepitaxially

grown on another material substrate - single mode device structures can still be

fabricated in bulk materials.
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FIGURE 1.13: A diamond racetrack resonator that was fabricated
by angled etching. It is suspended above the bulk material it was
fabricated from by two anchor points on the coupling sections of

the resonator. The scale bar depicts a 10 µm length [72].

FIGURE 1.14: A diamond photonic crystal fabricated using focused
ion beam milling [75].
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1.7 Thesis outline

Many of the techniques presented have shown great promise in diamond optics,

though many are still limited. Some in the dimensions of possible devices, due to

the restricted geometry of the diamond, or some in the efficiency which the

diamond can couple to other platforms for wider integration.

The intention of this thesis is to show that: by utilising already existing

photonic platforms and heterogeneously integrating the diamond with them, its

exciting properties can be made use of on-demand and without sacrificing chip

size. Addressed are, the challenges of a non-uniform thickness in diamond chips;

the reduction in material thickness from large 10s of micrometres diamond down

to a single mode regime; overcoming limited chip sizes by integrating ultra-thin

membranes with wafer size optical platforms; the issues of small mode overlap

into the diamond by fabrication and integration of monolithic diamond disk

resonators; and finally the possible misalignment of cavity resonances, with

respect to a targeted wavelength, using thermal tuning of diamond resonator

modes.

Chapter 2 will detail the methodology and tools used in the fabrication of

ultra-thin membranes as well as the techniques used in the characterisation and

handling of the platelets, such as atomic force microscopy and vertical scanning

interferometry. Thin diamond films help satisfy not only concerns of the single

mode criterion but are also simple to bond without need of adhesives.

Chapter 3 discusses, in detail, this capillary-assisted intermolecular bonding

and how a membrane of reduced thickness can deform more readily, aiding in

bonding. The integration of thin diamond with silicon resonator devices is

demonstrated. The modal overlap into the diamond which directs potential

applications was investigated using finite element simulations, as well as the

quality of the interface investigated both mechanically and optically using SEM,
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fringe analysis, and optical transmission spectra.

Building on those exciting results, a means by which to systematically bond

devices is demonstrated in Chapter 4. Individual devices were fabricated from a

thin diamond membrane with the wedged thickness mitigated over local device

geometries. Polymer elastomeric stamps are used to pick-up and transfer diamond

devices to non-native substrates. Specifically, both an array of tessellated square

membranes and disk resonators were fabricated and printed. Typical thickness

variations of ~230 nm across local device dimensions of ~70 µm were found and

the optical quality of hybrid diamond devices were found to have high-average

Q-factors of 1.8×105.

Chapter 5, using the process flow developed in the previous chapter,

demonstrates a thermally tuneable hybrid diamond-silicon micro-disk resonator.

Tuning across > 450 pm was demonstrated and a separable control over tuning

and probe was shown with great promise for tuning resonances to match defect

emissions for example.

Chapter 6 summarises the findings of this work and looks to the predicted

future of the research.
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Chapter 2

Ultra-thin diamond membrane

fabrication & characterisation

As detailed in Chapter 1, high optical-quality, thin diamond would facilitate many

photonic applications and technologies due to its impressive array of properties.

Several key challenges exist however, that must be overcome to utilise these

properties effectively. Contrary to silicon photonic foundries, optical grade

wafer-scale templates for diamond are currently unavailable. Some work on

growing wafer scale diamond on monocrystalline-iridium has been done, but

currently these diamond layers need to be > 30 µm before dissolution of

networked grain boundaries begins to occur, and as such are unsuitable for planar

optical devices [48]. Optical grade single crystal diamond is CVD grown from

seed crystals and are nominally a few mm2 in size. The diamond is then removed

from the seed crystal through high energy implantation, and annealing to create a

sub-surface damaged layer that will etch more readily than the non-damaged

diamond. To prevent the membrane curling or cracking during lift-off, due to

induced strain from this process, CVD overgrowth of more diamond material is

used to provide mechanical stability. This consequently leads to chips that are

thicker than single-mode visible-wavelength compatibility [76, 77]. Membranes of

appropriate thickness are thus regularly fabricated in a "top-down" approach by



Chapter 2. Ultra-thin diamond membrane fabrication & characterisation 26

laser cutting, mechanically polishing, and plasma thinning the diamond chips

obtained through CVD [63, 78]. Nominally however, fabrication of diamond

membranes by this technique result in a non-uniform thickness - with wedges

ranging from 300 nm to several micrometres height difference across a few

millimetre sample length [78, 12, 79, 15, 80, 81]. The variation of thickness adds a

further layer of complexity, limiting device design along the lowest thickness

gradient of the diamond to mitigate the difference [82, 79, 15]. Alternatively,

suspended diamond windows have been fabricated within a thicker diamond

frame - also using ion implantation and CVD overgrowth [80] - however

membranes of lesser thickness can be achieved as the frame provides the

mechanical support to prevent curling. Preclusion of laser cutting and mechanical

polishing results in very uniform thin membranes, however the lateral dimensions

are still severely limited. Another approach is to avoid fabricating devices within

the diamond at all, which can instead be interacted with evanescently. It has been

demonstrated that thin GaP membranes can be fabricated, bonded to diamond,

and subsequently patterned into devices - with guided modes in the GaP

overlapping into the bulk diamond [52, 53, 54, 55]. The chip geometry of the GaP

is however limited again by the dimensions of the diamond. It is demonstrated in

this Chapter, that the optical issues of a wedged thickness; and the limitations of

small-size optical grade diamond; are addressed if thin diamond membranes are

fabricated, and integrated with devices engineered from established wafer-scale

technologies. This method, as well as handling, measurement, and

characterisation techniques that were utilised throughout the process, are

discussed in the following chapter. Membranes of sub-micrometre thickness were

fabricated with 0.4 nm r.m.s. roughness and a ~4 µm wedge across a 2 mm length.
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FIGURE 2.1: A process flow showing the steps taken for fabrication
of a thin free-standing diamond membrane.

2.1 Ultra-thin diamond membrane fabrication

Single crystal electronic grade diamond chips of a few mm2 can be commercially

sourced, and from these readily available chips thin membranes can be fabricated.

Diamond however, is chemically inert and poses a significant challenge in

accurately etching monolithic photonic structures [1]. For this reason, techniques

such as laser ablation [83]; ion-implantation and lift-off [84]; focused ion beam

milling (FIB) [76]; and reactive ion etching (RIE) [85] have been used to fabricate

devices in diamond. From these techniques RIE also provides a uniform etch

across an entire diamond chip which can be used to fabricate diamond

membranes. CVD fabricated diamond however, as previously noted in the

introduction, is overgrown for mechanical stability and as such is first laser diced,

and mechanically polished into smaller diamond platlets to reduce etch time. This

introduces sub-surface damage, but that can also be removed during the RIE

stages.

The process flow of a diamond membrane fabrication is shown in Figure 2.1.

Each plate after the laser cutting and polishing stages is cleaned of any organic

contaminants using H2SO4:H2O2 in a ratio of 3:1 (Piranha); a solvent rinse of

acetone, followed by IPA; and a 250 °C pure oxygen plasma ash (1). The plates are
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placed without adhesive in the centre of a Si carrier wafer (2), chosen for its low

cost and ubiquity. The diamond and the carrier wafer were globally etched in an

inductively coupled plasma reactive ion etch (ICP-RIE). After thinning, the

diamond is re-positioned off the underlying silicon plinth (4), resulting from the

plasma etching of surrounding carrier wafer unmasked by the diamond during

the process. This allows direct measurement of the diamond thickness using

vertical light interferometry and stylus profileometry (5). The thinning and

measurement stages are repeated until a target thickness has been reached.

Integration of the diamond with a non-native substrate can then be achieved using

capillary-assisted bonding (6).

For this type of bonding thinned diamond is necessary, as the attractive forces

that keep it in place drop off dramatically beyond a few nanometres from the

surface of the substrate - resulting in difficulties with achieving intimate contact.

The proximity can be more readily achieved if the membrane can deform over

surface features like the devices it is to be integrated with. In order to deform

sufficiently, the stress, which is dictated by an applied force on the cross-sectional

area of the material, must be great enough. As the film decreases in thickness,

assuming the applied force and stiffness of the film remain constant, this stress is

more readily achieved allowing better contact between the film and the substrate,

and thus a stronger bond.

The ICP-RIE tool used in the thinning process is shown schematically in Figure

2.2. The plasma is initiated by alternating the magnetic field via a radial coil

around the etch chamber, labelled ICP power, which induces an RF

electromagnetic field that strips the gas molecules of their electrons and creates a

plasma. An alternating bias is applied to the platen stage, labelled Table bias,

beneath the sample’s carrier wafer controlling the acceleration with which ion

bombardment occurs. This differs from standard RIE which relies on the RF platen

power to generate the plasma, thus control of ion acceleration and plasma density
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FIGURE 2.2: A schematic of ICP-RIE showing the locations of RF
coils, platen, and gas inlets [86].

are not mutually exclusive.

2.1.1 Diamond etch chemistries

The diamond etching in this thesis was primarily by two different etch

chemistries. The first, and the recipe used for the fabrication of diamond

membranes, was a mixture of Argon-Chlorine. The etch parameters of which are

shown in the first entry of Table 2.1 and can be associated with the schematic in

Figure 2.2. It has previously been reported that this recipe has a smoothing effect

on diamond, showing a reduction in r.m.s roughness from 0.53 nm to 0.19 nm

after 10 mins [87]. The second etch recipe was used for the work presented in

Chapter 3 and has been shown to give near-vertical sidewalls for diamond

structures using a SiO2 etch mask [88]. During and after the membrane fabrication

process, several techniques are used for handling and characterisation of the

diamond, which is discussed in the following sections.
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Diamond etch recipes
Gas 1 - flow
rate (sccm)

Gas 2 - flow
rate (sccm)

Platen
power (W)

Coil power
(W)

Chamber
pressure
(mTorr)[REF]

Ar - 25 Cl2 - 40 100 400 5[87]
Ar - 15 O2 - 40 300 800 5[88]

TABLE 2.1: Parameter recipes used in the plasma etching of
diamond.

FIGURE 2.3: A fractured diamond piece showcasing the dangers of
micro-manipulation of thin membranes. The diamond is bonded
onto a piece of silicon and fringing can be seen due to variations in

thickness and separation between the diamond and substrate.

2.2 Diamond membrane handling

Handling of the diamond at the beginning stages of membrane fabrication is

possible with the use of tweezers. As the thinning progresses however, and

fracturing of the material becomes a concern with an example of this shown in

Figure 2.3, manipulation is instead achieved by means of interaction with a

cleanroom wipe. The absorbent cloth is wetted with some drops of IPA, as is the

membrane itself, and through gentle agitation using the wipe, the diamond can be

positioned to a target location. The wetting helps reduce friction between the

membrane and the carrier wafer as well as aiding in the membrane’s initial

delamination - permeating between the diamond-silicon interface and pushing the

two apart. On completion of the membrane’s fabrication and for further

processing of the diamond, it might also be necessary to transfer the material from
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one substrate to another. To achieve this, the same method is used to bring the

diamond over the edge of its current substrate, where the (light-weight)

membrane is drawn towards the wetted wipe, as opposed to dropping over the

edge, due to the cohesive and adhesive properties of liquids. The wipe is then

brought into contact with a target substrate using a lightly applied pressure, and

additional solvent wetting; a greater attractive force is experienced with the

smooth substrate than the porous wipe resulting in sample transfer. The following

sections discuss the details of measurement and characterisation techniques that

are employed during the fabrication.

2.3 Thickness and surface morphology measurements

Characterisation of diamond thickness throughout the thinning process is critical

in achieving the single mode criterion of the vertical axis, as well as to prevent

mode cut-off or a reduction in lateral dimensions through over etching. So too is

the monitoring of surface roughness for improved bonding with other materials

[89]. Several techniques are employed in these characterisations which are, vertical

scanning interferometry, stylus profilometry, and atomic force microscopy - with

each discussed in the following subsections.

2.3.1 Vertical scanning interferometry and stylus profileometry

A Wyko NT1100 optical profiler was used for all vertical scanning interferometric

(VSI) measurements presented in this thesis and a labelled picture of the tool can

be seen in Figure 2.4. The technique relies on a classical interferometer setup, i.e.

one light source is directed through a beam splitter onto two reflective materials

(nominally mirrors), but with each arm having a different optical path length - so

upon recombination of the beams, interference occurs. For the optical profiler, one

of the beam paths is directed onto an ultra smooth mirror component within the
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FIGURE 2.4: The integrated optics assembly of a Wyko NT1100
optical profiler with labels detailing key components [90].
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FIGURE 2.5: A schematic of a white light interferometer for optically
profiling samples.

integrated optical assembly and reflects back to a charge coupled device (CCD)

camera - to be used as a reference beam. The other beam path is directed towards

a sample and then reflected back towards the camera. The sample stage is moved

through the z-axis and as the sample comes into focus the two beam paths

recombine to form interference patterns. For clarity a schematic is shown in Figure

2.5. These dark and bright fringes will reach a maximum contrast and then taper

off as the translator stage passes through the focal point. The position of the stage

is recorded for the point of maximum intensity of each CCD pixel resulting in a 3D

profile of sample height. A white light source is used for its short coherence length

which results in the highest fringe contrast at approximately the correct focal

length, falling off rapidly away from focus [91].
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FIGURE 2.6: A 3-dimensional optical profile measurement showing
the varying thickness of a diamond chip.

Using this method, regular measurements of the diamond thickness are taken

between each etch of the thinning process. Nominally, before and after each etch,

the diamond is repositioned off its underlying silicon plinth and measured, as is

the plinth itself. This allows for monitoring of how the etch rates differ between

each material for a given etch-chemistry, i.e. the selectivity. An example of such a 3

dimensional (3D) height map is shown in Figure 2.6.

Measurements using VSI are restricted to target thickness of > 2 µm, due to a

limitation of the technique with thin materials. The coherence length, i.e. the pulse

envelope in which the different wavelengths of white light do not destructively

interfere - is approximately 2 µm. This is demonstrated pictorially in Figure 2.7.

As such, for films of a thickness < 2 µm, the pulse envelopes at the focus of the

diamond surface, and the surrounding silicon substrate, result in artefacts [93, 94].

As the diamond material is also transparent over the visible wavelengths, similar

complex effects can occur across the whole sample as demonstrated in Figure 2.8.

Software packages can be used for measuring such thin and transparent films, that

deconvolve these overlapping envelopes by calibrating to a reference sample of the
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FIGURE 2.7: A depiction of white light coherence length showing
different wavelengths of light adding together to form a pulse

envelope [92].

FIGURE 2.8: A schematic showing two pulse envelopes overlapping
on a thin transparent substrate [92].
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FIGURE 2.9: A Dektak stylus profileometer with main components
labelled.

same material, on the same substrate - the reference sample must have a known

thickness and tolerance. In the absence of this however, an alternative means of

thickness measurement can be used - such as stylus profileometry. A Dektak stylus

profileometer is shown, labelled in Figure 2.9. Simply, a white light source is used

to illuminate a sample on a rotatable, tiltable, stage and observed with a camera

connected to a computer for positioning. The stylus is then brought down onto the

sample within a range of force between 0 - 300 µN, to prevent damaging sample

or stylus. The stylus is then moved along an axis where the force applied to the

stylus from a varying surface morphology will result in the tip rising or falling.

The variation in tip height is thus a direct measurement of the sample thickness,

and by taking such measurements at each corner of a diamond chip, and assuming

a planar wedge - the 3D thickness profile can be approximated without the need

for optical profiling. The operating ranges of each are, ~150 µm to 2 µm, for vertical

scanning interferometry - with the upper limit dictated by the practical operating

range of the z-scanner - and 2 µm to < 10 nm for the Dektak. The operators manual

states a 10 Å vertical resolution for the Dektak IIa that is available.
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2.3.2 Atomic Force Microscopy

Surface roughness of fabricated membranes is a vital consideration for

heterogeneous integration and low optical losses in photonic applications. In the

following chapters of this thesis, different device geometries will be discussed,

such as diamond as a top cladding layer over waveguides and as a waveguide

itself - each with respective considerations on surface roughness. Scattering loss in

planar optical waveguides from surface roughness is a practical reality and

several studies have been conducted to quantify this analytically [95, 96, 97]. Not

only do the scattering points induce loss by causing the fundamental mode to

couple with radiation modes, but the correlation length of the surface roughness,

and thus effective index variation, complicates things by possibly increasing or

lowering the loss also [95]. It is thus necessary to pick etch chemistries that

minimise such roughness when fabricating diamond devices.

The surface roughness on the membrane faces themselves, also impede a

non-adhesive-aided integration of the diamond, as in the case of the diamond clad

devices. This is due to a decrease of the surface contacted area of the two bodies as

discussed in Section 2.1. To elaborate on that detail: the integration of diamond in

this work is likely dominated by van der Waals, and as between two non-polar

surfaces, is best described by the London dispersion forces (LDF) [98, 99, 100].

Dispersion forces are a very weak attraction that occur due to momentary dipoles

as the electron distribution between the materials becomes uneven, and a weak

residual attraction to the nuclei in one material of the electrons from a

neighbouring material occurs, this is clarified in Figure 2.10. These forces have

both an attractive, and repulsive component, coming to equilibrium in a

Lennard-Jones type potential - where the attractive component has an inverse

relationship with separation, r6 [89]. This amounts to van der Waals forces having

unlikely significance between macroscopic bodies at separations that exceed a few
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FIGURE 2.10: London Dispersion forces arise due to the
instantaneous formation of temporary dipoles, shown here for two

nonpolar diatomic molecules.

hundred angstroms [101]. In this case, other means of bonding would be required,

such as by capillary action, or some adhesive. So in summary, an increase in

surface roughness, even at the nanometre scale, is enough to separate regions of

the macroscopic bodies such that they will not experience a large enough

intermolecular attractive force to remain bonded.

To characterise the surface roughness of the membranes and devices fabricated

in this thesis, the technique of atomic force microscopy (AFM) is used, where a

typical tool schematic is shown in Figure 2.11. As can be seen, a laser is directed

onto the back reflective surface of a spring microcantilever which directs the light

onto a 4 quadrant photodiode (PD). The AFM measurements to be presented, are

obtained using a constant force tapping mode, whereby the cantilever is oscillated

close to its resonant frequency. When the tip of the cantilever is brought close to

the sample surface, effects such as van der Waals, electrostatic forces,

dipole-dipole interactions etc., cause this oscillation to change. Through electronic

feedback of the PD, the cantilever oscillation frequency, defined by the user

(set-point), is maintained by adjustment of the probe height. To obtain a

measurement of surface roughness over a sample area then, the tip is brought into

close contact and raster scanned across an area with the height of the probe
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FIGURE 2.11: A schematic of the AFM tool used in this work [102].

monitored throughout.

2.4 Results and Discussion

2.4.1 Diamond material sourcing and preparation

CVD grown single crystal diamond chips were sourced commercially with

dimensions of 4 x 4 mm2, and a thickness of 0.3 mm. These chips were of

electronic grade and quoted as having low quantities of nitrogen and nitrogen

vacancy centres - 5 ppb (often < 1 ppb) and 0.03 ppb respectively. The crystals

were grown in the {100} face with <110> edge orientation. The chips, as received,

have an average roughness of < 5 nm.

Each diamond was laser cut through the short-axis midpoint once and the two

halves cut again into 4 pieces - resulting in 8 diamond platelets per as-received

chip, depicted in Figure 2.12. A frequency doubled Nd:YAG laser system with

motion control is used for the diamond cutting and requires multiple passes. It is

difficult to keep each cut perfectly aligned and the resulting chips can have
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FIGURE 2.12: A schematic showing the dimensions along which
each diamond was laser cut and polished into 8 individual platelets.

wedges as great as 40 - 50 µm across a 2 mm length. The 8 diamond platelets are

mechanically polished and thinned from their laser cut faces to an approximate

thickness of 30 µm and an r.m.s surface roughness of 1.8 nm over a 10 µm2. The

mechanical polishing also reduces the wedge to a value less than 10 µm over the

same 2 mm length.

2.4.2 Global thinning and characterisation

Diamond membranes of < 1 µm were fabricated using the process flow as

previously shown in Figure 2.1, and characterised using the different

measurement techniques also described in the previous sections. Vertical scanning

interferometry found a wedged thickness variation of 4 µm across the 2 mm

sample length and a starting thickness of almost 20 µm - which will introduce

mechanical difficulties during integration as detailed in Section 2.1 & 2.3.2. The

thickness measurements of the fabricated membrane are plotted in Figure 2.13.

This diamond membrane was used in the heterogeneous integration of a hybrid

diamond-silicon planar waveguide device which is detailed in Chapter 3. It can be
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FIGURE 2.13: The thickness profile of a single crystal diamond chip
throughout several hours of thinning by argon-chlorine ICP.
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FIGURE 2.14: A schematic showing lateral reduction in the size of a
nominal diamond membrane if over etched.

seen that the diamond profile has a wedged thickness of approximately 4 µm

across a 2 mm length and a value of sub 1 µm on its thinnest corner. Wedges of

this magnitude are typical of diamond prepared through CVD growth and

mechanical polishing [103]. Membranes can be etched to < 10 nm thickness and

transferred to other substrates as will be shown in Chapter 4. Continued etching

will result in a lateral reduction of the membrane due to the wedged profile as

demonstrated in Figure 2.14.

AFM measurements of the membrane’s surface roughness were used to

characterise the potential for integrating over planar optical devices without the

need for inter-layer adhesives. An AFM tip with typical tip radius of 8 nm,

resonant at 325 kHz, was used for these measurements and it was found that a

reduction in the r.m.s. roughness, from an as received diamond chip to a thinned

diamond membrane, of 1.8 nm to 0.4 nm was achieved - measured each time over

a 10 µm2 area and shown in Figure 2.15.

In summary, this chapter has detailed a method by which successful fabrication,

handling, characterisation, and integration, of thin diamond membranes with low

surface roughness can be achieved. Membranes of down to < 1 µm thickness were

fabricated and shown to have a wedged profile of ~4 µm across 2 mm. At this

thickness, large areas of the diamond are thin enough to experience the necessary
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FIGURE 2.15: a) An AFM measurement on a 10 µm2 area for an as
received diamond chip post-CVD growth, and mechanical polishing
- r.m.s. roughness of 1.8 nm. b) Shows the same diamond after 3
hours of Ar-Cl2 plasma thinning with an r.m.s. roughness reduced

to 0.4 nm over a similar 10 µm2 area.

stresses for deformation over surface features, enabling integration with capillary-

assisted (adhesive-free) bonding to a silicon on insulator device - discussed later.

The lower thickness side of the diamond is also comfortably within the vertical

criterion for single mode only support at telecommunication wavelengths. Low

surface roughness values were also shown of 0.4 nm r.m.s. over 10 µm2 that will

promote a large surface area of contact between the diamond and target substrate

thus a large surface area of diamond experiencing the attractive forces required to

bond the membrane non-adhesively.
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Chapter 3

Bonding of thin film diamond

membranes to integrated optical

devices for evanescent field

coupling

The hybrid integration of a single crystal diamond membrane with on-chip optical

resonators is detailed in this chapter. Such a hybridised device has the potential to

service many applications, spanning non-linear optics to quantum photonics

using embedded colour centres. Electronic grade single crystal diamond is limited

in dimensions by the size of the seed crystal that is used to grow it - nominally ~4

x 4 mm2. This has impeded its use in large photonic integrated circuitry which

calls for wafer size dimensions [33]. Several different methods have aimed to

overcome this impediment, such as by patterning GaP membranes on diamond

[52, 53, 54, 55], or fabricating diamond devices on SiO2 [12, 62, 64, 79, 15] - with

these techniques relying on polymer tapers extending the diamond waveguides;

or vertical grating couplers as a means to couple light on and off the diamond.

Other notable attempts to utilise diamond in photonics have included

2-dimensional photonic crystal structures [69, 66, 104, 105, 106], and diamond
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nanopillars [75, 71]. All of these are impressive works, however by combining

free-standing diamond membranes with established wafer-scale technologies,

such as silicon, the desirable properties of diamond can be utilised whilst not

limiting the chip size [78]. Further motivating this approach, is that the well

known issue of SCD chips having a wedged thickness is irrelevant from an optical

point of view - the devices can all be fabricated on established wafer template

technologies and interact with the diamond evanescently. In this work a

membrane is fabricated using the techniques described in Chapter 2 and is

integrated with a silicon resonator device using a capillary-assisted bonding

technique. The mechanical and optical properties of the diamond-silicon interface

are characterised and compared with mode simulated results. A hybrid resonator

device with a low added loss of 10 dB/cm was achieved and a group index

dispersion dependent on the modal confinement within the diamond is shown.

3.1 Device design and simulation

3.1.1 Silicon resonator devices for hybrid integration with diamond

Diamond has a large transparency wavelength range due to its large bandgap,

enabling its integration with guided wave applications on a number of different

platforms [6]. The platform choice is driven by its corresponding wavelength

transparency range and where on the spectrum a given application might be

relevant, e.g. GaN is transparent in the visible wavelength range and has a

refractive index similar to that of diamond - thus it might be used for interaction

with NV defect centres which emit at 637 nm. Investigating the viability of hybrid

devices assembled through capillary assisted bonding, the achievable optical

quality of the bond was of the utmost of importance. For this reason silicon, a well

established photonic foundry, was chosen as the target chip with which a thin

diamond membrane would be integrated. Silicon provides a low loss well
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FIGURE 3.1: A schematic showing the layer stack of an SOI wafer
ready to be etched for fabrication of 500 nm wide waveguides.

understood platform with which the effects of the bonded diamond would be

easily identifiable and characterisable. It is also compatible with applications such

as Raman lasing and non-linear photonics in the near to mid IR wavelength range,

however the methods developed are applicable to other photonic platforms.

The silicon devices in this work were fabricated at Glasgow University using a

commercially available silicon on insulator (SOI) wafer with a 220 nm core layer

on a 2 µm buried oxide layer. The waveguides were designed to be 500 nm wide

and were patterned using a 200 nm thick e-beam curable, silica-like, HSQ resist. A

depiction of this is shown in Figure ??. SU8 photoresist was used for spot size

conversion tapers between the guides and external injection fibre to reduce

insertion losses [107]. All of the measurements reported were taken from an

all-pass ring resonator geometry and over telecommunication wavelengths (1510 -

1560 nm) as these structures are favourable for characterising optical quality of

devices. Wavelengths that are resonant with the cavity result in a drop of the

transmission intensity measured from the output facet of the bus waveguide, as

demonstrated by the schematic in Figure 3.2. It should be noted that a small
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FIGURE 3.2: A schematic showing how transmission spectra would
vary as the injected wavelength becomes resonant with a nearby

ring cavity.

amount of light couples back from the resonator to the bus waveguide but for

clarity in the schematic this has been omitted.

By a least squares method, each transmission peak is curve fitted to the

analytical solution of an all-pass ring resonator [108]. From this, coupling

coefficients, quality factors and distributed losses can be extracted - the power

cross-coupling coefficient (κ) and power attenuation coefficient (α) are used as free

parameters with their relationships detailed below. The group index

(ng = ne f f − λ0
dn
dλ0

), and the Q factor (Q = f0
∆ f ) are calculated using measured

values of the central frequency and linewidth of cavity resonances and knowledge

of the effective index of the mode, which can be estimated using mode

simulations. The analytical expression which the measured data is fitted to is the

power transmission intensity equation shown below [108, 78]:

T =
Ipass

Iinput
=

a2 − 2ra cos φ + r2

1 − 2ar cos φ + (ra)2 (3.1)

where a is the single-pass amplitude transmission, and defined in terms of α for the

mode as follows: a2 = exp(−αL). r is the amplitude self-coupling coefficient and

its complimentary parameter is the amplitude cross-coupling coefficient defined as

k. For a lossless system, r2 + k2 = 1 and k2 = κ. The parameters of a, r, and k
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are depicted in Figure 3.3. φ is the single-pass phase shift, which is the product

of the propagation constant and round trip length, β and L respectively. The FSR

FIGURE 3.3: Schematic of a racetrack resonator showing power cross
coupling, transmission, and loss parameters.

is the wavelength spacing between adjacent resonances and can be approximated

as, λ2
0

ng L , where λ0 is the wavelength of light, ng is the group index, and L is the

length for 1 round trip of the optical cavity - in this case 2πR + 2Lc, where Lc is the

straight coupling section of the racetrack. For the results presented in Section 3.3.2,

the ring resonators were designed to have a bend radius of 50 µm, in a racetrack

geometry, with a straight coupling section of 41.2 µm. Each racetrack can then be

offset with their respective bus waveguide’s coupling section allowing for variation

of the coupling lengths of several nominally identical devices. An investigation into

the required coupling length for the critical case of power cross coupling coefficient

can thus be conducted [109].

3.1.2 Simulation of modal confinement

Three different device geometries were investigated to demonstrate the difference

modal confinement would have on such things as the Q-factor, power cross

coupling coefficient, and dispersion of the device. These three cases were (1) for

the device alone, wherein the HSQ cap used to pattern the Si device was still
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present; (2) diamond bonded onto that HSQ capped device; and finally (3)

diamond bonded onto the silicon device after the HSQ cap had been removed. For

the experimental measurements, the HSQ cap removal was achieved by treating

the device using a CHF3 reactive ion etch (RIE), which also etched the SiO2

substrate and left the Si devices on a plinth of the substrate. The three cases are

depicted by cross-sections of the simulations in Figure 3.4.

The electric field intensity present within the diamond from the guided modes

of the silicon waveguide were investigated to form a reasonable estimate on

whether or not there would be an experimentally measurable difference in the

hybrid devices’ optical properties. To achieve this, the solutions of a

commercial-grade finite difference eigenmode (FDE) solver and propagator were

used [110] to calculate the supported modes for the the silicon waveguide’s

cross-sectional geometry, and for the two separate cases of diamond membrane

bonding - with and without the HSQ cap. The FDE method solves Maxwell’s

equations for the cross-sectional mesh of the simulation window calculating the

spatial profile and frequency dependence of the supported modes. These

solutions can give the mode’s electric field and power profiles, effective index, and

radiative loss. The power overlap from the guided silicon mode into the diamond

were calculated and are shown in Figure 3.4, where it can be seen that the silicon

waveguide nominally should have 71% of the power distributed within it, and

when the diamond is bonded to the device, whilst the HSQ cap is in place, very

little power enters the membrane. After removal of the HSQ cap and the

simulation adjusted to have the diamond bonded directly to the silicon, there is an

increase to 13 % of the modal power within the membrane.

Further information can be obtained from the simulations by finding the

solutions for a range of wavelengths, the group index of the hybrid device can

then be calculated and compared with the experimental measurements - showing

how the dispersive properties of the device change as a result of the bonded
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FIGURE 3.4: Cross-sectional mode simulations showing the modes’
power distribution for the three cases of: Si device alone, Si device
with diamond bonded and a buffering cap, and Si device with

diamond bonded and the buffering cap removed through RIE.

diamond. For the same mode number there exists several wavelengths equally

spaced, by the FSR, defined earlier in Section 3.1.1 as λ2
0

ng L . The FSR of a given mode

however, is not exactly periodic due to its dependence on the material’s dispersive

properties, i.e. the group index, defined as n(λ)+λ δn
δλ . The group index changes

for different wavelengths due to different frequency components of the pulse

envelope having different phases. As the light propagating through the

waveguide experiences a different effective index, e.g. by a diamond membrane

being proximal to it, the dispersive properties will also change and lead to

different values of group index. The simulated group indices for the three

discussed device geometries are shown in Figure 3.5. It can be seen that the group

index decreases from ~4.4 to ~4.3 when the diamond is contacted with the device;

as the diamond changes the cladding of the nominal silicon-HSQ-air material

stack. This in turn changes the distribution of the mode field, reducing overlap

into the SiO2 substrate and increasing slightly the overlap into the diamond.

When the HSQ is removed from the silicon and the diamond is contacted once

more, the simulations show an increase to the power present within the diamond

up to 13 % and this is reflected by a further decrease in group index down to

~4.05. In each case as the power of the mode profile overlapped more greatly into
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FIGURE 3.5: Simulated group index values for the three device
geometries of Si-HSQ, Si-HSQ-Diamond, Si-Diamond.

the diamond a decrease in the gradient of the group index change was also found.

3.1.3 1 µm Diamond Membranes

Diamond membranes were prepared as detailed fully in the previous Chapter.

Diamond chips were sourced commercially and laser diced and mechanically

polished into separate smaller pieces of a few mm2 and ~30 µm thickness. Each

platlet was cleaned of organic contaminants using piranha solution (H2SO4:H2O2

in a ratio of 3:1); and thinned down using an Ar-Cl2 plasma etch chemistry. Using

vertical scanning interferometery and stylus profileometry the thickness of the

diamond was monitored until an approximate thickness of 1 µm was achieved.

The thickness was chosen as a trade off between mechanical robustness and a

membrane thin enough that the intermolecular forces between the target substrate

and the diamond could apply enough stress to deform the membrane over surface

roughness or detritus and increase the surface area of the materials in close

contact. This increases the amount of diamond that would be close enough to
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experience the attractive forces that fall off rapidly beyond a few 100 Angstroms

[89, 111].

3.2 Liquid assisted bonding of diamond with Si devices

The diamond film was integrated with the target silicon devices by using a

capillary-assisted bonding method. The target device was prepared with a droplet

of isopropyl alcohol and the diamond brought into contact and transferred from a

wetted corner of cleanroom wipe. Capillary forces form a liquid bridge between

the two surfaces and as the liquid evaporates, assisted by a nitrogen gun, brings

the membrane into close contact with the device promoting the adhesion from

close intermolecular forces such as van der Waals [89, 111]. Having been

pre-thinned to a target thickness of around 1 µm at its thinnest end, and with care

in alignment, the diamond membrane deforms over the devices as shown

schematically in Figure 3.6. Nothing other than the capillary forces detailed were

used in adhering the diamond to the silicon device.

3.3 Measurements and characterisation

To determine the quality of the interface between diamond and the silicon device a

number of complimentary techniques were used to investigate both the mechanical

and optical properties of the hybrid device.

3.3.1 Deformation of the membrane

The physical deformation of the diamond can be directly observed using scanning

electron microscopy (SEM) with a stage tilted view of the diamond edge bonded

over a bus waveguide. A micrograph was taken, shown in Figure 3.7, where

planar contact with the top of the silicon waveguide and the surrounding SiO2
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FIGURE 3.6: a) & b) Schematics of the diamond membrane bonding
procedure onto a processed silicon photonic chip, from a top and
side view respectively. Bonding of the materials is facilitated by
capillary action bringing the surfaces into contact. c) A cross
sectional schematic of how the diamond membrane conforms over

and bonds with the target Si device.
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substrate can be seen - a close distance of approximately 10 µm either side of the

device. This shows that, for a diamond membrane of 1 µm deforming along one

dimension over a 220 nm ridge, that a good diamond-silicon interface is possible.

A demonstrable pitch of devices is thus approximately greater than 20 µm to allow

for planar bonding on top of the devices and on the substrate in-between. SEM is

FIGURE 3.7: An oblique-view SEM image showing the bonding of
a 1 µm diamond membrane to a Si bus waveguide; it can be seen
that the diamond conforms back to and contacts with the substrate
within a few micrometres. Inset: Enlarged image at the site of the

interface showing the gap between the membrane and substrate.

however unsuitable for investigating the interface of the two materials at the site

of the resonator due to the opacity of diamond using this technique. For that

reason an analysis of optical interference fringes using Newton’s rings theory was

also conducted. The diamond had visible on its surface dark and bright fringes,

resulting from the reflected light between the two surfaces having different optical

path lengths. Thus they have different phases which add together constructively

or destructively. The bright and dark fringes can be correlated with odd or even

multiples of λ/2 respectively as shown in Figure 3.8 - from this the heights of

membrane separation can be inferred. A microscope image at 20x magnification

shown in Figure 3.9 b was used to map the membrane height across the device. By
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FIGURE 3.8: Schematic showing how optical interference fringes are
created by an optical flat [112].

assuming a collimated monochromatic light source, we can calculate the height of

the membrane separation from the device substrate - using the wavelength of the

light, and the number of interference fringes counted from the central contacted

point between the diamond and silica substrate. Height values, d, were calculated

for each maxima and minima point of the interference fringes as d = n λ
4 , where n

is an integer number. Additionally, points at the fringe full-width-half-maxima

were used to calculate height values equal to m λ
8 , where m is an odd integer

number. This data can be seen in Figure 3.9, which also shows an approximate

height morphology using a smoothly varying function fitted to the known points -

the black vertical lines denote the positions of the Si waveguides. The calculated

height profile shows a central contacted region within the racetrack with the

height of the membrane located directly above the waveguides varying with the

asymmetry of the bond. The height of the membrane then reaches a maximum

over a position that may not correspond to the position of the waveguides as it

was demonstrated in the SEM measurement of Figure 3.9. In that case, of a

diamond membrane bonded across a bus waveguide, deformation only occurs
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across one axis. In the case of the racetrack resonator the diamond is required to

deform over two axes limiting the local gradient with complex dependencies on

membrane thickness and the locations of surrounding surface-contacted regions.

These results show that the diamond-silicon interface will have a complex

variation in their proximity and that it is unlikely that the material stack is exactly

that of the simulated material stack of Section 3.1.2. Optically probing the hybrid

device however will allow for the calculation of group index by the methodology

described in Section 3.1.1 which can then be compared with simulations to find an

averaged device geometry that matches.

3.3.2 Optical probe measurements

The optical interaction, between the interfaced materials, was also investigated to

determine the technique’s viability for integrated optical applications. An end-

fire rig, so named for its injection style, was used to couple light onto the chip,

i.e. from a lensed single-mode fibre into the end facet of a bus waveguide for a

racetrack resonator. The light was collected through a focusing lens and polariser

into a photodetector and an IR camera shown schematically in Figure 3.10. The

transmission spectra were taken for the three cases as previously detailed (Si-HSQ,

Si-HSQ-Diamond, and Si-Diamond) and then fitted using the technique described

in Section 3.1.1.

The three spectra have been normalised and are logarithmically plotted in

Figure 3.11. From comparing the three measurement sets, a clear difference in

extinction ratio and wavelength spacing of the peaks can be seen. The difference

in spacing, an effect of differing dispersive properties, is quantified by calculation

of the group index, plotted in Figure 3.12. The measured data is compared with

the simulated group indices obtained through FDE modelling - calibrated to the

as-fabricated Si devices and shown as dashed lines in the plot. The simulated data

for both the silicon device alone, and the hybrid diamond device when bonded
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FIGURE 3.9: a) An optical image of a diamond membrane bonded
over a Si resonator device showing interference fringes, a contacted
region, and waveguides. b) Optical image showing the line profile
on which fringe analysis was conducted to calculate the height
profile over the Si device, where A and B point to either end of the
waveguide resonator. c) A height profile calculated from the fringe
intensity over the line profile as shown in b) with the black lines
signifying the waveguide positions of the racetrack labelled again

as A and B.
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FIGURE 3.10: A schematic of the end-fire rig used to optically
measure the silicon devices before and after the bonding of thin
diamond membranes. A tunable laser through some polarisation
maintaining fibre is coupled to the end facet of a device and the
emissions collected from the exit facet using an objective. The
collected light is focused through a polariser onto a photodetector

and infrared camera via a beam splitter.
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FIGURE 3.11: The normalised transmission spectra for a) the as-
fabricated Si device and when bonded with the diamond pre- b) and

post- c) removal of the HSQ mask cap.



Chapter 3. Bonding of thin film diamond membranes to integrated optical

devices for evanescent field coupling
60

FIGURE 3.12: Extracted (circles), and simulated (dashed lines)
group index values for the Si ring resonator alone, and when bonded
with the 1 µm diamond membrane with and without an HSQ cap.
The measured results show a group index shift and gradient in

agreement with the simulated values.

atop the HSQ cap, show good agreement. Their measured group indices can be

seen to follow the predicted reduction of value and gradient. The measurements

for the bonded diamond device with HSQ removed, also follow the predicted

decrease in group index and gradient, but the measured data is not in close

agreement with the simulations. It is likely that there is a varying level of contact

around the racetrack geometry which is in agreement with the optical analysis of

interference fringes presented earlier in Section 3.3.1. The deformation of the

diamond membrane over the resonator device, which has a complex surrounding

geometry as shown in Figure 3.9, has a contact point that is off-centre and

interference fringes that are asymmetric. As a result of this, the diamond-silicon

contact is not fully consistent around the resonator - equivalently this can be

approximated with an average air gap between the diamond and silicon device

underneath. Adjusting the FDE simulations to an average air gap of 70 nm

resulted in simulations that were now in good agreement with what was observed

experimentally. Comparing with the hypothesised modal overlaps earlier in

Section 3.1.2, a corresponding TE mode calculation - at a wavelength of 1.535 µm
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and 70 nm gap - is shown in Figure 3.13. The confinement values for this scenario

are 70% for the silicon device and 6% in the diamond.

A second property of the resonator that allows investigation of the

diamond-silicon interaction, is the power cross coupling coefficient (κ), a

dimensionless value used to characterise the ratio of power coupled to the

resonator from the bus waveguide and vice versa (detailed with Figure 3.3). The

measurements of κ for the three cases are plotted in Figure 3.14. It can be seen

FIGURE 3.13: A cross-sectional mode simulation showing the
TE modal power distribution at a wavelength of 1.535 µm for a
diamond membrane 70 nm above a Si waveguide with no HSQ cap.

that when the diamond is bonded over the HSQ capped Si there is a drop in κ

despite the corresponding modal overlap into the diamond - shown in Figure 3.4 -

being negligible. This can be explained by the effective index of the two interfaced

materials, the device now clad with diamond rather than air results in a reduced

index difference vertically. This causes the mode to be drawn up into the HSQ cap,

if only 1% into the diamond itself, and reduces the overlap into the shared

substrate of the bus waveguide and resonator. This results in more of the mode

being in a higher index difference region laterally where it is more confined and

thus the observed drop in κ to the proximal resonator. For the diamond bonded

without a HSQ cap present, κ increases relative to both the Si device alone and the

Si-HSQ-Diamond case. There was also a wavelength dependent increase observed

across the measured bandwidth. Both of these factors are explained by a larger
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FIGURE 3.14: Cross coupling coefficients for the cases of, as
fabricated Si device, and bonded to a diamond membrane with and

without the HSQ cap used to pattern the device.

mode overlap between the Si and the diamond membrane. Firstly, the lateral

effective index difference is decreased in this region enabling more coupling.

Secondly, longer wavelengths overlap more into the diamond and facilitate an

increased power transfer between the waveguide and resonator.

These results demonstrate that a free standing diamond membrane can be

bonded in close enough proximity in the absence of a HSQ cladding layer that

light interaction can occur between the two. This interaction on such a platform

such as silicon, transparent at telecommunication wavelengths, might then be

used to make use of diamond’s non-linear properties, e.g. Raman shifting the light

to new wavelengths.

3.3.3 Added losses

The amount of loss introduced to the system was investigated - qualitatively

through observing the top scatter profile of the resonator using an IR camera, and

quantitatively by looking at the loaded Q-factor of the system. The IR camera was

positioned above the resonator device attached to an optical microscope and the
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vertically scattered light was measured which can be seen in Figure 3.15. It can be

FIGURE 3.15: a) A top scattering image of a 1µm diamond
membrane bonded to a Si ring resonator off resonance. The red
dashed line marks where the edge of the diamond is, and the red box
highlights the scattering at this edge. b) The resonator was tuned
into resonance, and again with the red lines and box highlighting

the edge of the diamond and scattering respectively.

seen that the amount of light vertically scattering from the waveguide alone is not

discernibly different from when it is underneath the diamond membrane

suggesting that the hybrid device had low added propagation losses. When the

laser is tuned into resonance with the racetrack cavity however there is a large

reduction in propagating light through the bus waveguide that allows a more

clear view of the point source loss at the diamond edge. To quantify the added

distributed losses the curve fitting method of transmission spectra (as detailed

earlier in the chapter) was used and it was found that the added distributed losses

for the full chip including the hybrid Si-Diamond device were 10 dB/cm. Finally,

loaded Q-factors for the three cases, which are a measure of how lossy the

racetracks are - including an effect of the power-cross coupling coefficient, are

shown in Figure 3.16. They were found to have mean values of 22.3 k, 30.8 k, and

10.8 k for the Si, Si-HSQ-Diamond, Si-Diamond respectively. The wavelength

dependent loaded Q-factor is dominated by the inverse relationship with κ for



Chapter 3. Bonding of thin film diamond membranes to integrated optical

devices for evanescent field coupling
64

FIGURE 3.16: Loaded Q-Factor values for the cases of a silicon
device alone, and bonded with diamond with and without the HSQ
cap used to pattern the device. The solid lines show the general

trend of the data.

each case.

3.4 Discussion and Conclusion

It has been shown that thin, free-standing SC diamond membranes, can be

integrated with photonic devices fabricated from more mature platforms by

capillary-assisted intermolecular bonding. The mechanical and optical qualities of

the interface were investigated using SEM, optical interference calculations, and

transmission spectra before and after the diamond was bonded. It was shown by

FDE that the power overlap into the diamond was as low as 6%, which limits

applications such as disk resonator Raman lasing (higher threshold powers) or

Purcell enhancement of defect centres which scale with the spatial overlap to the

cavity mode electric field maximum[113, 114]. This would require defect centres to

be very close to the diamond surface where termination will greatly affect the spin

properties [115]. This limitation can be lessened by fabricating higher Q-factor

cavities, which lose light less quickly, and thus allow for greater interaction with

even a small percentage of field overlap. Another means of improvement can be
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achieved by switching to another material platform, such as silicon nitride for

example, which is also transparent over the visible [116] and has a lower refractive

index than diamond of ~2. This would result in the cavity mode being drawn

preferentially towards the higher index diamond material and give a much larger

field overlap. Finally, patterning of the diamond material into resonator structures

itself, before integration with other platforms, would result in the cavity mode’s

electric field maximum and the defect centre being very well overlapped.

For the hybrid devices in this chapter however, an optical interaction with the

diamond membrane that is predictable and improvable was demonstrated. Group

index measurements were conducted and compared with simulated values, finding

good agreement. A low added loss of 10 dB/cm was achieved (only one order of

magnitude larger than reported values from Loncar et al. but with more scope for

scalability) and a Q-factor of around 10 k for the hybrid Si-Diamond resonator was

found. By choosing relevant host substrate materials, and improving on the quality

factors of resonator structures, this integration technique could be used for a wide

range of applications spanning several wavelength ranges.
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Chapter 4

Fabrication and micro-assembly of

monolithic diamond optical

resonators coupled to

silicon-on-insulator waveguides

In this chapter a fabrication process for high quality-factor, transfer-printable,

monolithic diamond devices is presented. In demonstration of this, both a

tessellated-square platelet and diamond disk resonator array are fabricated,

heterogeneously integrated, and characterised. Firstly, the motivation will be

discussed by summarising the findings of Chapter 3, and then will continue on to

discuss the fabrication process. The tessellated squares are characterised to

demonstrate controllable selection of thickness when fabricating devices from a

wedged diamond membrane. The optical characterisation of a diamond disk

resonator printed onto HSQ clad SOI waveguides for use in non-linear optical

applications is shown with average loaded Q-factors of ~3.4×104 and intrinsic

Q-factors of ~9.6×104.
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FIGURE 4.1: a) A 3D schematic showing an example of what a
wedged diamond membrane might look like & b) how devices of

tailored thicknesses could be fabricated from such a membrane.

4.1 Motivation

As presented in Chapter 3, thin diamond membranes can be fabricated and

integrated with more established photonic platforms using capillary-assisted

bonding. Diamond’s desirable optical properties can thus be utilised in large area

photonic circuitry - providing a solution to the limited size of optical quality

diamond. Bonding large areas of diamond with any such targeted substrate

however is dependent on several difficult to control factors. The wedged thickness

of the membrane for example, leads to preferential bonding on the thinnest side of

the chip. This is due to the the diamond deforming more easily [89, 111] over the

optical devices it is to be integrated with, as well as over any remaining surface

contaminant that wasn’t removed during cleaning. A second repeatability issue

arises due to the large overall area of the diamond - bonding several mm2 over a

series of target devices at once. This leads to unpredictable positions and numbers

of bonded sites - the non-bonded material deforming in complex topologies.

It is shown that these challenges can be addressed to improve integration by

first patterning the diamond. Through fabrication of smaller monolithic devices

from the membrane, the wedged thickness can be utilised as a desirable attribute

giving controllable selection of device thickness, as depicted in Figure 4.1. The

thickness variation across a device can thus be relatively small, as a consequence

of the device size itself. This is an important consideration for planar optical
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devices where the mode profiles should be relatively unperturbed from one side

of the device to another. Explicitly stated, it would be undesirable for a single

mode supporting device to drop in thickness below the cut-off point of that mode;

nor would it be desirable for it to increase in size such that it becomes multi-mode

supporting. An additional benefit to fabricating smaller diamond devices is that

they allow for heterogeneous integration on, or near, individual silicon devices

requiring little to no deformation of the diamond that occurred in the previous

chapter. Another improvement on this prior work, is that the mode will propagate

fully within the diamond - the large overlap improving efficiency in Raman or

colour centre enhancing applications for example. Precise fabrication is

imperative for ultra-low propagation losses considering this new scheme. This

integration technique also presents a means by which diamond can be interfaced

with planar contact in a systematically repeatable manner.

4.2 Tessellated diamond membrane fabrication for

thickness characterisation

4.2.1 Device design and transfer printing

To begin the design process for diamond optical devices, characterisation of the

typical wedged thickness is required. It was thus planned to fabricate an array of

tessellated squares to directly measure such variations over typical device sizes.

The tessellated square array was designed to have 49 x 49 µm2 platelets with a

pitch of 50 µm. Positioning of the array was orthogonal to the diamond’s cleave

axes to maximise device number from a single chip - this was however

non-orthogonal to to the direction of greatest thickness variation. A schematic

depicting this for clarity is shown in Figure 4.2. The pick-up and placement of

diamond platelets, as well as other devices to be discussed, was achieved through
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FIGURE 4.2: a) A schematic showing an example mask pattern
aligned with the direction of greatest thickness variation, shown by
a black arrow. b) A mask pattern aligned with the cleave axes of a

diamond piece for maximising device number.

micro-transfer printing. The same technique has been used in the transfer printing

of micro-LEDs[117], nanowires [118]; solar cells and DBR mirrors [119];

photodetector arrays printed on silicon transmitters [17]; and also disk resonators

fabricated from AlGaAs [120]. Elastomeric polymer stamps with controllable

shapes and dimensions are fabricated using polydimethylsiloxane (PDMS),

specifically the product Sylgard 184, cured over lithographically designed moulds

- the design tailored to suit the devices being printed. For the diamond platelets

and disk resonators in this work, a stamp design was chosen with a raised plinth

including pyramidal features extending from each corner and its centre, as shown

in Figure 4.3. This design of stamp is fabricated by first depositing a piece of

<100> orientated silicon with a SiO2 mask and then coating it with S1805

photoresist. Four square vias are then patterned corresponding to each corner of

the stamp using UV light through a commercially sourced photomask. Standard

RIE silica etch recipes are used to transfer the holes into the mask layer. The

sample is then submerged in potassium hydroxide acid which preferentially



Chapter 4. Fabrication and micro-assembly of monolithic diamond optical

resonators coupled to silicon-on-insulator waveguides
70

FIGURE 4.3: a) A 3D schematic of the PDMS stamp used in the
printing of diamond platelets and disk resonators for this work, b)

and also in 2D.

etches the <100> planes of the silicon and thus due to the much slower etch rate of

the <111> plane, pyramidal holes are formed. Finally the sample is coated in thick

SU-8 photoresist (> 100 µm) and one large via is opened with a pyramidal hole

beneath each of its corners. This sample can then be used as a mould with which

to pour the PDMS into - upon setting the stamp can be peeled from the mould and

used for transfer printing.

Transfer printing is achieved by wax bonding the PDMS onto a glass coverslip

which is in turn attached to a frame beneath an optical microscope. The donor and

receiver chips to be used in the process are placed on a movable stage beneath the

stamp and imaged through the coverslip and PDMS which are both transparent

in the visible. The stamp is brought into contact with the devices (through raising

the movable stage) with enough force that the roof of the PDMS collapses, i.e. the

pyramids are compressed and the flat area of the stamp is fully in contact with the

target membrane. The stamp is then brought away from the membrane which is

now adhered to the elastomer. The defects on the stamp, without an applied force,

decompress themselves resulting in a membrane which is adhered to the tips of

the defects only. A target substrate is then brought underneath the stamp where
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FIGURE 4.4: a) The stage is brought towards PDMS stamp, b)
the pyramidal features are compressed with the device in full
contact with the PDMS, c) the greater adhesion between stamp over
substrate allows for removal of the diamond. Decompression of the
stamp features allows printing elsewhere due to reduced contact

area and thus adhesion to the PDMS.

the membrane is transferred due to a larger contact-area between the membrane

and the substrate versus the membrane and pyramidal tips. A schematic of this

process is shown in Figure 4.4. During a transfer printing it has been shown, that

utilising a correlation aligment method, devices can be bonded over chosen planar

waveguide structures with a sub-micrometre accuracy [121].

4.2.2 Fabrication and thickness characterisation of ultra-thin diamond

platelets

The diamond is firstly thinned and prepared, as in the previous chapter, then

transferred using a capillary-liquid assisted bonding method onto a silicon chip

[78]. The diamond and silicon were coated with a 200 nm PECVD SiO2 hard mask

and then spin coated with S1805 photoresist. Using direct-write UV laser

lithography, the resist can be patterned and transferred to the SiO2 mask using a

CHF3 RIE. After removal of the photoresist using a 250°C O2 stripping plasma,

further transfer of the pattern from the SiO2 to the diamond is achieved using a

high platen power Ar-O2 ICP etch. The etch rate of diamond in this chemistry was

found to be ~170 nm/min with the SiO2 etching at ~25 nm/min. The high

selectivity in favour of the diamond reduces mask degradation, and the high

platen power results in an anistropic etch - both features culminating in good
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FIGURE 4.5: A schematic showing the process flow of fabricating
tessellated square diamond membranes.

transfer of patterned features and low sidewall roughness. The process flow is

shown schematically in Figure 4.5. The thickness was monitored using VSI and

once etched below 2 µm the diamond was patterned using photolithography into

an array of tessellated square platelets. The silica mask used to pattern the

diamond was removed using the previously mentioned CHF3 RIE; then the whole

chip was globally thinned using Ar-Cl2 for maintaining smooth surfaces until the

thinnest edge began to recede. Several of the resulting platelets were transferred

from their host substrate to a new silicon chip with a large enough pitch to

comfortably measure the height of each corner using AFM. The difference

between each platelets highest and lowest corners is used to determine an average

change in thickness per 69.3 µm. A tilted-view SEM of 4 transferred platelets as

well as plots of each of their height profiles are shown in Figure 4.6

The average difference in thickness was found to be ~230 nm. It is also notable

that the smallest thickness that was measured had a value of ~10 nm, showing

that ultra-thin membranes can be integrated and manipulated by this technique

with little damage. This gives a thickness difference across the entire 2 mm2 chip

of 9.4 µm which agrees with VSI measurements taken prior to the final global etch.
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FIGURE 4.6: a) A 45 deg tilted-view, SEM micrograph, of 4
membranes that were printed for AFM measurements shown in
bottom figure - black arrow across membrane indicates the direction
of height profiles. b) Height profiles of the 4 printed membranes
shown in the SEM image with thickness differences (y) labelled on

each.
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Nominally, variations in diamond thickness for diamond grown by CVD which

has been laser cut and mechanically polished, ranges from ~1 µm to 10 µm. As

such, it is thought that this is close to the worst case example of thickness

variation. Despite this, over device geometries of a few 10s of micrometres, the

variation would still allow for targeting a single-mode-only supporting structure.

A device designed for telecommunication wavelengths for example, at the upper

end of thickness variation would only have the next nearest higher-order mode

solutions in a high loss regime, close to cut-off.

Coarse and fine selection of device thickness was demonstrated by selecting

over the diamond area. An SEM of 4 printed membranes, with up to a thickness of

5µm, is shown in Figure 4.7. So too is a plot depicting the range of device

thicknesses that were successfully printed. Depending on the refractive index, or

geometry of the intended integration substrate, diamond devices of vastly varying

thickness might be required. Here we have demonstrated that devices of various

thicknesses and low local-thickness variation can be fabricated from a wedged

diamond piece, and systematically printed for hybrid material applications. It is

also possible to maximise the number of devices within a target thickness range,

by printing those at specifications first and then globally thinning the remaining

devices to bring them into targeted dimensions.

4.3 Diamond disk resonators heterogeneously integrated

with a SOI platform

4.3.1 Device design, fabrication and motivation

Monolithic diamond disk resonators were designed to have a radius of 12.5 µm to

ensure a larger (> 10 nm) free spectral range - to aid in the analysis of subsequent

transmission measurements. A target thickness for these devices was chosen to be
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FIGURE 4.7: a) A 45 deg tilted-view, SEM micrograph, of 4 thicker
diamond membranes printed for thickness characterisation. b) A
plot showing the fine and coarse thickness selection from an array

of diamond tessellated platelets.
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FIGURE 4.8: a) A 3D schematic of a transfer printed diamond device
on a SOI waveguide platform b) as well as a 2D representation for

clarity.

< 2 µm, as before to give confidence in the robustness of the chip whilst handling

and lithographically patterning throughout the remaining process. The diamond

was thinned and transferred as before but patterned using an HSQ e-beam resist,

which itself can act as a diamond hard mask, for higher resolution patterning of

smooth sidewalls. The ICP etch recipes and printing procedure were the same as

detailed for the tessellated square platelets. A targeted integration platform of

silicon-on-insulator was chosen, which would be of interest for optical non-linear

applications. The material stack, as depicted in Figure 4.8, was for a diamond disk

transfer printed onto a SOI waveguide. The silicon waveguide has a standard

single mode geometry of 500 x 220 nm2 and is clad with approximately 250 nm of

silica-like HSQ.

By this process, monolithic diamond devices can be fabricated and

heterogeneously integrated on-demand - with application-driven platforms and

full modal overlap within the diamond. This offers, beyond the state-of-the-art,

the combination of desirable material platform properties whilst maintaining high

mode interaction in the diamond itself - increasing efficiency of non-linear

processes. Monolithic micrometre devices also overcome the bond-interface

complications of integrating wide mm-scale diamond membranes shown in the

previous chapter.
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4.3.2 One- and two- dimensional mode solving for design of diamond

resonators

One-dimensional mode solutions were numerically calculated and used to

determine values of thickness for diamond at which higher order vertical modes

would no longer be supported. The two-dimensional mode simulations were then

used to find the first three orders of radial modes within the diamond with their

effective index tracked over several wavelengths. From this, the free spectral

range of resonant modes could be estimated and compared with measured data.

Finally the confinement of powers from the whispering gallery modes that

overlapped into an area occupied by a silicon waveguide for various lateral

positions was calculated. These numbers are used to draw a relative estimation

between the extinction ratios of subsequent transmission measurements and the

modes that might be coupled to.

The one-dimensional mode solutions in Figure 4.9, show that for an injection

wavelength of 1550 nm, the higher order modes cut-off below a diamond

thickness of ~1 µm. The dashed line in Figure 4.9 shows a target thickness that

maintains device robustness with only a few higher order vertical mode solutions

remaining. The shaded box accounts for the average wedged thickness of

available diamond over the typical device sizes of a few tens of micrometres. For

disk resonators a second consideration is that of the whispering gallery modes

along the lateral dimension. Depending on the position of a heterogeneously

integrated diamond disk relative to an underlying waveguide, such as in the

scenario depicted by Figure 4.8, different lateral modes will be coupled to more

strongly. Two dimensional mode solutions are found for for a diamond disk at a

target thickness of 1800 nm and 25 µm in radius, shown in Figure 4.10. It can be

seen that the power overlap into the waveguide region for various lateral

positions follows a predictable pattern, and as mentioned can be compared to the
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FIGURE 4.9: One dimensional mode solutions, numerically
calculated, for a diamond membrane of different thickness values,
bonded on a SiO2 lower cladding. The dashed line at 1800 nm shows
the target thickness, with the shaded box showing the variation in

thickness due to material wedge.
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FIGURE 4.10: a) The power distributions of the first three
whispering gallery modes of a diamond disk resonator with 1800
nm thickness on an insulator substrate. b) A plot of the percentage
of power present in the location of a waveguide as a function of

lateral position offset, x, from the disk edge.
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FIGURE 4.11: The group index values for the first three order
TM modes caluclated from effective index simulations across a

wavelength range of 1530-1620.

extinction ratios of measured resonances. Thicker disk structures, such as this,

however have more complex solutions with higher order modes exhibiting more

than one lobe in the vertical axis. This will result in several different modes, not

calculated here, that have increasing or decreasing overlap into the waveguide for

different lateral positions. It was expected, and is indeed reflected in the

transmission spectrum, that there would be several resonant peaks with varying

extinctions and free spectral ranges.

The group index of each mode was calculated, by finding the effective index

solution of that mode across a wavelength range of 1530 nm to 1620 nm and are

plotted in Figure 4.11. From this group index a free spectral range is calculated for

each mode, which was estimated at between 11 and 15 nm across the wavelength
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FIGURE 4.12: The free spectral range values for the first three order
TM modes caluclated from group index values across a wavelength

range of 1530-1620.

range, shown in Figure 4.12. By comparing these results to transmission

measurements of the actual devices with the same parameters, as is discussed in

the results section, families of modes can be estimated to better quantify data.

Using the simulations, transmission measurements of the device can be predicted

and/or better analysed.

4.3.3 Optical transmission measurements of a hybrid diamond-silicon

resonator

Diamond disk resonators of approximately 12.5 µm were fabricated and

integrated onto SOI waveguides - as shown in Figure 4.13. The disks have been

printed over the top of the HSQ clad silicon devices with the waveguide aligned
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FIGURE 4.13: 45 and 25 µm radius diamond disks printed onto
silicon waveguides. Inset: A diamond disk being printed using a
PDMS stamp onto a HSQ clad Si waveguide. Scale bars are 90 µm.

to the diamond edge. Characterisation of the devices was achieved using a lensed

fibre, end-fire rig, and the resulting transmission spectra analysed. The analysis

was done by fitting each resonance to the analytical expression for an all-pass

resonator device as is detailed in Chapter 3. The TM transmission spectrum for the

disk is shown in Figure 4.14 where several resonances, corresponding to different

whispering gallery modes of the disk, can be seen. From the fits, parameters such

as the Q factors, extinction ratios, distributed losses, and power cross coupling

coefficients could be calculated for each. Free spectral ranges were then estimated

for three mode families. Each group was identified by looking for similarities in

the aforementioned parameters and the estimates on free spectral ranges from the

previous simulations - it can be seen that the three groups identified fall within the

range estimated. Of the transmission spectrum itself, it is also notable that there

are several large 10-15 dB extinctions which is typical of a near critically coupled

system.

Average loaded Q-factors of > 3.4×104 were found - with a representative

example of these fittings plotted in Figure 4.15 a. Several Q-factors were also
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device assembled through transfer printing. Three sets of modes are

identified and their free spectral ranges labelled.

higher than this value and one of the high Q-factor resonances is plotted in Figure

4.15 b, Q = ~8×104. These values are in line with other diamond resonator devices

that have been reported, such as those fabricated on SiO2[79] or with GaP[52].

The power cross coupling coefficient and distributed propagation losses, that

were extracted from these fits, are also plotted against Q-factor in Figure 4.16 to

show the range of the device modes. It can be seen, as expected, that the modes

with higher Q-factors have the lowest losses with values down to the < 2 dBcm−1

range - which is on-par with state of the art silicon-on-insulator devices[122].

Power cross coupling is also lower for the higher Q-factor resonances, leading to

high extinctions. This is as expected for modes with low loss, as low interaction

with the surface roughness would suggest a reduction in κ. The intrinsic Q factors

were also calculated for each of the resonances in Figure 4.14 and it was found that

there was an average value of 9.6×104 and a best quality resonance of 5.0×105.
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FIGURE 4.15: a) A representative resonance centred around 1549.25
nm with a calculated Q-factor of ~3.2x104. b) A stand out resonance

centered around 1587.60 nm with a high Q-factor of ~8.2x104.

FIGURE 4.16: Power cross coupling coefficients (red) and
distributed losses (black) are plotted versus Q-factor.
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4.4 Conclusion

In conclusion, techniques have been developed that enable the fabrication and

transfer printing of diamond devices down to 10s of nanometres thickness for

heterogeneous integration. Diamond tessellated square arrays and disk resonator

cavities were fabricated with wedged thickness mitigated over small device

dimensions. These device sizes can be larger for diamond that has a smaller

thickness gradient or has had the gradient reduced by, for example, polishing a

single crystal diamond that is protruding from a polycrystalline diamond frame

with higher mechanical wear resistance[103]. On-demand integration of diamond

devices has been demonstrated, which can be applied to versatile,

application-driven platforms. Diamond disk resonators that were fabricated and

integrated with silicon waveguide devices showing intrinsic quality factors, for

modes fully overlapping with the diamond, on the order of 9.6×104 - which is

promising for diamond non-linear optics, as well as defect emission enhancement

and collection. The measured resonances had losses in the low single digits of

dBcm−1 which is on par with other state-of-the-art diamond devices[62].
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Chapter 5

Thermally tuneable diamond

micro-disk resonators

5.1 Introduction

Micro-resonators are an attractive component in integrated optics due to

potentially dense integration and their high quality factors, as shown in the

previous chapter. They can also be used as building blocks for several different

optical devices, such as wavelength filters - for wavelength-division-multiplexers

[123] - all-optical switches[124]; optical delay lines[125]; biosensors [126], and

more. The ability to tune a resonator’s response enables its use as an active

element for future optical communication [127], defect-emission enhancement, or

wavelength selectivity for Raman lasing. One tuning approach, is to alter the

device’s effective index and thus the modal propagation constant, which in turn

shifts the resonant wavelengths of the ring. Several static tuning approaches can

achieve this, such as by thermal oxidation[128], or condensation of xenon gas [129,

130]. There are however a number of different dynamic methods by which the

effective index can be changed, such as by electro-optical, micro-mechanical, or

thermo-optical tuning - attractive due to the potential reversibility of the changes.

Diamond, like other highly symmetric crystal structures, does not exhibit linear
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FIGURE 5.1: A micro-electro-mechanical device used for the tuning
of resonant wavelengths [134].

electro-optic effects [131, 132] but does have a relatively high non-linear

electro-optic (Kerr) effect [15] - this however still requires relatively high optical

intensities to change the refractive index by a very small amount.

Micro-electro-mechanical systems (MEMS) have been used to tune resonant

wavelengths by a much larger magnitude of 10’s of nm in diamond films with no

significant deterioration in Q-factors [133]. An example of such a

micro-electro-mechanical device is shown in Figure 5.1. The challenges associated

with using these structures however, include a complicated fabrication process

and devices that need to be protected from vibrations [135]. Finally, tuning by heat

is something that can easily be achieved by scaling the amount of power injected

to an on-chip device. The thermo-optic coefficient of diamond however is much

lower than the regularly used platform of silicon - ~10−6 [14] compared with
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~10−4 [136] - making it more robust to optical change as a function of temperature

change.

In this chapter a hybrid diamond resonator device was micro-assembled, as in

the previous chapter, and its resonances were tuned using optically induced

thermal energy. It is shown that a relatively large amount of heat is generated,

even due to small mW powers, which is likely due to absorption from

substitutional nitrogen in the diamond. This results in higher increases of

temperature that are demonstrated to give up to 450 pm shifts in resonant

wavelength of the 25 µm diameter disk. This value was limited by the available

injection power, but with engineering of the cavity free spectral range, broadband

selection of resonant wavelengths could be possible with shifts of this size. It is

also shown, that the heat build-up within the diamond does not dissipate readily

to the surrounding chip, likely due to the insulating HSQ cladding layer on the

SOI waveguides - potentially enabling device by device tuning.

5.2 Background and Theory

5.2.1 Optical bistability

Optical bistability is of great interest in integrated optics due to its potential in

all-optical logic gates, memories, and switches. Current research gives attention

to investigation of different material configurations and systems, with improved

non-linearities [137]; decreased component sizes for integration density, switching

times, operating powers, and temperature control [138].

For a system to be called optically bistable it must have two potentially stable

intensity output states for the same intensity input value. This is clearly a

non-linear system as the transmitted intensity is not just a multiplicative constant

times the input value - this is depicted in Figure 5.2. Assuring the non-linear

transmission is bistable requires feedback, i.e. the previous state of the system
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FIGURE 5.2: Hysteresis curve showing, feedback-dependent,
multivalued intensity output for a range of intensity inputs [137].

determines what the measured output will be. For example, using Figure 5.2 as

reference, if you ramp up the input intensity from nothing you have the “up”

branch. If you begin from a higher intensity and lower the input you have the

“down” branch. The non-linear transmission is multivalued, or bistable, and can

be cycled completely and repeatedly through variation of the input intensity.

Bistability can be classified into two systems, absorptive or dispersive, and can be

be intrinsic or hybrid. That is, feedback occurs either due to intensity dependent

absorption or change in refractive index and both mechanisms may occur

simultaneously. The system is said to have intrinsic bistability if the process is

all-optical, and a hybrid one if there is an optical and electrical interaction with the

material - through detector monitoring for example. The focus of this work is on

an intrinsic, all-optical effect.

5.2.2 Power enhancement in a micro-ring resonator

Non-linear optical effects can be induced at reduced threshold powers through the

use of resonator structures. For example the intensity within a ring or disk

resonator can be comparably much higher than that of a bus waveguide alone.
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The travelling wave within the cavity interferes constructively with the input

wave whilst at resonance and so the amplitude increases. Neglecting non-linear

loss processes like two photon absorption, a reasonable assumption for a diamond

device guiding in the NIR, the field enhancement is given as the ratio of field

circulating inside the disk (Ed) to the input field (Ei):

FE =
∣∣∣Ed

Ei

∣∣∣ = k
1 − at

(5.1)

The terms of this expression were defined in Chapter 3 but for reference are

repeated here: k is the amplitude cross coupling coefficient, t is the amplitude self

coupling coefficient, a is the single-pass amplitude transmission defined in terms

of the power attenuation coefficient, exp(−αL/2), and finally L is the length of the

disk round trip. The higher the field enhancement, the higher the intensity build

up within the disk and the lower the input power required to induce non-linear

optical effects. Power enhancement is a relevant consideration when estimating

the relative magnitudes of effective index response to input power, as discussed in

the next subsection.

5.2.3 Power dependent shift in refractive index

The power-dependent effective index response of a cavity’s resonant mode can be

calculated by first fitting the peaks resonant in that cavity, as in Chapter 3. Initially,

a transmission measurement at highly attenuated powers is used to give a “cold-

cavity” response - with no visible asymmetries in the resonances. By peak fitting

this data to the analytical model for an all-pass ring resonator the parameters used

for calculation of the field enhancement are obtained as defined in Equation 5.1, i.e.

the attenuation coefficient, and the amplitude self and cross-coupling coefficients.

The change in effective index for a given injection power can then be estimated by
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the following equation:

∆ne f f = PE × Pin ×
δn
δP

(5.2)

where PE is the power enhancement due to build up of light in the resonator. The

maximum power enhancement is the square of the FE defined in Section 5.2.2. The

effective power enhancement actually experienced at each wavelength, used in

Equation 5.2, is the potential maximum multiplied by the percentage of injected

power that was coupled into the ring - calculated from the normalised

transmission sweep. Pin is the calculated injection power on-chip, which has been

approximated at a 3 dB increase from what is measured on the detector of the

setup used. Finally, δn/δP is an estimate in the change of effective index per Watt

of optical power in the resonator.

For each peak of a transmission measurement, the cold cavity parameters can

be extracted from a fit and the maximum power enhancement calculated. Several

other transmission measurements at increasing powers, intended to induce

non-linear responses, could then be fitted with the aid of these parameters. The

build up of power in the resonator increases the temperature of the disk and

changes the effective index, which in turn changes the propagation constant of the

electric field and red-shifts the resonant peak. As an input wavelength is tuned

into resonance the power in the cavity would increase and thus the effective

power enhancement would increase also, inducing a greater red-shift. This

continues until the wavelength is tuned beyond the maximum detuning possible

from that injection power. At this stage the injected power would start to tune out

of the resonance so the power drops, undoing the shift in the position of the

resonance. This effect is what gives rise to the asymmetric peaks of a transmission

sweep showing non-linear optical properties. A depiction of this is shown in

Figure 5.3. It can be seen, that due to the power increasing as the pump is tuned

into the resonance, the temperature also increases. A small (δ) or large (∆) increase
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FIGURE 5.3: A resonance position shifting as an increasing
percentage of the injection power is coupled into the disk. The
solid blue and red lines are the cold-cavity and maximally detuned
resonant peak respectively. The dashed lines depict a non-
disturbing, low-power probe measurement of the peak at different

red-shifted positions.
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of temperature (T), results in a small or large shift in wavelength (λ) respectively.

An estimate of δn/δP is used to calculate what the effective index would be at

each wavelength and combined with the cold cavity coefficients, the electric field

transmission is recalculated. It is from these measurements that a value of δn/δP,

the power-dependent effective index response of a mode at that power, is found

that gives the best fit to the asymmetrically shifted peak.

For each mode it is found that the δn/δP remains roughly constant irrespective

of injection power, suggesting a linear mechanism by which optical power

converts into heat. As diamond is transparent in the UV - NIR it is likely that this

process is due to point defects that introduce electronic and vibrational transitions

into its large bandgap. A common impurity in diamond which can give rise to

broadband absorption over these wavelengths is single substitutional nitrogen

[139]. Absorption coefficients at 1064 nm have been shown to be 10−3-10−4 cm−1

for diamond with 20 ppb nitrogen and 10−1-10−2 cm−1 for 100 ppb [139, 140]. The

diamond sourced for this work is quoted to have < 1 ppm nitrogen content and

was measured over 1520 - 1630 nm. Assuming the chip in this work has 100 ppb

nitrogen content, it can be seen from Figure 5.4 that the absorption should be of

the same magnitude at the wavelength range used in the reported measurements.

A second heating mechanism is also thought to contribute through absorption at

the non-passivated dangling bonds around the disk edge. To elaborate, surface

states usually terminate a periodic lattice and can have localised energies that are

within the bandgap of a bulk semiconductor. By this means light that is nominally

guided can be instead absorbed through exciting valence band electrons.
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FIGURE 5.4: Absorption in diamond as a function of wavelength
[140].

5.3 Results

5.3.1 Low power thermal tuning

The power dependent change in refractive index for a resonance of the hybrid

diamond-SOI cavity was calculated by taking measurements for a range of

on-chip injection powers, covering approximately 10 µW to 90 µW. The

transmission sweeps of the peak and the fitted responses, calculated using the

methods detailed in Section 5.2.2, are shown in Figure 5.5. It can be seen that the

fit is in good agreement with the measured data and the calculated change in

refractive index per watt to achieve this was 8×10−3W−1. To quantify the values

of the fabricated hybrid device, the results were compared with others in the

literature. A resonator device used by Lipson et al., used to quantify the optical

bistability on a silicon chip, was chosen as a reference [141]. It was found that their

device exhibited a 200 pm/mW shift in peak position, corresponding to what

would be a 16.5 pm shift at the maximum on-chip injected power used in this

work. It can be seen from Figure 5.5 that the hybrid device fabricated here had a

larger shift of 45 pm. To further quantify this disparity, the change in temperature

from known thermo-optic coefficients can be calculated. Silicon has a
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FIGURE 5.5: Power dependent transmission spectrum showing a
resonance centred around 1545.13 nm red shifted with increasing
powers up to 45 pm. The dashed lines are fits to the data with
an estimated input power-dependent shift in effective index of

8×10−3W−1.

thermo-optic coefficient of ~2×10−4K−1[136], with diamond having a value orders

of magnitude smaller at 3.2×10−6K−1[14]. Using these values and the calculated

effective index change of the presented mode, an increase in diamond temperature

of 26.8 °C for 82 µW on-chip power was found. The silicon device would have had

a change of 1.5 degrees for the rate of effective index change Lipson et al.

reported[142, 141]. A larger increase in temperature might be explained by the

posited absorption mechanisms. The silicon device was reported to have mainly

linear absorption attributed to non-passivated sidewalls. Diamond as well as

having its own non-passivated sidewalls, as explained in Section 5.2.3, has

absorption due to single substitutional nitrogen. Finally, the diamond integration

involves intermolecular bonding compared with the intramolecular bond of the

SOI, which could impede conduction of heat out of the diamond - indeed this is

confirmed in Section 5.3.2.

The mechanics discussed are however complex and analysis of a second peak

is presented to demonstrate this. The peak was chosen for its similar Q-factor and
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FIGURE 5.6: Power dependent transmission spectrum showing
minimal shift in a resonant peak centred at 1522.23 nm, 10 pm.
The dashed lines are fits to the data with an estimated input power-

dependent shift in effective index of 2.2×10−3W−1.

extinction ratio to the first peak investigated, 38k, with the findings shown in Figure

5.6. It can be seen that the effective index shift is much less prominent with a shift

in wavelength of only ~10 pm for similar powers. The fits were achieved using

an input power-dependent effective index shift of 2.2×10−3W−1, ~4 times smaller

than the previous peak. To confirm a correlation between δn/δP and the absorption

mechanisms claimed, they and the distributed losses, which are proportional to

absorption, are plotted in Figure 5.7. This is potentially an interesting utility, where

applications requiring more thermal stability can be engineered to intentionally

couple with the lower loss modes. Relatively larger loss modes(still less than 6

dB/cm), that absorb more light can then be used for active thermal tuning.

The next section looks to separable control of thermal tuning and measurement

of the devices, for use in applications with active control and stability requirements

- such as high power on-chip Raman lasing at specific wavelengths.
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FIGURE 5.7: The coefficient δn/δP is plotted against distributed
losses for each peak showing a correlation between increase in loss

and increase in absorption, thus effective index shift.

5.3.2 Demonstration of separable thermal tuning and cold cavity

transmission sweeps

It is necessary to demonstrate mutual exclusivity of tuning and measurement for

useful applications in integrated optics. In the following section, using the same

device as in Section 5.3.1, the resonant peaks are shifted using one high power laser

and then measured using a low power “probe” laser. The setup was as follows: a

pump laser directed through an Erbium Doped Fibre Amplifier (EDFA) is coupled

onto chip through the maximum port of a 90:10 splitter and tuned into a single

resonance until maximally detuned. A low power probe laser is then coupled on-

chip through the remaining port of the splitter and swept across the wavelength

range of 1540 - 1590 nm. The setup is shown schematically in Figure 5.8. Firstly

the amplified laser is tuned into resonance with the device for a peak wavelength

separated from the intended measurement peak. When maximally detuned the

low power probe laser is scanned across the peak of interest and the data collected

through an OSA. This is done for a series of pump powers and compared with the
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FIGURE 5.8: The optical setup used for the measurement of power
dependent refractive index change.

case of no pump laser, i.e. the cold-cavity response. From this, the induced shift

of the resonant peaks is observed with the results plotted in Figure 5.9. It can be

seen that shifts of over 450 pm have been demonstrated for the maximum pump

power capable of the setup. There is also a linear response and these measurements

were repeatable over several days demonstrating stability in the tuning. The inset

shows the probe laser measurement of a single peak that has been shifted retaining

characteristic parameters that define the resonance. As disks have several mode

solutions and the micro-assembly techniques developed here involve, but are not

limited to, vertical coupling: resonances can be picked for their different thermal

properties. Larger mode profiles for less intensity build-up for applications that

require thermal stability, or small mode profiles with high intensity build-up for

thermal tuning of peaks with separable control.

Thermal camera measurements were also taken to monitor the effect that a

high increase in diamond temperature had on the surrounding device. An

example of such an image is shown in Figure 5.10. Four diamond disks are

labelled with red arrows and it can be seen that these present as dark circles on a

rather emissive background. As a result of diamond’s relatively low emissivity,

measuring the temperature of the diamond was not possible directly. Taking

multiple thermal images at varying powers coupled into the disks it was thought

that a change in the background temperature might be detected. The difference of
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FIGURE 5.9: Probe measured wavelength shift of a resonance
centred at ~1545 nm for different pump powers at 1563 resonance.
Inset: Probe measurement of the shifted peak showing an
undisturbed profile - background noise has changed slightly due to

non-polarisation-maintaining amplification.

FIGURE 5.10: A false colour image taken using a thermal camera
of the SOI device chip integrated with diamond disks. Red arrows

point to 4 disks that were printed onto the chip.
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FIGURE 5.11: An intensity difference image between two thermal
camera measurements at zero injected power and the highest on-

chip power achieved - approximated at 4mW.

intensity counts between two thermal images is displayed in Figure 5.11. It can be

seen that there is a clear heat difference centred around disk 3, where all of these

measurements were taken. This difference was on the low 10s of counts at the

highest on-chip powers however and so a quantitative measure of heat transfer

could not be made. Qualitatively however, it is clear that despite high increases in

diamond temperature, there is a very low transfer of the heat to the surrounding

chip. This further establishes the hypothesised build up of heat within the

diamond due to a thermally insulating barrier at the bond interface. It is of great

interest that these devices can be separately tuned with relatively low powers

inducing high thermal shifts in peak, whilst having very low effects on the

surrounding chip. This would allow for densely populated chips with active

components that can be separately tuned for application specificity. It is also

possible that external heaters could be attached to the monolithic devices allowing

for an optically independent shift and stabilisation process.
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5.4 Conclusion

Active thermal tuning of a hybrid diamond-SOI device was demonstrated with

large wavelength shifts of resonant peaks. Separable control was also reported

allowing hybrid diamond devices to be seriously considered for many on-chip

applications that can make use of the enviable list of diamond properties. The

insulating interface demonstrated very little transfer of heat to the surrounding

chip with increases in temperature of nearly 30 °C, showing little increase in the

counts of a thermal camera. These rises in temperature corresponded to a ~0.5 nm

shift in peak position. Resonant wavelength shifts of this magnitude combined

with the presented insulation lends itself to an external heat source being applied

on individual resonators for actively tuning and maintaining stable resonances

across a several devices and wavelengths. This is useful for applications where

high power scaling might be required, in Raman lasing for example.
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Chapter 6

Conclusion and Outlook

6.1 Conclusion

The work presented in this thesis has focused on the heterogeneous integration of

optical grade diamond with non-native substrates, suitable for wide ranging

applications. Diamond is a material with broadband transparency, great thermal

stability, large Raman gain and shift, and also hosts several promising spin centre

defects for quantum information processing. The main objective was to develop a

process by which diamond could be used for integrated optical applications -

overcoming challenges associated with its geometrical restrictions. Fabrication

and handling techniques were developed for ultra-thin, free-standing diamond

membranes and their integration - demonstrated here with established SOI

platforms. Monolithic diamond resonator structures were fabricated and transfer

printed, exhibiting high intrinsic Q-factors as large as 5.0×105. Dynamic tuning of

peak wavelengths by almost 0.5 nm was achieved through optically induced

thermal changes. The techniques developed in this thesis are believed to have

advanced the state-of-the-art by addressing not only the material wedge [52, 53,

143, 55], the mode interaction with the diamond [64, 63, 15, 79], and the scalability

of possible devices [34, 67], but all three.

Chapter 1 gave an introduction to the material properties of diamond, with a
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focus on why they are desirable for integrated optical applications. A brief

introduction of waveguiding theory, relevant to the optical devices developed in

this work, was detailed. Synthesis techniques used in the fabrication of high

optical-quality diamond chips were explained and the challenges with using such

samples for integrated optics was outlined. A short review of current works was

also given, which have addressed the challenges similarly tackled by this work.

The novelty of this approach is highlighted, which reports monolithic structures

robust to transfer and micro-assembly of hybrid material devices. The structures

fully support optical modes within, increasing light interaction and

process-efficiency, the diamond thickness variation is mitigated over small device

sizes. Finally, the topics detailed in the chapters to follow were outlined.

In the second chapter a process for fabrication, handling, and characterisation,

of ultra thin diamond membranes with low surface roughness was reported.

Sub-micrometre thickness membranes were fabricated, and techniques for the

characterisation of typical thickness wedges, and surface roughness, were both

discussed. The lower thickness side of the diamond was comfortably within the

vertical criterion for single mode only support at telecommunication wavelengths.

Low surface roughness values were also achieved with a value of 0.4 nm r.m.s.

over 10 µm2 - which promoted a large surface area of contact between the

diamond and target substrate of the subsequent chapters bonding.

Chapter 3 demonstrates the integration of diamond membranes through

capillary-assisted bonding with a silicon-on-insulator platform. This hybrid

device was designed to demonstrate and characterise optical interaction between

an underlying waveguide and the diamond. The fabrication of the diamond

membrane was then briefly detailed, as it was discussed fully in Chapter 2.

Handling and integration of the membrane, with silicon resonator devices, were

then detailed and the separation at the interface investigated. SEMs found that 1

µm membranes deforming over a single axis achieved intimate contact, but optical
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interference fringes showed that bonding over complex features - those requiring

deformation in 2 axes - gave a non-uniform separation. An analysis of how the

optical properties of the hybrid device differed from the nominal attributes of the

silicon device alone was conducted. These were compared with what modal

simulations predicted for each case and it was found that group index changes

were in line with what simulations predicted. That is, for a diamond membrane

bonded to silicon and with an average separation of 70 nm. Loaded hybrid device

Q-factors for this device were calculated to be approximately 1.1×104.

In the next chapter the complexities of integrating a mm2 membrane, such as

non-uniformity in the bonding, are addressed by fabricating monolithic diamond

devices for individual transfer. Tessellated square membranes were printed, and

their thickness was measured using AFM, to characterise and demonstrate the

versatile, application-driven device geometries that can be fabricated from a single

wedged chip of diamond. Disk resonators were also fabricated and transfer

printed onto a SOI platform that could be used for non-linear applications such as

four wave mixing or on-chip Raman lasing. Intrinsic Q-factors of these hybrid

devices were shown to be 9.6×104 on average with a maximum resonance found

to be ~5.0×105. By this approach the light will guide fully within the diamond

and increase the interaction by orders of magnitude compared with the

evanescent approach of Chapter 3. This will act to massively decrease the

threshold injection powers required for Raman lasing for example.

Dynamic thermal tuning of a micro-assembled diamond-on-silicon device was

demonstrated with large 100s pm shifts in resonant wavelength peaks. Control of

the tuning was achieved by increasing the probe power and also separable control

was presented using a pump beam. The mutually exclusive tuning and

measurement results reported, allow for these hybrid diamond devices to be

seriously considered for many on-chip applications that can then make use of

diamond’s optical properties. The interface between the diamond device and the
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integration platform was demonstrated to greatly impede the transfer of heat,

with increases in diamond temperature of ~30 °C showing little increase in the

surrounding area’s temperature. Shifts of close to 0.5 nm in resonant wavelength

were demonstrated for the on-chip powers achievable. Tuning of this magnitude,

combined with the presented thermal insulation, would enable an external heat

source to be applied onto individual resonators to achieve active tuning and

resonance stability across a several devices and wavelengths. This is useful for

applications where high power scaling might be required, in Raman lasing for

example, where external heat sources could be varied to maintain peak position

when increased optical powers would nominally induce a shift of their own.

6.2 Future Work

6.2.1 Hybridisation with visible-light transparent platforms for

quantum applications

The techniques developed in the completion of this PhD are independent of

material platform. In future, integration of diamond devices could and should be

applied to different non-native substrates. For example, GaN is a material which

is transparent in the visible wavelength range that might be used as a bus for

efficiently collecting colour centre emissions from a diamond disk. Gallium

Nitride has exhibited a linear electro-optic coefficient in the same order of

magnitude as GaAs, or AlN which could also be used for tuning of resonances in

place of external heaters, a further possibility [144, 145]. Suppression of phonon

assisted sidebands and enhancement of zero phonon line transmission with

nitrogen vacancy centre emissions is necessary to improve greatly the useful light

output for quantum applications. Ring resonators are ideally placed for this

enhancement and by the methods detailed in this thesis, the light would already
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be on-chip with capability of directing and processing elsewhere with ultra-low

loss.

6.2.2 Photoluminescent measurement automation, alignment, and

scalability

For many applications involving atom-like emitters and integrated optics,

accurate knowledge of their positions are required. If for example, a ring resonator

was to be fabricated from a diamond chip containing native nitrogen vacancies,

the ring would need to be accurately aligned to prevent either etching away or

missing the resonant enhancement from being placed in the cavity. It would thus

greatly improve the capabilities of the department and future development of

quantum information processing research to establish an automatic alignment and

photoluminescence setup. Alignment markers can be patterned on a chip far

separated for quantifying both lateral positions and rotation. Then with a

confocally scanning excitation laser and photodetector setup, controlled with

Labview, this could all be achieved.

Transfer printing also enables a direct scaling of the micro-assembly techniques

presented in this thesis. The capability to print several diamond disks from an

array in a single step onto pre-determined positions of an integration substrate can

help realise fabrication of quantum information processing chips.

6.2.3 Efficient development of spin maintaining diamond etch

processing

Tangentially, with the proposed relevance to nitrogen vacancy quantum

computing, the methodologies detailed are ideally placed to investigate optimum

fabrication routes for colour centre spin properties. The tessellated squares for

example, detailed in Chapter 4, can be transferred allowing different material

processing on the scale of 10 - 100s of samples per single diamond chip. Our
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FIGURE 6.1: a) An optical microscope image of a grayscale patterned
slope of photoresist. b) A dektak thickness measurement of the same

photoresist.

collaborative work with Morley et al. [146] has shown that NVs can be

three-dimensionally written using laser pulses and subsequent annealing. By

treating several of the tessellated platelets differently and then utilising this

process, spin properties could be quickly and quantifiably characterised relative to

one another. The wedged thickness of diamond could also be used to determine

an optimum depth of the defect balancing detrimental surface effects and

maintaining a planar waveguiding cross-section.

6.2.4 Grayscale photolithographic reduction of material wedge

With respect to wedged thickness a development of grayscale lithography started

in this project could be brought to completion. Photoresist is exposed with a

gradiated level of exposure resulting in a gradiated cross-linking response - after

development a sloped resist mask is left. An example of this is shown in Figure

6.1. By aligning this slope inversely to the wedge gradient and accounting for etch

selectivity a mask etch-through process could be used to reduce particularly large

thickness differences. Etching completely through a mask will impose some
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increase in surface roughness but provided it is not large this can be reduced again

using the developed Ar-Cl2 ICP-RIE etch.

6.2.5 Final remark

Diamond is a material with remarkable properties for use in optical applications

and the works to develop this platform have been amazing. I believe this thesis

builds on these works and provides a novel means to scalable integration of

diamond towards wide ranging applications. I am excited to see how the field

progresses in the years to come.
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