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GaN directional couplers were fabricated and Hong-Ou-Mandel two-photon
interference was demonstrated with a visibility of 96%.
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Abstract

Quantum optics has been a frontier of physics in the last few decades. Integrated
quantum photonics which prompts the concept of realizing quantum optics oper-
ation on a chip is crucial for any potential applications beyond the optical bench.
This thesis focuses on two important material systems (diamond and GaN) which
both have the potential for integration of single photon sources and detectors with
integrated quantum circuits and at the same time can minimize the footprint of
the integrated quantum circuits due to their high refractive index.

We have proposed and realized two new masking methods to fabricating higher
aspect ratio diamond microlenses through plasma etching. We have also proposed
and demonstrated a new approach to fabricating large cross-section edge-coupled
rib waveguides on free-standing thin diamond substrates by combining inkjet
printing of photoresist with photolithographic patterning technique. Single-mode
GaN directional couplers with transmission varying between 0.1:0.9 and 0.55:0.45
have been studied and two-photon interference was demonstrated in a 0.55:0.45
GaN directional coupler. This is the first demonstration of two-photon interfer-
ence realized on a compound semiconductor chip.

Our work opens up a new way to achieve sophisticated integrated quantum
photonic circuits based on GaN and other suitable compound semiconductors. In-
tegrated quantum photonics is a widespread research topic, currently undergoing
explosive developments. Future options including an all-diamond platform, IT1I-V
semiconductors or a hybrid system between diamond and III-V semiconductors

are discussed as perspectives.
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Chapter 1
Introduction

This work focuses on the development of novel micro-photonic structures and
components such as microlenses and waveguides for integrated quantum pho-
tonics. With the application of integrated quantum photonics in mind, these
structures and components were made from diamond and GaN materials. A ba-
sic understanding of integrated quantum photonics is crucial for designing and
achieving such photonic components. In this chapter, I will give a brief intro-
duction to this topic and provide an overview of building integrated waveguide
circuits on different substrates.

Quantum optics will be reviewed very briefly in section of this chapter.
The understanding of light as a 'quanta’ leads not only to the development of the
theory of quantum mechanics, but also to potential applications like quantum
computation. One particularly interesting protocol for quantum computation
is linear optical quantum computing which involves only single photon sources,
linear photonic circuits and single photon detectors [I].

In section [1.2] T will introduce the concept of the single photon and review
the literature on various single photon sources. The integration potential and
performance of single photon sources are also commented on briefly.

It is difficult or even impossible to build complex photonic circuits by using
bulk optical components, so the developments of miniature and integrated cir-
cuits are needed. In section [I.3] the history and development of integrated optics
will be reviewed, followed by a summary of recent reports on integrated quan-
tum photonic circuits. A short introduction on single photon detectors will be
presented in section [1.4]

In section of this chapter, I will describe why we need to search for new
material systems (e.g. diamond and GaN in this work) to develop integrated

quantum photonics rather than to stick to the conventional silica-based materials.



Finally, I will give the outline of this thesis.

1.1 Quantum optics: a brief history

Quantum optics is a relatively new subject. Figure is the Google books’
Ngram viewer result of a 2-gram phrase quantum optics during 1900-2008 [2].
This graph shows how the phrase quantum optics has occurred in a corpus of
books. As we can see, this clearly shows the historical development trend of
quantum optics. Its appearance has gradually increased during the second half
of the 20th century.

A few remarkable papers paved the way of quantum optics. It was Max
Planck who first had the quantum hypothesis in 1900 in order to explain the
black-body radiation and this gave birth to quantum theory [3, [4]. In 1905,
Albert Einstein proposed that light can be considered as particles, and offered a
successful explanation of the photoelectric effect observed by Heinrich Hertz and
Philipp Lenard [5].

As Mark Fox pointed out in his introductory book on quantum optics [6],
Planck and Einstein pioneered the quantum theories of light and atoms, but there
is no direct experimental evidence of the quantum nature of light. Einstein made a
prediction that the maximum energy of the electrons emitted in the photoelectric
effect must vary linearly with the frequency of the incident light. This prediction
was confirmed experimentally to high precision ten years later by Millikan [7].
This is one of the most convincing confirmations of the idea of quanta [§]. In
1923, Arthur Holly Compton observed an effect in which the scattered radiation
from a high energy photon colliding with a target has a wavelength shift which
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also confirmed the quantum nature of light [9].

Later on, more modern experiments have been carried out in quantum op-
tics. In 1956, Robert Hanbury-Brown and Richard Q. Twiss published their
experimental results on the intensity interferometer [10]. They discovered pho-
ton bunching in light emitted from a filtered Hg arc lamp and this experiment
opened up the development of modern quantum optics. In 1960, the laser was
invented [I1] and it later became an important tool for quantum optics. In 1963,
Roy J. Glauber gave a description of quantum states of light which have different
statistical properties compared to those of classical light [12, [13]. Photon anti-
bunching was demonstrated in an experiment by H. Jeff Kimble, Mario Dagenais,
and Leonard Mandel in 1977 [14]. The antibunching experiment provides direct
evidence for the existence of optical photons. In 1987, Chung Ki Hong, Zhe-Yu
Jeff Ou and Leonard Mandel reported a two-photon interference experiment [15].

The development of quantum computing as a subsection of quantum optics
starts in 1982 when Richard Feynman first came up with the idea of a 'quantum
computer’ [I6]. David Deutsch published his seminal paper on the universal quan-
tum computer in 1985 [I7]. Peter Shor then proposed an algorithm of discrete
logarithms and factoring for quantum computation [I§]. Another famous algo-
rithm was proposed by Lov K. Grover [19, 20]. A review of quantum algorithms
can be found in papers [21], 22].

Motivated by these promising algorithms, several groups around the world
have been racing to create a practical quantum computer. Isaac L. Chuang et al.
reported an experimental realization of a Deutsch-Jozsa quantum algorithm using
a nuclear magnetic resonance (NMR) technique in 1998 [23]. In the same year,
Jonathan A. Jones et al. reported the implementation of Grover’s quantum search
algorithm on an NMR quantum computer [24]. Since then, quantum computers
have been tested on several systems including photons, NMR, trapped atoms,
quantum dots and dopants in solids, superconductors, and others [25].

Among these, photons are particularly appealing for quantum computing es-
pecially after the breakthrough made by Emanuel Knill, Raymond Laflamme and
Gerard J. Milburn [1]. The Knill-Laflamme-Milburn (KLM) scheme shows that
efficient linear optics quantum computation (LOQC) is possible using only beam
splitters, phase shifters, single photon sources and photodetectors. These basic
components (single photon sources, linear optical networks and photodetectors)
of the KLM protocol are readily accessible for experimental investigation and
practical realizations have been demonstrated [26H28].

Figure [1.2] shows a brief scheme of LOQC. Prior to 2008, optical quantum
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Figure 1.2: Schematic illustration of a linear optics quantum computation circuit.

computing structures comprised bulk optical components, leading to severe lim-
itations in miniaturization, scalability and stability. In the following section, I
will review the recent developments towards integrated quantum photonics in
the sequence of single photon sources, linear photonic circuits and single photon

detectors.

1.2 Single photon sources

A single photon source is a crucial part of LOQC as shown in the previous section.
It is also an essential element for quantum cryptography [29]. In this section, I
will look back into the literature and present my understanding of single photon
sources from the points of view of what is a single photon and how to produce

single photons.

1.2.1 What is a single photon?

The term ’single photon’ refers to isolated single light quanta. A single photon
source emits one photon at a time and thus has a non-classical distribution.
The probability distributions of the number of photons for three light sources,
i.e. a thermal source, a coherent light source and a single photon source are
shown in Figure [I.3] The average number of photons in these modes is one.
The thermal source shown in Figure [1.3(a) presents the Bose-Einstein statistics
of black-body radiation. The coherent light source in Figure (b) presents a
Poisson distribution, narrower than that of a thermal source. The probability
distribution of an ideal single photon source is shown in Figure [L.3)c).

The photon statistics of a light source can be studied via the normalized

second-order correlation function ¢g®(7) [30]. This can be defined by:

) (r) = <IWI(t+T1)>
T = T < I(t+7) >

(1.1)

where (I(t)) indicates that the time averaged light intensity is computed by in-



I Thermal source] 04 I Coherent source)] [ Single

_E 0.5 1.04 photon source
E 0.4 0.3 0.8

g 0.3 (a) 0.2 (b) 0.6 (c)

> 02 0.4

3 0.1 01 0.2]

3 0.0 0.0 - 0.0

E 012345678910 012345678910 012345678910

Number of photons  Number of photons  Number of photons

Figure 1.3: Probability distribution of the number of photons for three sources
[(a) thermal source; (b) Coherent source and (c) Single photon source|] with an
average photon number n = 1.
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Figure 1.4: Schematic diagram of Hanbury-Brown—Twiss (HBT) experimental
setup.

tegrating over a long time period. The formula shows the existence of the next
photon coming after the time delay 7. For zero time delay, the function g (0)
means how much coincidence of two photons occurs. Different light sources will
have different ¢(®(0).

Second-order correlation function can be measured by the famous Hanbury-
Brown—Twiss (HBT) experiment [14]. The HBT setup is shown in Figure [I.4]
A photon stream is incident on a beam splitter and the outputs from the two
photon detectors are feed into a coincidence counter.

Based on the value of ¢®(0), a threefold classification is made. When ¢(?(0) >
1, we use the phrase bunched light. As illustrated in Figure (a), there is an
enhanced probability of two photons being emitted within a short time delay.
When ¢®(0) = 1, we use the phrase coherent light, in which the photons are
mostly random distributed, as illustrated in Figure [L5(b). When ¢®(0) < 1,
we use the term antibunched light, as illustrated in Figure (c), where photon

number is regularly distributed.
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Figure 1.5: Illustration of photon streams for (a) bunched light, (b) coherent light
and (c¢) antibunched light.

1.2.2 How to produce a single photons?

Reference [31] is a recent review paper on single photon sources (quantum emit-
ters) by M. D. Eisaman et al.. The first antibunching single photon source was
an sodium atom from a report in 1977 by H. Jeff Kimble, Mario Dagenais, and
Leonard Mandel [I4]. Since then, a variety of single quantum emitters have
been used for single photon generation. The resonance fluorescence of a single
atomic ion stored in a radio-frequency trap was found to be antibunching in 1987
by Frank Diedrich and Herbert Walther [32]. Fluorescence photons emitted by
an optically pumped single molecule of pentacene in a p-terphenyl host showed
antibunching [33]. These single photon sources are normally operated at low
temperature and are thus very bulky. Achieving a compact solid state single
photon source is quite demanding. Quantum dots (QDs) and impurities/defects
in solid are both atom-like and have been proposed as solid-state single photon
sources. In the next two subsections, we give a brief introduction on these two

single photon sources.

Quantum dots

The idea to use solid-state QD for single photon generation was proposed as early
as 1994 by Atac Imamoglu and Yoshihisa Yamamoto [34]. A review paper on QDs
as a single photon source can be found in reference [35]. In general, there are
three different types of QDs used for single photon generation, namely colloidal
QDs (synthesized from solution based precursor compounds), self-assembled QDs
(grown using molecularbeam epitaxy(MBE) or metal organic chemical vapor de-
position (MOCVD)) and lithographically defined QDs (plasma etching to two-

dimensional semiconductor layers through lithographic defined masks).



Colloidal QDs can be synthesized by high-temperature organometallic meth-
ods [36], 37]. The first quantum dot (QDs) antibunching experiment was reported
by Peter Michler et al. from Atac Imamoglu’s group [38]. In that experiment,
CdSe/ZnS core/shell colloidal QDs were used. Recent advances on single photon
sources based on single colloidal nanocrystals can be found in a review paper [39).

Photon antibunching of self-assembly QDs was reported by Atac Imamoglu’s
group in 2000 [40], C. Becher et.al. in 2001 [41] and Yoshihisa Yamamoto’s group
in 2001 [42].

In 2011, photon antibunching from a single lithographically defined
InGaAs/GaAs quantum dot was demonstrated by Varun Verma et al. in
National Institute of Standards and Technology, USA [43]. This method could
provide a way of positioning the QD emitters accurately.

The QDs mentioned above are all optically pumped. In 2002, Zhiliang Yuan
et al. at the Toshiba Research Europe Limited, Cambridge Research Laboratory
reported single photon emission from a single quantum dot within the intrinsic
region of an electrically driven p — i — n junction [44]. Such a device provides
advantages for single photon source on chip integration.

QDs have also been tested through two photon quantum interference. Charles
Santori et al. tested the indistinguishability of photons emitted by a semiconduc-
tor quantum dot in a microcavity through a Hong-Ou-Mandel type two-photon
interference experiment and confirmed that photons emitted from QDs are iden-
tical [45]. The use of QDs for photon pair generation was reported by the Toshiba
Cambridge research laboratory in 2006 [46] and was further improved in terms of
brightness [47].

Because QDs are artificial atoms which are not identical in practice, they show
different emission wavelengths. Quantum interference between photons emitted
by different QDs is hard to realize and limiting the application of QDs. However,
progress has been made in recent years. Post-selective two-photon interference
from two spots of an electrical pumped single photon LED has been studied by
Andrew J. Shield’s group in 2008 [48]. Yoshihisa Yamamoto’s group reported their
experiments on the indistinguishable photons from independent semiconductor
nanostructures which were ZnSe/ZnMgSe quantum wells (QWs) with a fluorine
donor [49]. Interference of single photons from two separate low density strain-
induced InAs QDs has been reported by Glenn S. Solomon’s group in 2010 [50].

One of our motivations for working on GaN as a platform for integrated quan-
tum photonics is the potential to integrate a GaN QD single photon source on

chip. GaN QDs were demonstrated to be able to emit single photons at 200 K by
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Figure 1.6: (a) A custom built scanning confocal microscope; (b) Structure dia-
gram of a NV single; (¢) A 1x1 p m image showing fluorescence from a single NV
centre in diamond. Images courtesy: Jason Smith.

Satoshi Kako et al. in 2006 [5I]. A summary of Nitride-based quantum dots for
single photon source applications can be found in the Jarjour review paper [52].
Recently, progress has been made to achieve an electrically driven single photon
source based on GaN QDs [53].

Although impressive progress have been made on single photon generation
from QDs, the operation of such QDs sources often requires low temperature
which is a major drawback. This makes the diamond colour (NV) centre quite

promising because it can be operated at room temperature.

Diamond colour centre

Diamond has more than 500 types of luminescent centre and there are numerous
reports of single photon emission from nitrogen-vacancy (NV) centres, nickel-
related colour centres, silicon-related colour centres, chromium-related colour
centres, etc. Diamond-based single photon emitters from different colour cen-
tres and microfabrication techniques are summarized in a recent review article
from Igor Aharonovich et al. [54].

NV centre is one of the most intensively studied colour centres in diamond.
Figure |1.6] shows a example of scanning cofocal microscope, atom structure di-
agram and fluorescence of a single NV center. Single photon emission has been

observed from both bulk and nanocrystalline diamond. Philippe Grangier’s group



reported that photon antibunching in 2-MeV electron irradiated single crystals of
synthetic Ib diamond from Drukker International [55]. In the same year, Harald
Weinfurter’s group also observed that fluorescence light, emitted from a single
nitrogen-vacancy centre in a type Ib untreated diamond crystal, exhibits strong
photon antibunching [56]. In 2001, Philippe Grangier’s group reported photon
antibunching phenomena in diamond nanocrystals with a typical size of 40 nm
containing a single NV centre [57].

Single photon generation from diamond colour centres is an active research
area and great progress has been made on electrical pumping and fine tuning.
In 2011, a diamond-based light-emitting diode for visible single-photon emission
at room temperature was reported [58]. Similar to QDs, the drawback of di-
amond colour centres is that they are not identical. Interference between the
photons from two diamond colour centres is very hard to achieve despite much
effort. Recently, two groups have just reported their two-photon quantum inter-
ference between two separated diamond colour centres [59] and even from two
remote diamond samples [60]. This major breakthrough makes diamond even

more attractive as a quantum photonics platform.

Parametric down conversion

Since the above mentioned single photon sources are not yet readily available, a
spontaneous parametric down conversion (SPDC) source is so far the most used
photon source in quantum optics experiments. In this work, we used SPDC to
generate photon pairs for two-photon quantum interference in our GaN directional
couplers as shown in Chapter [ Thus, the background and principle of SPDC
are presented in this subsection.

It is noted that William Henry Louisell, Amnon Yariv and Anthony E. Sieg-
man predicted SPDC in 1961 [61]. Then, Boris Ya. Zel’dovich and David Niko-
laevich Klyshko proposed SPDC could be used as nonclassical light [62]. A SPDC
experiment was demonstrated by David C. Burnham and Donald L. Weinberg in
1970 [63]. SPDC is a second order nonlinear process [64] as illustrated in Fig-
ure [I.71 A pump photon is converted into two down-converted photons named
the signal photon and the idler photon. When applying energy and momentum

conservation laws, we have:
Wpump = Wsignal + Widier (12)

kpump = ksignal + kidler (13)
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Figure 1.7: Illustration of the 'photon splitting’ process when a pump photon
goes through a nonlinear crystal.
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Figure 1.8: (a) Schematic setup and (b) photograph of type-I SPDC. After [65].

where, w represents angular frequency and k£ is the wave vector of
pump/signal/idler photon. If Wyigna = Widier = 0.5Wpump the process is said to be
degenerate, and nondegenerate otherwise.

Satisfying these two equations at the same time is called phase matching.
There are multiple solutions of frequencies and wave vectors that can be phase
matched. Dispersion in a nonlinear crystal (i.e. refractive index varies with the
frequency) makes it not possible to satisfy phase matching under the normal
conditions.

One method to compensate this dispersion is by utilizing a birefringent crystal.
Birefringence occurs in uniaxial crystals in which light with different polarizations
has different refractive indices. The ordinary refractive index, n., is obtained for
light polarized along the crystalline optic axis direction and the extraordinary
refractive index, n,, refers to light polarized perpendicular to the optic axis di-
rection. Birefringence and dispersion cancel each other out and allow two different
types of phase matching.

In type-1 phase matching, two down-converted photons have parallel polar-
ization and are orthogonal to that of the pump photon. Down-converted photons
form a cone of multi-spectral light as shown in Figure [1.8

In type-II phase matching, two down-converted photons have orthogonal po-
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Figure 1.9: (a) Schematic setup and (b) photograph of type-II SPDC taken by
Michael Reck. After [67].

larizations and one of them is parallel to the polarization of the pump photon.
The two down converted photons are in two cones as shown in Figure [67].

Such birefringent optical materials used for SPDC include potassium
dideuterium phosphate (KDP, KD,PO,), Beta barium borate (BBO,
p-BaB,0y), Lithium Niobate (LiNbOj), etc. David N. Nikogosyan recently
summarized the development of various nonlinear crystals in his book [69].
Among all these nonlinear crystals, BBO is now widely used for SPDC and was
first synthesized by Chuangtian Chen in 1985 [70]. Early nonlinear applications
of BBO crystal were summarized in a review paper in 1991 [71]. In our work
undertaken in collaboration with the University of Bristol, a type-I BBO crystal
was used to generate photon pairs for two-photon interference measurements.

Besides using birefringent materials for phase matching, there is another tech-
nique named quasi-phase matching. Quasi-phase matching was first propsoed 50
years ago by J. A. Armstrong and Nicolaas Bloembergen et al. [72]. Implementa-
tion of quasi-phase matching requires a fabrication method that can achieve uni-
form microscale periodic structures while preserving the material’s transparency,
nonlinearity, and power handling capability [73].

Fabrication methods of periodic nonlinear crystals for quasi-phase matching
have been developed including chemical diffusion [74], guided-wave quasi phase
matching [75], crystal growth processes [76, [77], orientation-patterned gallium
arsenide [78-80] and ferroelectric domain reversal by an external electric field
[81]. Periodically poled LiNbO3 (PPLN) has been used as an integrated PPLN
SPDC photon pairs source and in waveguide circuits for quantum interference
[82] and quantum walks [83]. Furthermore, counterpropagating twin photons
generated by a pump beam impinging on top of a nonlinear waveguide have also

been used for a two-photon interference demonstration [84+86].
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Figure 1.10: Schematic of two photons meeting at a beam splitter. After [87].

1.3 Integrated quantum circuits

Quantum gates, such as the Controlled NOT (CNOT) gate, can be constructed
with conventional linear optics using two-photon interference [I5]. As shown in
Figure , two photons impinging on a beam splitter via inputl/2 may leave
the beam splitter with three possibilities:

(1) One photon from output 1, One photon from output 2;

(2) Two photon from output 1, none from output 2;

(3) none from output 1, Two photon from output 2.

This can be written in the form [8§]:
) = (BRI = IT*)[1)1]1)2 + V2i[|2)1]0)5 + |0)1]2)s] (1.4)

where R and T are respectively the reflectivity and transmissivity of the beam
splitter. For a 50/50 beam splitter, the first term is zero. This implies that
indistinguishable photons will "stick together” and leave the beam splitter through
the same output.

Bulk optical components are widely used in quantum optics experiments and
hence easily take up a large optical table. The applications of integrated optics

components to replace these bulk optical components has opened up the age of
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chip-based optical quantum computation, namely integrated quantum circuits.
In this section, I will review the history of integrated optics first then go on to

the recent development of integrated quantum photonic circuits.

1.3.1 History of integrated optics

The classical theory to treat light waveguiding uses total internal reflection (TIR).
TIR occurs when light propagates in a medium of higher refractive index than
its surroundings, thus light can be confined in the higher index medium. Light
guiding in a water jet was demonstrate by Jean-Daniel Colladon in 1842 [89] [90],
which is a vivid demonstration showing the light waveguiding effect.

Integrated optics emerged in the 1960s [01H93] and the word ”integrated op-
tics” was coined by Stewart E. Miller in 1969 [94]. In his paper, Miller proposed
that optical wave circuits could be fabricated in dielectric thin films. Compared
to the configuration with freely propagating light beams, integrated optical cir-
cuits are small, stable and reproducible. The resulting light confinement in these
integrated circuits could facilitate the achievement of desirable nonlinear effects
at lower power levels [94]. This seminal paper had been cited 136 times from
1969 to 1976 [95] indicating the fast development of integrated optics during the
1970s, given that there were no computer and internet search engines during that
time. The first meeting on integrated optics was held in Las Vegas between 7-10
February, 1972. In that conference, fibre optics together with thin film material
related integrated optics were discussed [96]. Since then, much progress has been
made in this area and several types of waveguide structures of the integrated
optics family were demonstrated in a wide variety of materials, from glass to
crystals and semiconductors as shown in Figures [1.11)(a-d). Optical fibres are
now well developed and have wide applications forming a well-separated subject.
2D /3D waveguides and various functional devices combining several waveguides
together have been demonstrated in lithium niobate, indium phosphide, gallium
arsenide, silica on silicon, polymer, silicon, etc [97]. One of the key techniques for
integrated optics is to manipulate the refractive indices of materials in order to
fabricate optical components, for example, waveguides. There are various ways
of making waveguides [97]. Thin film technology including the combination of
film growth, selective etching and regrowth processes is arguably the most impor-
tant method. For example, there is a large refractive index contrast between the
compound semiconductor films grown with different compositions or SiO, films
with different dopants. Other material refractive index modification methods in-

clude ion diffusion [9§], ion exchange [99], ion implantation [I00] and laser writing
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Figure 1.11: Tllustration of (a) fibre, (b) planar, (c¢) channel and (d) rib waveg-
uides.

[T0T], 102).

This work will concentrate on rib waveguides [Figures[1.11](d)] and associated
directional couplers. Rib waveguides on barium silicate glass were first reported
by J. E. Goell in 1973 [I03]. The advantages of this rib structure are the relaxed
requirement for resolution and edge smoothness in the fabrication process since
only a portion of the guided energy touches the etched sidewall. A directional
coupler consisting of a rib waveguide is reported in the same paper [I03]. The
principle of a directional coupler is that modes in close proximity waveguides could
be coupled by their evanescent fields. Thus a directional coupler can be used to
replace the beam splitter which is widely used in traditional optics laboratories.
These integrated optical components could help minimize the size of quantum
circuits and their application in quantum circuits will be summarized in the next

subsection.

1.3.2 Development of integrated quantum circuits

The ability to manipulate nonclassical light on a chip was first demonstrated
by Jeremy O’Brien’s group at the University of Bristol in 2008 [104]. Since
then, several other groups have set out to develop integrated quantum photonic
circuits. Table summarizes a list of reported work on integrated quantum
photonic circuits from 2008 to 2012.

Progress in this area is very encouraging; however, it is still far away from

a full integration of single photon sources, circuits and detectors. So far, most
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reported integrated quantum photonic circuits are based on different types of
silica with a minor refractive index change. This leads to the large footprint per
logic gate (e.g. 1 cm per logic gate for a current silica waveguide circuit [104]).
The circuit size can be reduced using photonic materials with a higher refractive
index contrast [25]. There has been a preprint on photonic circuits for quantum
computation on SOI substrate in February, 2012 from the group at University
of Bristol [I19]. This is one of our motivations of working on diamond- and/or
GaN-based platform, both of which have a high refractive index (both n~ 2.4 at

visible wavelength).

1.4 Single photon detectors

An ideal single photon detector would have high detection efficiency, low dark-
count rate, and minimum dead time and timing jitter. If we categorise photon
detectors according to their material systems, there are three main types, pho-
tomultiplier tubes (PMTs), single photon avalanche photodiodes (SPADs), and
superconducting single photon detectors [31].

The PMT is so far the most used photon-counting technology. A PMT is a
vacuum device combining two physics effects, the photoelectric effect [121] and
secondary electron emission [122]. In a PMT, first an incident photon knocks an
electron out of a photocathode made of a low work function material. Then the
electron is multiplied by a cascade of secondary electron emission from dynodes,
resulting in a current large enough to be detected. Single photon counting in
PMTs was demonstrated as early as 1949 by a research group in RCA [123].
Commercial PMT units are now widely available and there are continued efforts
to improve the performance of PMT devices [124]. The drawback of the PMT is
the high cost of operation (cooling of the photocathode). Furthermore, a PMT is a
vacuum tube, which makes it difficult to integrate a PMT with other components
to realize integrated quantum photonics.

A SPAD is a semiconductor-based photodetector (photodiode). In a SPAD,
an incident photon creates an electron-hole pair instead of an electron as in the
case of PMT. The electron-hole pair will then be accelerated in a strong electrical
field and then an avalanche process occurs. Many semiconductor materials have
been used for making SPADs with different specifications. For example, a silicon
SPAD can work in the visible and near-infrared regions, while a Ge-based SPAD
can detect photons with a wavelength up to 1.7 ym. InGaAs together with InP
can operate in the wavelength range between 0.9 and 1.7 um. GaN SPADs can
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operate in the UV region. The SPAD is now widely used in quantum optics and
quantum information experiments [124].

Recent development of single photon detectors such as superconducting
nanowire single photon detectors (SNSPDs) [125] and transition-edge sensors
[126] are also very promising and might have the potential of integration with
semiconductor photonic circuits to make an all integrated quantum photonic

circuits.

1.5 Outline of this thesis

So far, I have reviewed the topics of integrated quantum photonics relevant to
this thesis. Integrated quantum photonics is still in its infancy and the material
choice is still widely open. In this work, we have investigated the high refractive
index materials (Diamond and GaN) that are suitable for developing quantum
circuits with small footprints. The objective of this thesis work is to develop novel
diamond- and GaN-based photonic micro-structures and components including
diamond micro-lenses and micro-pillars, diamond and GaN rib waveguides and
GaN directional couplers, which could be the building blocks of new and /or hybrid
integrated quantum photonic circuits.

To fabricate these novel photonic structures, semiconductor fabrication tech-
nology was used and further technology development was also carried out. Chap-
ter [2] is a general overview of the semiconductor fabrication processes including
pattern definition and pattern transfer. Less common fabrication methods like
inkjet printing for photoresist deposition and yLED writing are also introduced
because they were also used in this work.

Chapters |3 and {4] present investigations and results on diamond photonic
structures. As mentioned above, diamond is a promising material candidate
for making a room temperature solid-state single photon source. However, as
diamond has a refractive index of 2.4, the collection efficiency of single photon
emission from a planar diamond is quite low. Many efforts have been made in
developing diamond microlenses, nanowires and photonic crystals so as to improve
light extraction. I will present my work on the fabrication of diamond microlenses
and micropillars in Chapter

The use of diamond as a platform for quantum photonics has been proposed.
However, as diamond is very hard and chemically inert, the processing of diamond
to make waveguides and other photonic structures is very challenging despite

much related effort. In this work, I have made progress on fabricating end-
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coupled diamond rib waveguides and these diamond waveguides were also fully
characterised [I127]. These results will be presented in Chapter [4]

The results on GaN rib waveguides and directional couplers are presented in
Chapter [f] We first proposed and demonstrated GaN-based structures as being
attractive for such photonic applications. GaN has a high refractive index which
enables compact photonic circuits. It also benefits from mature, versatile and
scalable epitaxial technology which makes the GaN material readily accessible.

Finally, Chapter [0] will give a summary of this thesis and discuss some per-

spectives of future research on this topic of integrated quantum photonics.
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Chapter 2

Fabrication techniques for
developing photonic

microstructures

The task of this research was to develop the desired photonic structures such
as microlenses, micropillars and rib waveguides in diamond and GaN. In this
chapter, the microfabrication techniques will be reviewed and commented on,
especially those techniques applied in this work. There are two main sections in

this chapter: pattern definition and pattern transfer.

2.1 Pattern definition

In microfabrication, a number of templates or masks are often needed in or-
der to make micro-patterns and thereafter transfer the pattern to a substrate.
There are various ways of making transferable patterns on a substrate, such as
photolithography, laser/uLLED writing, e-beam writing, focused ion beam (FIB),
inkjet printing and dip-pen writing. In the following section, photolithography
is introduced first since it is commonly used in microfabrication processes. Two
maskless patterning methods (uLED writing and photoresist inkjet printing) are

introduced in the second subsection.

2.1.1 Photolithography

Traditional lithography is a method that uses masks (patterns on a flat surface
like stone, polymer, wax, metal, etc.) to create replicas of these patterns on

the mask or their complementary patterns by applying ink on a sheet of paper
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Figure 2.1: Illustration of photolithography and the difference between positive
and negative resists.

or cloth. In the modern semiconductor industry, a widely used technique is
named photolithography which usually involves the use of a photo-mask (Chrome
pattern on glass) and an ink (photoresist). Unlike the replication process in the
traditional lithography methods, the photo-mask pattern is there replicated into
the photoresist by light exposure. Exposure refers to the process that a light
beam reaches the surface of the photoresist and a chemical reaction occurs. A
subsequent development process will then remove the undesired material and
realise the replicated or complementary pattern of the photomask.
Photolithography developed along with the integrated circuit (IC) industry.
The basic process of photolithography is shown in Figure[2.1 A light beam shines
through a photomask and causes a reaction in the photoresist film. Depending
on the properties of the photoresist, the developed resist pattern will be either
the replica of the photomask (positive resist) or the complementary pattern to
the photomask (negative resist). In this photolithography section, I shall first
give a brief introduction on the mask aligner used for photolithography, and then
move on to the resolution achieved in the last several decades. Finally, the many
aspects of photoresists will be introduced including the absorption spectrum and

advantages and disadvantages of the photoresist spin coating process.

Mask aligner

In this work, the photolithography process has been conducted on a Karl Suss
MA6 Mask Aligner (Figure in our laboratories. A typical mask aligner con-
sists of three main parts: lamp housing, alignment stage and microscope. The

lamp housing accommodates the exposure light source, including the high pres-
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Figure 2.2: Image of a Karl Suss MA 6 Mask Aligner used for the work of this
thesis.

sure mercury arc lamp and corresponding electrical circuit which will be explained
in detail in the following paragraph. The microscope is indicated in Figure
and is mainly used for observing and achieving the alignment between the pho-
tomask and the sample before the exposure. The wafer chuck and mask holder
are also shown in the same figure. During the alignment, there is a certain gap
(i.e. 50 pm, depending individual setup) between the mask and wafer, allowing
the x-y and angle adjustments.

There are three different exposure modes: soft contact, hard contact and
vacuum contact. Among these exposure modes, vacuum contact has the mini-
mum possible gap and gives best resolution, while soft contact gives the worst.
However, in soft contact mode, a gentle pressure is applied thus giving a better
protection for both the sample and mask. To get better balance between safety
and resolution, a standard hard contact mode is usually recommended.

In our MA6 mask aligner, the lamp housing model is UV400. It consists
of an HBO®350 W/S Mercury high pressure short-arc lamp and the emission
wavelength is mainly between 350 and 450 nm. Figure[2.3)is an emission spectrum
of a typical Mercury high pressure short arc lamp. HBO is from the Germany
system of nomenclature used to identify different kind of mercury lamps. 'H’
represents 'Hg (Mercury)’, ‘B’ represents 'quartz short-arc’ and 'O’ means "optical

projection’.
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Figure 2.3: Emission spectrum of a Mercury high pressure short-arc lamp.

Resolution

The ideal resolution (R) and depth of focus (DOF) of an optical system is deter-
mined by the Rayleigh criterion:

A
A

When the numerical aperture (NA) is high enough,

DOF = ky A (2.3)
2(1—+/1— (NA?)

where the numerical aperture NA = nsinf and the factors ki, ko and k3 are
process-dependent constants. From this formula, we can see that in order to
decrease the feature size, we need to reduce the wavelength and increase the
numerical aperture. Table shows the wavelength of light sources for optical
lithography and the corresponding resolution and DOF. The light sources used
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Table 2.1: Wavelength of light sources for optical lithography and the correspond-
ing resolution and DOF. k;=0.3 and k=1 for R and DOF calculations. As-
suming NA=0.9 for all wavelengths except extreme ultraviolet (EUV), for which
NA=0.25. After [130].

light source A(nm) R (nm) DOF (nm)
Hg arc lamp (g-line) 436 145 386
Hg arc lamp (i-line) 365 122 324
KrF 248.3 83 220
ArF 193.4 64 171
F 157.6 53 140
EUV 13.5 16 213

for high resolution optical lithography have evolved from the Hg arc lamp (typical
wavelength: 436, 365 and 248 nm) to an excimer laser (typical wavelength 193
nm). As a result, the resolution has been improved dramatically (for example,
down to 45 nm in Intel Co. [12§8]). So far, the world’s smallest dense pattern-
ing with 16 nm resolution is achieved by the SEMATECH Berkeley Microfield
Exposure Tool (MET) in February 2010 [129].

Photoresist types

There are two basic types of photoresists, namely positive and negative photore-
sists and the differences between them are illustrated in Figure 2.1}

A typical positive resist is based on Diazoquinones (DQ) or Diazonaphtho-
quinone (DNQ). When exposed to specific light (UV usually), its nitrogen bond
will be broken so as to form an unstable molecule. In the developer solution,
an OH group will attach to the molecule and form an acid and eventually be
dissolved into the developer. This chemical reaction is shown in Figure [2.4]

Figure shows the crosslinking process of a typical two-component negative
resist. During exposure, the sensitizer bisazide reacts with photons and produces

nitrine and nitrogen as shown in Figure (a), forming polymer linkages as in

N, _C=0 . COOH
O hv ’ Solution |
7 P \\/\/

R R R

Figure 2.4: Diagram of the chemical reaction of a typical positive resist DNQ in
the exposure and development process.
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Figure 2.5: Tlustration of chemical reaction of a typical negative resist in the
exposure process: (a) photon reaction; (b) crosslinking process.

Figure [2.5(b). Thus the exposed area is less soluble when developed.

Photoresist absorption

The optical absorption of photoresist needs to match the emission of the
HBO®350 W/S Mercury high pressure short arc lamp. In this work, three
positive photoresists (51805, SPR220-4.5 and SPR220-7.0) were used which
were all from Shipley Co.; two negative photoresists (ma-N1405 and ma-N1410)
used were from Micro Resist Technology GmbH. Figure [2.6| shows the absorption
spectrum of a typical positive resist S1813 and negative resist ma-N1400. There
is a clear overlap between the emission of HBO®?350 Mercury high pressure
short arc lamp and the absorption spectrum of these two photoresists. The
photoresist exposure time is determined by the type of photoresist, thickness of

the photoresist film and the reflectivity of the substrate.

Resist spin coating

The most common way to form a photoresist film on a substrate is by spin-
coating. There are four stages used to describe a spin coating process. First,
photoresist was drop cast on a clean substrate. The second step is spin-up, when
the substrate is accelerated to a desired speed. At the third step named spin-off,

the resist film reaches an even thickness. And at the final step, the solvent of the

24



1.0

0.9
08 - maN-1400
07 _81813
S o6}
S L
c 05Ff
i) |
e 04}
o L
2 03
< 1
02+
0.1+
0.0
1 . 1 1 . 1 1

300 350 400 450 500
Wavelength (nm)

Figure 2.6: Absorption spectrum of positive resist S1813 and negative resist
maN-1400.

Table 2.2: Viscosity of applied photoresists (Unit: mPa-s)

Resist ~ S1805 S1813 S1818 ma-N1405 ma-N1410 SPR220 4.5 SPR220 7.0

Viscosity 5.3 25 39.4 4.3 6.0 124 390

photoresist is evaporated. However, evaporation happens throughout the whole
process.

There are several theoretical models predicting the thickness of the resulting
photoresist film. The most commonly used model is from Meyerhofer [I31]. The
film thickness depends on the spin speed w and the initial concentration cg, vis-
cosity v and evaporation rate e of the photoresist. The relationship is given by

the following equation:

hy = (;)1/300(1 — )" VBw B33 (2.4)
All the photoresists applied in this work are commercially available. Figure
2.7(a) shows the spin curves (the photoresist thickness as a function of the spin
speed) of photoresist S1800 G2 series, ma-N1405 and ma-N1410. Figure 2.7(b)
shows spin curves of SPR220-4.5 on a 4”7 wafer and SPR220-7.0 on 4” and §8”
wafers. One can use these spin curves to choose a particular photoresist that
fits the individual requirements. The advantage of the spin coating process is its
good reproducibility; however, disadvantages are the waste of resist and the edge
bead effect as elaborated in the following.

Table [2.2] presents the viscosity of photoresist S1800 G2 and ma-N1400 series.
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Figure 2.7: Spin speed curves of photoresists used in this work (a) S1800 series
and maN-1400 series; (b) SPR220 series with different wafer sizes and a image of
spin coater inset. Data is extracted from SHIPLEY and Micro Resist technology
GmbH. Image courtesy: lan W. Watson.
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Figure 2.8: Tllustration of (a) edge bead formation and influence on contact lithog-
raphy without edge bead (b) and with edge bead (c).

Viscosity is the quantity that describes a fluid’s resistance to flow. The standard
unit of viscosity is Pa-s. Water at 20 °C has a viscosity of 0.001002 Pa-s. As
shown in Table [2.2] the smaller the viscosity, the thinner the photoresist. Among
the three types of photoresist from the S1800 series, S1805 provides the thinnest
photoresist film and S1818 provides the thickest. This is reflected in their spin
curves shown in Figure [2.7[(a). The same rule could be verified in the ma-N 1400
series whereas ma-N 1405 has a smaller viscosity and thus has a thinner film
thickness. The last two digits of a photoresist name represent the thickness of a
particular resist film thickness under stardard spin conditions (4000 or 3000 rpm),
i.e. S1805-0.5 pm and S1818-1.8 um. Viscosity is also an important parameter for
forming photoresist patterns by inkjet printing (see below) as a suitable viscosity
is required to ensure that the photoresist droplets can be jetted out from a micro-

sized nozzle.

Edge effect and edge bead

It is usually hard to get uniform spin coating when dealing with quite large (i.e.
450 mm, the next generation industry standard for Si wafers [132, [133]) or very
small samples (typically a few mm in diameter, a common size in research labs).
The edge bead is formed during the spin coating process and is caused by surface
tension as shown in Figure (a). This will cause an undesired artificial gap
between the mask and resist during photolithography as illustrated in Figures
2.8(b) and [2.8(c).

This edge effect becomes very severe when dealing with small samples e.g.
<5 mm. However, so far there has been very little research on the edge effect
dependence on substrate size and shape. To avoid the edge effect, several resist
deposition methods like spray coating and inkjet printing have been developed.

The latter method has been adapted here for edge-coupled diamond waveguide
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Figure 2.9: (a) Edge bead size measurement from the literature [134]; (b) spin
coated photoresist and (c) exposed/developed photoresist pattern on a 4-mm
diamond disk. The photoresist is well developed in the centre and incomplete
developed on the edge bead as highlighted in (c).

applications and will be presented in a later chapter in this thesis.

The early work on the edge bead effect was done by M. Chan[I34] in 1970s.
He investigated the resist thickness change from the substrate edge to centre.
Figure[2.9(a) shows the result of his measurement. The edge bead is about 3 ym
thick for a resist film of a mean thickness of 0.5 um. Figure 2.9(b) shows the
thick edge bead on a diamond sample (diameter: 4 mm). The thick edge bead is
visible. Figure (c) is an image of exposed and developed photoresist pattern
of the sample in Figure (b) As we expected, the features on thick edge bead
cannot be well developed. Due to the edge bead, the majority of small substrates
(as in our case, diamond) cannot be used.

The edge effect also makes it difficult or impossible to achieve high resolution
patterning by contact lithography. In contact lithography, the mask and sample
are brought into contact during exposure. Due to the edge bead, there is an air
gap between the sample and mask as shown in Figures [2.8(b) and (c). Light
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Figure 2.10: Exposed pattern of small sample with severe edge bead with inset
is an optical microscopy image of 3 mm x 3 mm square diamond sample with
spin-coated resist: (a) mask pattern; and (b) exposed resist pattern.

diffraction will then occur and the high definition pattern cannot be reproduced.
Figure shows this effect. The exposed resist pattern [Figure 2.10|(a)] looks
round-shaped because the corners of the square patterns on the original mask
[Figure 2.10[a)] have been truncated. Also, it can be seen that in the exposed
resist pattern [inset of Figure 2.10b)], there is a hole in each small photoresist
disk. This was induced by the light diffraction and may have some applications

to make nano structures [I135]. However, it is not desired in most cases.

Resist bake

After spin coating, a hot plate is used to bake the photoresist so as to remove
residual solvent. The typical parameters used for the S1805 and ma-N1405 baking
in the hot plate are a temperature of 115 °C for 1 min. For the SPR220 resist,
90 °C for 1 min is used if a reflow process is required afterwards. The exposure
time has been discussed in the previous paragraph. After exposure, the sample is
placed in the developer solution for 40 seconds. The developer for all the positive
resists is the same: Photoresist developer (MicroDev from Microchem) and DI
(Distilled) water in a 1:1 ratio. When fully developed, the sample is rinsed under
running DI water for several minutes and then a nitrogen gun is used to dry the
sample. The sample is examined under a microscope and can be measured by a
surface profile meter (Dektak3) in order to check the overall results. A photoresist
reflow process has been used for microlens fabrication process (see Chapter (3)).
In this process, the sample with exposed and developed SPR220 resist disks is
placed on a hot plate at 125 °C for 2 min. Hard bake is preferred before the dry
etching or wet etching process in order to harden the resist film. Dry etching and

wet etching processes will be discussed in the following sections.
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2.1.2 Maskless pattern writing

The photolithography method has many advantages and is commonly used in
both industry and academic research laboratories. Photomasks are required in
photolithography, however, the photomasks are expensive especially for test-and-
trial work in academia. Thus a maskless lithographic method can have advan-
tages. In all maskless lithographic techniques, a beam (ions, electrons or photons,
etc.) is focused on the resist and by appropriately moving the beam, in principle
any pattern can be written. In this work, two maskless pattern writing methods

are used, one is pLED writing and the other is inkjet printing.

pLED writing

The idea of yLED writing comes from laser direct writing [I36]. The concept of
laser writing emerged from the 1980s by using an UV excimer laser to create small
features [137]. With two photon or multiphoton absorption, the advantages of
maskless laser writing became clearer [I38]. 3D structures such photonic crystals
have thus been demonstrated on transparent polymer for example [139]. Direct
laser writing has been applied to waveguide and other integrated optical com-
ponents in polymers and SiO,, ete. [140} T41]. By using pattern-programmable
arrays of gallium nitride (GaN) p-LEDs to replace the laser, we can reduce the
cost greatly and achieve multiple beam writing. In this work, a home-built pLED
writing system [142] has been applied to diamond micropillar writing.

Figure shows our home-built complementary metal-oxide-semiconductor
(CMOS) driven puLED writing setup. An 8 x 8 UV (365 nm) uLED array was
used as the exposure light source. The UV pyLED array is bonded and controlled
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Figure 2.12: The spectrum overlap between emission of yLED (blue) and absorp-
tion of photoresist (orange).

by CMOS electronics hence we can accurately control the pulse duration and
exposure intervals. A 4X collective micro objective is used to collect the light
from the UV pLED array. The focus micro objective is 40X, hence there is a
10:1 demagnification. There is also a beam splitter used to image the sample
so that we can check and adjust the desired position before LED writing. As
shown in Figure [2.12] the absorption spectrum of resist ma-N1400 and emission
of the UV pLEDs overlaps well. SiO, was used as a hard mask for diamond
pillar etching and the resist pattern was transferred to SiO,. There are several
parameters that can affect the exposure pattern size and shape, for instance, the
size of uLED pixel, applied voltage and pulse duration and stage (sample) moving
speed. Detailed results will be presented in the diamond micropillar work (see
Chapter [3)).

Inkjet printing

Inkjet printing is a droplet-based deposition method. By using the inkjet printing
technique to create photoresist patterns, the edge effect caused by the spin coating
process can be eliminated. A commercial inkjet printer (Dimatix DMP-2800) in
our laboratory was used in this work. Photographs of this inkjet printer and

its cartridge are shown in Figure [2.13. The DMP-2800 series printer allows the
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deposition of various fluidic materials including photoresist [127], nano-particles
[143], polymers [144] and bio-samples [145] on substrate up to 8 x 11 inch square.
This printer can create and define patterns over an area of about 200 x 300 mm
and handle substrates up to 25 mm thick with an adjustable height control. It
features a disposable MEMS piezo inkjet cartridge and a fiducial camera. To
minimize waste of expensive fluids, each cartridge reservoir has a capacity of 1.5
ml. Cartridges can easily be replaced to facilitate printing of a series of fluids.
Each cartridge has 16 nozzles linearly spaced at 254 microns with typical drop
sizes of 1 and 10 picolitres (pl). The fiducial camera provides substrate rotation
alignment using reference marks and also allows positioning of the print origin
to match substrate placement. It can also provide measurement of features and

image capture of the printed pattern.

Figure 2.13: Image of the inkjet printer with insets showing a cartridge installed
in the printer (top) and an unused one (bottom).

Micro-patterns of various materials can be created onto a substrate by inkjet
printing. In this work, uniform photoresist stripes have been successfully printed
on small substrates, which are required for photonic waveguide fabrication and
very hard to obtain by traditional spin-coating techniques.

To print photoresist patterns, the photoresist S1805 was filled into the car-
tridge as an ink. During printing, the voltage of piezo actuator was set at 16
V and the print-head’s temperature was 30 °C. We used the 'drop watcher’ to

take stroboscopic images which show the formation of photoresist droplets from
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Figure 2.14: Stroboscopic images of single photoresist droplet formation taken
from the drop watch window.

the inkjet printer nozzle. The images taken at 8, 20, 26, 30 and 40 ms from the
jetting are shown in Figure 2.14]

Figure 2.15: Print patterns of photoresist with different drop distance of (a) 50
pm and (b) 30 pm.

In order to print continuous photoresist strip patterns as was required for
the work described later in Chapter [4] space between the droplets was carefully
adjusted. Figure [2.15] shows two very different patterns which were printed by
simply changing the print distance for each drop. When the drop distance (50
pm) is larger than the diameter of the droplets, an individual disk shape pattern
was printed as shown in Figure [2.15(a). When the drop space (30 pm) is smaller
than the droplet diameter, a continuous strip could be printed as shown in Figure
2.15(b).

The contact angle of a printed droplet is the angle formed at the equilibrium
state between a liquid and vapour interface and the solid surface.For a perfectly
flat surface, the contact angle 6 is determined by surface tensions between the
liquid/air(gas) ., substrate (solid) /air vs¢ and substrate/liquid gy, as shown in
Figure (a). It is called Young equation vsg = vsr + Vrgcosteo. In this work,
contact angle was measured using a contact angle goniometer FTA32. Figure
2.16|(b-c) shows the profiles of 1 ul photoresist S1805 droplets on an as-grown [hy-
drophilic, as shown in Figure [2.16[b)] and silane (SiHy) treated [hydrophobic, as
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Figure 2.16: (a) Diagram of contact angles and optical sideview images of 1 ul
photoresist S1805 droplets on as-grown (b) and silane-treated (¢) PECVD SiOq

shown in Figure [2.16]c)] Plasma-enhanced chemical vapor deposition (PECVD)
SiO, on silicon substrate. The contact angles of these droplets were measured
to be 26° and 44°, respectively. This confirms that silane treated SiOy surface is
indeed hydrophobic and result a higher contact angle.

Figure presents a comparison of S1805 photoresist stripe shapes on as-
grown and silane treated SiOq surfaces. As we can see from the profiles, an S1805
photoresist stripe printed on the as-grown surface [Figure (a)] is significantly
wider than that on a silane-treated surface [Figure [2.17|(a)]. These results agrees
well with the contact angle measurements of the photoresist S1805 dropets on
these two different surfaces. The narrowest stripe we have achieved with a 1 pl
cartridge printing is about 20 pym wide. These printed photoresist patterns can
be used directly as a mask for further structure fabrication.

We also noted that an S1805 photoresist stripe printed on the as-grown surface
has a dip in the middle as shown in Figure 2.17(a). This is caused by ’coffee
stain’ effect. When a liquid drop dries on a solid surface, it leaves a dense,
ring-like deposit along the perimeter. Coffee stain effect has been discussed by
R. D. Deegan et al. [146]. This effect is also noticeable and discussed for the
inkjet printing process. For example, J. C. Batchelor et al. reported the coffee
stain effect of printed silver ink stripes [147]. Owing to the coffee stain effect,
the printed photoresist stripes have a ring-shape with lower height in the centre

which is clearly not suitable to act as an etching mask.
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Figure 2.17: Optical images and the corresponding stylus profilemeter measure-
ments of photoresist S1805 stripes printed on (a) an as-grown and (b) silane-
treated SiO, surfaces.

2.2 Pattern transfer

In microfabrication, the pattern was usually made in soft mask materials such as
photoresist. To transfer the pattern to a substrate, etching is needed. There are
two major types of etching: dry etching and wet etching.

In contrast to wet etching, in dry etching the material is removed in gas
phase instead of by a solvent as in wet etching. There are two different dry
etching methods: non-plasma based dry etching and plasma-based dry etching.

An example of the non-plasma dry etching is silicon isotropic etching by using
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Figure 2.18: (a) Diagram and (b) Image of an RIE chamber. Process chamber
is highlighted in blue circle. Image courtesy: Tan W. Watson.

fluorine-containing gases (fluorides or interhalogens). In this work, only plasma-
based dry etching was used. Thus, in the following section, plasma dry etching

tools, the etching mechanism and the etching parameters are introduced.

2.2.1 Dry etching
Plasma etching tools

A plasma is used to introduce chemically reactive species (atoms, radicals and
ions) from inert molecular gas. It is produced in the microfabrication contex by
applying a voltage to neutral gases [I48]. There are two main dry etching tools
used for this work: Reactive lon Etching (RIE) and Inductively Coupled Plasma
(ICP) etch systems. Figure 2.1§(a) is a diagram of an RIE chamber. Etching
is performed with a radio frequency (RF, 13.56 MHz) induced plasma. Typical
process gas pressure in the chamber is between 5 and 150 mtorr and plasma
density is about 1 - 5 x 10?/cm?. The DC bias forms at the substrate electrode.
Ion energy (DC bias) is dependent on the applied RF power and gas pressure
and ranges from 30 to 1000 eV. The parameters that can be adjusted for different
etching process are gas flows, pressure and RF power. Oxford Plasmal.ab 80+
RIE System (image of this tool is shown in Figure[2.18|(b)) is used for RIE etching
for the work in this thesis. The detailed RIE etching recipe will be described for
particular structure etching application.

It is worth mentioning here that, hard mask, i. e. SiO,, is usually used in
dry etching to get a better etching selectivity and profile. SiOs is deposited using
Oxford Plasmalab 80plus PECVD System which is similar to the RIE system in
Figure 2.1§(b). The basic chemistry of SiO, deposition process is:

3S1H,; 4+ 6N,0 = 35109 + AN H3 + 4N, (2.5)
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Figure 2.19: (a) Schematic diagram and (b) image of ICP chamber. Process
chamber is highlighted in yellow circle. Image courtesy: Ian W. Watson.

Detailed recipe of PECVD process will be shown in later chapters. For di-
amond and GaN etching, a multiplex ICP etch tool (Surface Technology Sys-
tems (STS, now SPTS) shown in Figure 2.19(b)) was used. Figure 2.19(a) is a
schematic diagram of an ICP etching tool. An ICP is an RIE with an inductively
coupled plasma source. Compared with RIE, ICP has a higher plasma density
plasma source which incorporates a coil ICP design. This can provide a higher
etch rate. Coil power is used to generate a dense plasma, while the platen power
accelerates the ions towards the etching surface. Typical ICP gas process pres-
sure is between 1 to 100 mtorr; plasma density is about 5 x 10*! /em3. Ton
Energy depends on the platen power and plasma density depends on coil power.
Parameters that can be adjusted for different ICP etching process are gas flows,
pressure, coil power and platen power. The detailed ICP etching recipe will be

described later for particular structure etching application.

General plasma etching mechanisms

There are mainly two basic mechanisms in our plasma etching process and they
are shown in Figure The first etching mechanism is physical sputtering as
shown in Figure M(a). This is a pure mechanical process where the sample

surface atoms are removed by particles (usually positive ions) impinging. In this
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Figure 2.20: Schematics of the two basic plasma etching processes: (a) physical
sputtering; and (b) chemical etching.

(b) Volatile

/

case, the etching rate is determined by the ion energy of the impinging particles
and the chemical bonds of the material.

Figure [2.20(b) shows the pure chemical etching process. This process oc-
curs when active species chemically react with the sample surface layer, forming
volatile products. It is essential that the etching products are volatile otherwise
non-volatile products would coat the sample surface and no further etching is

possible. Pure chemical etching is usually isotropic and highly selective.

Plasma etching variables

A plasma is usually characterized by a set of fundamental parameters such as
electron number density and electron temperature. However, these parameters
are not generally useful in the semiconductor industry for many reasons [149]. The
commonly used instrumental parameters include reactor pressure, RF frequency,
power, sample process temperature, gas flow rate, feed gas composition, reactor
geometry and materials of construction. These parameters are measurable and
thus can be used to define the plasma etching process.

The most-used RF excitation frequency today is 13.56 MHz which is an FCC
(US Federal Communication Commission) licensed industrial frequency. At this
frequency, the RF generator is readily available and a high radiation level is
allowed. Another frequency is microwave at 2450 MHz which is also an FCC
industry frequency. The excitation frequency has a key influence on plasma pro-
cessing. It can change the spatial distribution of species and electrical fields
across the discharge. It also influences the minimum voltage that is required to
start and operate a plasma. Within the commonly used frequency and pressure
(0.05-30 MHz and 1-1000 mTorr), low frequency increases ion energy.

Power refers to the electrical energy applied on the RF electrode. Increasing
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Table 2.3: Etching gases of commonly used materials in this thesis
Material SiO, diamond GaN
Etching gases CHFj3, Oy Ar, O,, Cly Ar, Cly

Protective masks
for acid etching

Figure 2.21: Image of wet bench in cleanroom. Image courtesy: Ian W. Watson.

power increases both density and energy of ions and radicals. If the power is too
high, surface damage and mask erosion could happen which is undesirable.

The unit of gas flow rate is standard cubic centimeters per minute (SCCM)
and gas flow should be large enough to feed the etchant species.

In this work, the most commonly used materials are photoresist, SiOs, dia-
mond and GaN. Table [2.3]are the corresponding etching gases for these materials.

Particular recipes for etching these materials will be presented in later chapters.

2.2.2 Wet etching

Wet etching is a process used to remove material from a substrate. It occurs in a
liquid solid interface through chemical reaction universally or selectively. There
are several wet etching processes used in this work, such as immersion etching
of photoresist in acetone and SiOq etching in buffered oxide etch (BOE). All wet

etching are carried out in wet bench shown in Figure [2.21]

Resist removal

It is quite often to remove photoresist from the substrate for the subsequent
process or to restart the process. This can be done by immersing the sample in
a glass beaker containing acetone. Non-crosslinked photoresist is usually quite

easily removed. However, acetone has a high vapour pressure and can cause re-
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deposition of stripped photoresist onto the substrate because of its fast drying.
So a methanol rinse is used after acetone immersion to produce a residual-free

surface.

SiO; etching

Si0s is used as a hard mask for both diamond and GaN etching. Almost all
wet etching of SiOy is done with hydrofluoric (HF) acid solution. The etching

chemistry can be described by the following chemical reaction:
S109+6HF = HySiFg + 2H50 (2.6)

Pure HF solution has a very high etching rate. In our lab, SiO, etching is done
by BOE. It is a buffered solution by mixing in ammonium fluoride (NH4F). Using
BOE has the advantage of controllable etching rate which is about 100 nm/min
for PECVD grown SiOs. As HF reacts with SiOy which is the main ingredient of
glass, a plastic beaker is used for BOE or any HF solution.

2.3 Summary

In this chapter, the general microfabrication principles and processes including
photolithography and plasma etching have been introduced. The edge bead ef-
fect in photoresist spin coating process was commented and an inkjet printing
method was introduced to overcome this problem. These methods will be ap-
plied to diamond and GaN microstructures and waveguides fabrication in the

later chapters.
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Chapter 3

Diamond microstructures:

microlenses and micropillars

In this chapter, I will present my work on diamond micro-optics, especially on di-
amond microlenses and micropillars, including the development history, physics
background and fabrication methodologies. Diamond is a well-known precious
material, so the availability of samples is always a concern. In section [3.1] the
diamond material availability and development history of natural diamond and
synthesis diamond will be reviewed. In section [3.2] T will explain the motivation
of making diamond microlenses which can be for example used to increase light
extraction efficiency of diamond colour centres, a promising room-temperature
single photon source. Such a single photon source is one of the key components
to realizing quantum photonic circuits. Geometrical optics and numerical calcula-
tions show that a high aspect ratio diamond lens is preferred for such applications.
The history of making diamond microlenses is reviewed in section as well. We
propose two new methods for developing high aspect ratio diamond lenses. The
first method is a dual-mask technique which combines resist reflow and two differ-
ent etching processes as described in section [3.3] The second method for making
highly compact diamond lens arrays is to use silica microspheres as a one-step
pattern transfer mask. This method is introduced in section [3.4, Atomic force
microscopy (AFM) measurement was conducted to access the dimension and
smoothness of the resulting diamond lens arrays. In section [3.5 I will present
the motivation, simulation and fabrication of diamond micropillars. Two dimen-
sional (2D) Finite-Difference Time-Domain (FDTD) simulation was used to map
out the light extraction efficiency versus the dimension of diamond micropillars.
In order to fabricate the diamond micropillars, pLED direct writing was used to

define photoresist microdots first. This method has the potential to realize in-situ
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alignment between a diamond micropillar and a colour centre.

3.1 Overview of diamond material

3.1.1 Natural diamond

The name diamond derives from the ancient Greek adapuaé (adamas) meaning
"invincible” or "untamed” [I50]. Diamond’s usage in engraving tools dates back
to early human history, and diamond has been treasured as a unique gemstone
since its use in religious icons in ancient India. Diamond was thought to be first
discovered in central India as stated by J. Willard Hershey in his book [151] but
the exact date is not clear. Legends tell that diamond was used as jewel around
800 BC. However, recent research conducted by a US-China team suggests that
diamond might have been used to polish stone tools by the ancient Chinese in
ca. 2500 BC [152].

Natural diamond is formed from carbon under enormous temperature (1050
to 1200 °C) and pressure (45 to 55 kbar) in the earth’s mantle ranging from 150
km to 300 km [153] deep. Volcanic explosions forced them upwards and most
natural diamond is found in Kimberlite pipes. By investigating the inclusions of
diamond, scientists could find the carbon cycle of the earth [154] and thus reveal
the mineral formation and evolution of the Earth [155].

Modern natural diamond mining, however, is conducted by large companies
which also control the price of diamond. It is notable that the ratio of dia-
mond/treated rock is usually very low. On average, treating 1 ton of stone only
produces less than 1 carat (ct, 1 gram=>5 ct) of rough diamond. This partially

explains why natural diamond is so expensive.

3.1.2 Synthesis diamond

The high price of natural diamond has clearly limited its industrial and scientific
applications. At the same time, the high demand for using diamond in various
areas has encourages pursuit of synthesis diamond. We all know that diamond
is made of carbon. However, it was Antoine Lavoisier who first showed that
diamonds are a form of carbon in 1772. Later in 1797, Smithson Tennant repeated
and expanded Lavoisier’s experiment. By demonstrating that the same amount of
gas was released when burning diamond and graphite, he established the chemical
equivalence of these substances. His results indicated that diamond could be

synthesized from graphite which is literally the same element as diamond [150].
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The first claim of man-made diamond was by James Ballantyne Hannay in
1880 [156, 157). He put hydrocarbons, bone oil and lithium in sealed wrought-
iron tubes and heated them. However, his man-made diamond was tested to
be natural by modern techniques. Many attempts were undertaken to produce
synthesis diamond in the next 70 years but non of the methods is thought to be
reproducible [158].

In 1954, F. P. Bundy, H. T. Hall and their co-workers at the General Electric
(GE) Corporate Research and Development developed the High Pressure High
Temperature (HPHT) apparatus that enabled them to synthesis diamond crystal
from graphite. They confirmed that the material obtained was indeed diamond
and reported their work subsequently [159, [160]. This was recognized to be the
first reproducible diamond synthesis method. Today, this HPHT method is widely
used for industrial diamond production. Large gem quality crystals can be grown
by the HPHT process, up to 4.6 carats for colourless diamonds, and up to 25
carats (5 g) for yellow ones [161].

Another diamond synthesis method is low pressure chemical vapour deposition
(CVD). Several groups including Boris V. Spitsyn from the Soviet Union, and W.
G. Eversole [162] and John C. Angus [163] from the US developed this technique
independently. More references on diamond CVD synthesis can be found in these
two review papers [164] [165]. These efforts significantly increased the availabil-
ity of diamond materials with controllable properties and lower price [166] for
industry and academia. The synthesis diamond has wide applications including
diamond tools like diamond drills and abrasive, diamond electrical devices such
as diamond detectors to operate in extreme environments and diamond optics
such as diamond window for high power lasers and X-rays. In recent years, as
described in Chapter 1, diamond has drawn a lot of attention for developing solid
state room temperature single photon emitters, one of the important components

for integrated quantum photonic circuits.

3.2 Background on diamond lenses

Due to their unique thermal and optical properties, diamond microlenses have a
wide range of potential applications. Since the colour (NV) centre is embedded
in the diamond bulk crystal, the light extraction efficiency is rather low. We are
therefore interested in fabricating diamond lenses for increasing light extraction

efficiency, as an important step to achieve a usable diamond single photon source.
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3.2.1 History of diamond lenses

Owing to the chemical inertness and hardness of diamond, to fabricate diamond
photonic components is technically challenging. The diamond lens fabrication
methods reported so far are summarized in Table 3.1} An early attempt to make
diamond lenses was made by Andrew Pritchard in 1824 with the intention of
developing a diamond lens for a microscope. In the modern age, W. Nelissen
et al. fabricated and polished a 1 mm diameter diamond solid immersion lens
(SIL) with a flatness better than 10 nm from homo-epitaxial CVD diamond [167].
P. Siyushev et al. reported they could increase by one order of magnitude the
efficiency for the detection of single photon emission by adding this diamond SIL
[168]. However, the diamond SIL used in their work is quite large and not readily
scalable. A diamond micro-SIL was proposed by J. P. Hadden et al., in which
they milled the diamond SIL by making several ring cuts with different diameters
with focused ion beam (FIB) [169]. This method could be scalable in principle
and has the capability of aligning the lens with the individual colour centre [I70].
Ronald Hanson used the similar FIB method to fabricate diamond immersion
lenses [59]. With these lenses, two-photon quantum interference from separated
NVs and high-fidelity projective read-out of a solid-state spin quantum register
have been demonstrated [I71]. However, we noted that the FIB milling method
is very time consuming because the FIB process is very slow.

The second method for diamond lens fabrication is a bottom-up CVD growth
approach reported by E. Woerner [173]. In that case, they deposited diamond
onto a structured substrate then lifted off the diamond to form the lenses after-
wards. This method can produce diamond lens arrays. However, the diamond
grown on such a foreign substrate so far reported can only be polycrystalline.

The third method involves the use of photoresist melting reflow and plasma
etching. The plasma etching transfers the lens pattern formed in photoresist to
diamond [I74], [I75]. The microlenses made in this way are usually very shallow
(e.g. the maximum height of the diamond lenses reported so far is 2 pum for
the lens diameter ranging from 20 pum to 100 pum) due to the poor selectivity of
diamond over resist.

In this work, our target is to fabricate diamond microlenses with a high aspect
ratio. Combined with photoresist reflow and plasma etching, a dual-mask method
was developed to obtain the diamond lenses. This method will be presented in
section 3.3
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Figure 3.1: Illustration of total reflection between the interface of diamond and
air (a) flat surface and (b) with a diamond hemispherical lens.

3.2.2 Physics of diamond lenses

In order to understand how an integrated diamond lens is able to increase the
light extraction efficiency of an NV centre (i.e. a single photon emitter), the
principle and function of a diamond lens are briefly introduced here.

At the interface between diamond and air, the critical angle 6. can be calcu-
lated using 0. = a'rcsz’n% = arcsz’n%4 = 24.6°, where n = 2.4 is the refractive
index of diamond. Due to the total internal reflection, the light emission cone
from an NV centre is therefore restricted to 24.6° as shown in Figure [3.1fa).
By fabricating a diamond hemispherical lens with a high aspect ratio and inte-
grating it with an NV centre, the emission restriction due to the total internal
reflection is removed and thus the photon extraction efficiency increases dramat-
ically as shown in Figure [3.1[b). Two independent groups have presented their
detailed calculations using a ray tracing method and their results showed a 7.5-
fold enhancement of collection efficiency by use of a diamond hemispherical lens
[168, [180]. For a small diamond lens, the geometrical optics assumption may not
be valid. By using FDTD simulation, it was shown that a hemispherical diamond
lens could even produce an efficiency enhancement in the order of 10 [169)].

In practice, the fabricated diamond micro-lens may be misaligned from the
NV centre. Stefania Anna Castelletto et al. gave a calculation on the extraction
efficiency with the displacement of an NV centre inside a FIB SIL with diameter of
5 pum using FDTD simulation [I81]. In what follows, combining geometrical optics
analysis with numerical calculation, we examine the general case of extraction
efficiency with respect to the displacement of a diamond colour centre inside a
hemispherical lens.

As shown in Figure[3.2] we have a hemispherical diamond lens with a radius of

R and centre coordinates (0,0). The diamond NV centre is at a position (x, ys).
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Figure 3.2: Diagram of a diamond NV center inside a diamond hemispherical
lens with arbitrary position.

Then for an arbitrary ray emitted from this NV centre with an angle of # to the
horizontal, we can find the point (z,,,y,) where the emission ray reaches the
lens surface. The incident angle § and refraction angle ¢, together with the slope
angle of refracted ray 7 are illustrated in Figure [3.2l We can write down the

trigonometric relations between these parameters as:

T+ Y = R (3.1)
tang = Im Y5 (3.2)
T — T

For a given NV position (x5, ys) and emission angle 6, we can solve the above

two equations and find (x,,, ym,). First, we can work out « for a given (x,,, Ym):

a = arctan?™ (3.3)
Tm
The incident angle is:
d=a—10 (3.4)

Due to the total internal reflection, the light can be emitted out of the lens only
for 6 < 24.6° otherwise it will be reflected. Applying Snell’s laws of refraction,

we can work out the refraction angle ¢ for any § < 24.6°, using the relation:

sind
= 3.5
" s (3.5)
Then the slope angle of the refracted ray, v, is:
y=a—0¢ (3.6)
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Figure 3.3: Numerical calculations of diamond NV emission pattern with six
different position inside a hemispherical lens; diamond NV centre coordinates are
displayed in subplot (a-f). Blue rays are total reflections where § > 24.6°. Red
rays are emission in the top cone where ¢ > 0°. Yellow rays are emissions in the
bottom cone where ¢ < (0°.

To show the effect of the displacement, we choose 6 typical NV centre positions
and plot the corresponding emission patterns in Figure[3.3] For these calculations,
the radius of the hemispherical lens, R, was set to be 100 arbitrary units. It should
be pointed out that inside the diamond hemisphere lens, for simplicity, only one

total reflection (i.e. no 2nd/3rd total reflections) was considered. In Figure [3.3]
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Table 3.2: Total extraction efficiency of 6 typical NV centre positions.

Source] (0,0) (0.6R,0) | (0,0.5R) | (0.2R,0.3R)[ (0,0.8R) | (0.5R,0.4R)
T, 41.38% | 15.77% | 20.15% | 25.72% 1247% | 12.46%
T, 41.38% | 18.54% | 23.48% | 29.68% 15.29% | 14.48%

blue rays are those subject to total reflection where § > 24.6°. The red rays
represent the upward emission where v > 0°. The upward light emission can be
readily collected. The yellow rays are downward emissions where v < 0° which
are difficult to collect. As we can see in Figure [3.3|a), when a diamond NV centre
coincides with the geometrical centre of the hemispherical lens, the emission angle
is maximum. When the diamond NV centre is placed higher as shown in Figures
3.3(b-c), the emission cone becomes smaller and smaller. Figures [3.3(d-f) show
three other cases where the NV centre is placed at different positions.

The refracted light intensity can be calculated from Fresnel Equations [I82].

For perpendicularly (s-) polarized light, reflection coefficient r,, of a given
incident ray is:

n-cosd — cosP
Tom = ————

(3.7)

n-cosd + cosg

For parallel (p-) polarized light, reflection coefficient r,,, of a given incident
ray is:
n-cos¢ — cosd

(3.8)

T =
P necosg + cosd

The reflectivity R, and R,,, of s- and p- polarized light is defined as follows:

R = 7,2

sm

(3.9)

Ry =10, (3.10)

We can then work out the transmittance T, and T}, of s- and p- polarized
light:
T, = 1— Ry, (3.11)

For each individual light ray emitted from the diamond NV centre through the
diamond lens (red rays in Figure , we can calculate the transmittance T},, and
Tpm. Adding all transmittance together and normalized, we can have the total
extraction efficiency T, and 7). Table gives the total extraction efficiency of
6 typical NV centre positions corresponding to those shown in Figure (a—f).

These results show that the emission cones strongly depend on the position
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of the NV centre and compared with Figure [3.3|(a), the light extractions in these
cases are all reduced. Clearly, such effect due to misalignment can be reduced by

using the microlenses with a high aspect ratio, preferably hemispherical lenses.

3.3 Diamond microlens fabrication and

dual-mask method

In this section, a general overview of photoresist reflow/etching method for mi-
crolens fabrication is first reviewed. Then the dual-mask method which can be

used to fabricate diamond lenses with a high aspect ratio is introduced.

3.3.1 Photoresist reflow/etching to make microlenses

This method was first proposed by Zoran D. Popovic et al. in 1988 [I83] and
involve the melting of photoresist disks to form lenticular masking features. Later
on, by using the reflow method Dan Daly et al. developed spherical and square
shape resist lenses [184]. Dan Daly also wrote a book on the development of the
resist reflow /etching techniques for microlens fabrication [185].

Combining photoresist reflow with plasma etching, the photoresist lens shape
can be transferred to substrates to make monolithic microlenses. For silicon-
based material systems, in 1991, C. L. Jones et al. reported silicon microlenses
etched by Ar ion beam from reflowed resist lenses [186]. In 1994, Pekka Savander
reported microlens arrays etched into glass and silicon by RIE [I87]. Margaret
B. Stern also reported several silicon microlens fabrication methods including
etching pre-shaped polymers [I88] [189]. Martin Eisner and Johannes Schwider
demonstrated that RIE can be used to transfer spherical resist microlenses into
silicon [I90]. These results showed that the form of the lenses in the substrate
can be controlled by varying the etching gas compound thus changing the etching
rate ratio between the resist and the substrate. In 1999, Marco Severi and Patrick
Mottier reported the modification of the transferred lens profile by changing the
etching rate ratio of silica and photoresist [I91]. In 2001, Ph. Nussbaum and
H. P. Herziglow demonstrated low numerical aperture refractive microlenses in
fused silica [192]. Reinhard Voelkel et al. reported a diffraction-limited optical
performance of aspherical microlenses in fused silica and silicon [193]. A 15-pum-
diameter solid immersion lens was fabricated and used for scanning near-field
optical microscopy by Daniel Fletcher et al. [194].

ITI-V compound semiconductor lenses have been fabricated by photoresist
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Figure 3.4: Diamond microlens fabrication process.

reflow /etching as well. In 1997, Strzelecka et al. demonstrated GaAs and InP
microlenses integrated with vertical-cavity laser diodes and photodetectors [195].
Oder et al. reported nitride microlens arrays with a lens size as small as 10 pum
fabricated by using ICP etching in 2003 [196]. Our group demonstrated GaN
negative and bifocal microlenses in 2005 [I76]. Young Min Song et al. in 2009
reported GaAs lens-like arrays with a high aspect ratio achieved by adjusting the
RF power during etching [197]. Jung Woo Leem et al. demonstrated parabolic
nanostructure on GaAs in 2011 [198]. Wu et al. reported the fabrication of a
near perfect GaAs hemispheres in 2011 [199].

Chlorine-based ICP etching has been used to fabricate microlenses on me-
chanically hard and chemically inert materials like sapphire. The first sapphire
microlenses were fabricated by Si-Hyun Park et al. [200] and such sapphire mi-
crolenses were further developed for flip chip LED applications [201], 202].

Diamond microlenses were fabricated and reported by Karlsson et al. in 2003
and were further extensively investigated by our group at the Institute of Photon-
ics, University of Strathclyde [I74HI77]. However, due to the lower etch selectivity
between photoresist and diamond, the height of diamond microlenses reproted so
far is typically less than 2 pm.

The fabrication process of diamond microlenses by using photoresist
reflow/etching is illustrated in Figure . Firstly, photoresist was spin-coated
on a diamond surface and then was exposed and developed to make a
photoresist microdisk. An appropriate temperature (120 °C for photoresist SPR
220) was then applied to melt the photoresist and the spherical lens structures

were formed due to the surface tension of the melted resist.
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Figure 3.5: Etching rate of diamond (red curve) and the etching selectivity
between diamond and photoresist SPR220 7.0 (blue curve) vs ICP coil power.
Other parameters are platen power: 300 W; gas pressure: 5 mTorr; Ar/Os gas
flows:15/40 scem

Assuming the volume of the resist does not change before and after the thermal
reflow process, we can calculate the heights of the reflowed resist lenses with
various diameters. With a initial resist thickness of 20 um, the height of the
reflowed lens with a diameter of 50 pym is close to half (~ 25 pm).

In our work, ICP etching was applied to transfer the reflowed photoresist
lenses into the diamond substrate. The maximum diamond etching rate achieved
is 300 nm/min under the highest coil power of 1400 W, a platen power of 300
W and a gas pressure of 5 mTorr, with Ar/O, gas flows at 15/40 sccm. With
a fixed platen power of 300 W, the diamond etch rate versus ICP coil power is
shown in Figure 3.6. We found that after ICP plasma etching, the diamond lens
height is significantly lower than that of the photoresist lens because of the low
etch selectivity between diamond and resist as shown in Figure |3.5. The etch
selectivity can be slightly changed by using different coil/platen powers and gas
pressures, etc. But the typical selectivity is about 0.16 meaning that the obtained
diamond lens height is about 16% of the initial photoresist lens height. Therefore,
the diamond microlenses made by direct photoresist pattern transfer have a small
lens height of less than 2 pym for an initial photoresist thickness of 7 ym. SEM
images of diamond microlenses fabricated by this way are shown in Figure [3.6]

Of course, the diamond lens height can be increased by using a thicker resist

o2



Acc.V  Spot Magn Det WD — 100 um
499kV 3.0 200x SE 5.3

Acc.V  Spot Magn Det WD
4.99 kV 3.0 200x SE 5.3

Figure 3.6: SEM images of diamond lenses with two different magnifications.

Figure 3.7: Optical microscopy images of photoresist lenses with thicker initial
resist layer.
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Figure 3.8: Surface profile of two photoresist microlenses with thicker initial resist
layer.

layer, e.g. by doubling the resist layer thickness from 7 to 14 um. The optical
microscopy image and surface profile of photoresist microlenes made of a 14 um
thick photoresist layer are shown in Figures [3.7] and respectively. For these
thick photoresist lenses, the measured and calculated lens profiles are still not
hemispherical however. Another issue we would like to point out here is that the
edge bead effect is very severe when applying the thick photoresist onto small
diamond substrates. Clearly, this photoresist reflow method is not very suitable

for fabricating diamond microlenses with a high aspect ratio.

3.3.2 Dual-mask method

Since the limitation of diamond lens height comes from the low etch selectivity
between diamond and photoresist, a dual-mask technique was proposed and de-
veloped in this work in order to realize hemispherical diamond micro-lenses with
a reasonable size. In this technique, a second mask (SiO,, in this case, although
other mask materials can also be used) was introduced and due to the different
selectivities of the photoresist and SiO, over diamond, this method provide a new
approach to achieve diamond micro/nano structures with a high aspect ratio.

The etch selectivity of SiOy over photoresist is 0.25 in Ar/Cly etching. For
a 12 pm photoresist microlens, the resulting SiO, microlens is 3 pm high after
Ar/Cly etching.

In this work, by adjusting the etch parameters, we have achieved an etch selec-
tivity of diamond over SiOs of about 10 using Ar/O, plasma etching. This means,
the 3 pm high SiO5 microlens can produce a 30 pm high diamond microlens.

Thus, we can get a net etch selectivity of 2.5 for diamond over photoresist
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l Photolithography and develop
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l Thermal reflow to form resist lens

l Transfer lens to SiO, by RIE

i Transfer lens to diamond by ICP

Figure 3.9: Dual-mask diamond microlens fabrication process.

Table 3.3: PECVD recipe for SiO, deposition.

Pressure | SiH, flow | NoO flow | Platen Temperature| SiOy deposi-
power tion rate
1 Torr | 170 sccm | 710 scem | 70 W 300 °C 33 nm/min

via SiO, as a second mask, suggesting that we can make a diamond microlens
with a height 2.5 times higher than the height of the initial photoresist microlens
structure. For the case of microlens fabrication using this dual-mask method, the
fabrication process is shown in Figure [3.9| and the profile of the initial reflowed
resist lens and the calculated profiles of the SiO5 lens and diamond lens after etch
transfer are shown in Figure |3.10]

In this work, 3 pm-thick SiOs was deposited by plasma-enhanced chemical
vapour deposition (PECVD) on the diamond substrate. The recipe is summarized
in Table . Under these conditions, the SiOy deposition rate is 33 nm/min. This
PECVD recipe was used for SiOs deposition throughout this thesis.

The fabrication process of a SiO5 microlens array (diameter is 60 pm) is similar

Table 3.4: ICP etching recipe for SiO5 microlens fabrication.

Pressure | Ar flow | Cly flow | Platen | Coil Photoresist SiO, etching
power power etching rate | rate

5 mTorr | 25 scem | 30 scem | 200 W | 600 W | 500 nm/min | 125 nm/min
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Figure 3.10: Calculated profiles of reflowed resist lens, SiOs lens and diamond
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Figure 3.11: Optical microscopy images of SiOs lenses at different fabrication
stages: (a) Photoresist after thermal reflow; (b-c-d) 10-20-30 min after ICP etch-
ing.



Figure 3.12: (a) Optical mircoscopy and (b) SEM images of diamond microlenses
after being transfered from SiO, microlenses.

to the process illustrated in Figure|3.4, The reflowed photoresist lenses are shown
in Figure (b) The photoresist lens pattern was transferred to SiO, by ICP
Ar/Cl, etching, using the detailed recipe shown in Table 3.4 Figures [3.11|(b-c-d)
show the pattern transfer to SiOs after 10, 20 and 30 mins ICP Ar/Cly etching,
respectively.

These SiOy microlenses were further transferred to diamond by ICP Ar/O,
etching. After the pattern transfer, we inspected the diamond microstructures
using an optical microscope and the optical microscopy images are shown in Fig-
ure ). From this image, some etching pits and damages on the diamond
surface were observed. Furthermore, SEM inspection has also been conducted to
check the quality of these diamond microstructures (Figure [3.12(b)). These mea-
surements confirmed that the fabricated diamond microlenses have the desired
height ( 30 pum). However, the structures do not have an ideal spherical shape
and its surface is rough. The structural deformation may be due to the erosion
of the SiOy hard mask during the etching process. We believe that such mask
erosion may be minimized by choosing proper etching gases and optimizing the
ICP powers [203].

As the resulting diamond microstructures have a lens-like shape with the ex-
pected high aspect ratio, we conclude that this method is practicable and useful
for fabricating thick (or deep) diamond microstructures. However, further op-
timization must be undertaken especially on selecting the proper etching mask
for pattern transfer. In our case, the selectivity between diamond and SiO, may
be too high, resulting in mask erosion and structure deformation. Based on this
investigation, we consider that it may be possible to fabricate smooth diamond
lenses with a high aspect ratio by using a SiO, lens mask with a high aspect ratio

and a lower selectivity etching process. This lead us to look for a SiO5 mask with
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a suitable curvature. For that purpose, colloidal SiO5 microspheres have been
chosen and the results will be presented in section [3.4]

3.4 Diamond microlens array

In this section, we present a one-step plasma etching method to create compact
diamond lens arrays. This method uses a SiO; microsphere array as the etch
mask to transfer the pattern. The monodispersed SiO, microspheres used have
different diameters of 1, 2 and 3 pgm. The methodology of SiO, microsphere
deposition on diamond surface will be presented, followed by the description on
pattern etch transfer and AFM characterization of the fabricated diamond lens

array.

3.4.1 SiO, microsphere deposition

SiO9 microspheres/nanospheres are a variety of colloidal particles which have size
ranging between several nanometres and several millimetres. Werner Stober et
al. first developed a method to control the growth of monodisperse silica spheres
in the micron size range in 1968 [204]. Since then, monodispersed silica colloids
have been used for various applications, including natural lithography [205-H207],
fabrication of photonic crystals [208] 209], etc. SiO4 spheres can form a monolayer
by Langmuir-Blodgett deposition [210], spin coating [211], dip coating [212] or
roll-to-roll processing [213]. These monolayer SiO, spheres can be etch transferred
to a substrate to form micro/nano pillars, wires or cones, etc [210]. It was our
intention here to use SiOy spheres as an each mask with a suitable recipe to
fabricate compact diamond lens arrays.

In our experiment, three kinds of SiOy microspheres (purchased from Bangs
Laboratories, Inc.) with diameters of 1, 2 and 3 pm were used. The main reason
for choosing these sizes is that these microspheres can be observed under an op-
tical microscope and potentially can be positioned precisely by optical trapping
[214]. These SiO5 microspheres are suspended in aqueous solution at a concentra-
tion of 100 mg/ml. The size dispersity is specified to be below 10%. The solutions
were further diluted to 10 mg/ml. We used the dip coating method to obtain a
monolayer of SiO, microspheres. Figure [3.13| shows an optical microscopy image
of monodispersed 3 pm SiOs microspheres, which is similar to the process for
spheres with diameters of 1 and 2 um. As the excess solvent dried out, the SiOq
microspheres remained as a monolayer and did not stack together. To achieve this

monolayer deposition, we have optimized the concentration of SiOy microspheres,
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Figure 3.13: Optical microscopy image of monodispersed 3 pm SiO, microspheres.

otherwise the so-called rush hour effect would result in a disordered multi-layer

stack [215].

3.4.2 ICP Ar/Cl, plasma etching

In this work, ICP Ar/Cl, plasma etching was used to etch SiOy microspheres and
diamond so as to transfer the microsphere pattern to diamond. This gas mixture
can produce a smooth diamond etched surface as previously demonstrated in our

group [I78]. First, the etchant is formed in the plasma, as expressed by:

e+ Cly = 2Cl+e (3.13)
This is followed with SiO etching in the Ar/Cly plasma [216]:

Si +nCl — SiCl, (3.14)
and then diamond etching in the Ar/Cl, plasma [I78]:

C+nCl = CCl, (3.15)

During these processes, Ar ions are used for sputtering the diamond/SiO,
surface which also facilitates the chemical reaction between etchant and
diamond/SiOy. The process produces volatile products CCl, and SiCl, which
are pumped out from the the ICP chamber. The ICP etching recipe for this
process is summarized in Table We can achieve etching selectivity of 0.5
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Table 3.5: ICP etching recipe for diamond microlens fabrication using SiOy mi-
crospheres.

Pressure | Ar flow | Cl, flow | Platen | Coil Diamond SiOy etching
power | power | etching rate | rate
5 mTorr | 25 scem | 40 scem | 300 W | 400 W | 75 nm/min | 150 nm/min

P
sl

m

Figure 3.14: Diamond microlenses transferred from 3 pm SiOs microspheres.

between diamond and SiOy with this recipe.

After ICP etching, the etched samples are immersed in a BOE bath to make
sure the resulting structures are indeed from diamond because any residual SiOq
should be removed by BOE etching. Optical microscopy images of these etched
samples were taken and are shown in Figure[3.14] It can be seen that the resulting
diamond microlenses are uniform and compact, confirming that the suitability of
SiOy microspheres as an etch mask for diamond microlens fabrication.

To have a better understanding of the etched structures, AFM measurements
was conducted by using a Park Systems XE-100 Research Grade Atomic Force
Microscope. Operated with a Non-Contact mode, the XE-100 is able to charac-
terize the surface profile and roughness of the resulting diamond microstructures
at nanometer scale. Such an AFM image is shown in Figure [3.15a). This image
demonstrates that the 3-um SiO, microsphere structures have been successfully
transferred to diamond to form a compact diamond microlens array. The mea-
surements also show that the surface of the diamond lenses is smooth and that
their sizes are uniform. These diamond lenses have a height of over 1 ym and a
radius of 2 um, giving a relatively high aspect ratio. Further optimization of the
etching recipe is required however if accurate hemispherical diamond lenses are

to be produced. This can be achieved by choosing the proper etching gases and
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Figure 3.15: (a) AFM image of a diamond microlens array transferred from 3 pm
SiO2 microspheres and (b) a line scan profile along the blue dash line in (a)

adjusting the etch parameters so as to get suitable vertical and lateral etching

rates.

3.5 Diamond micropillars

There are several methods that have been pursued to increase the extraction
efficiency of a diamond colour centre, such as using a microlens, a nanowire [217]
or a micropillar which is aligned properly with the colour centre. However, if such
microlenses or nanowires are fabricated by electron beam lithography, the colour
centre cannot be identified directly during the fabrication process, making it very
difficult for alignment. The alignment can be achieved by first using an optical
excitation/detection method to locate and mark a colour centre, then fabricating
(e.g. by FIB or e-beam lithography) an aligned microlens or nanowire on it [170].
Clearly, the above process will be much simplified if we could develop an optical
technique which combines the colour centre detection, marking and micro/nano
fabrication. As similar idea has been realized in a quantum dot system, where
micropillars are used to increase light extraction efficiency from the quantum dot
single photon emitter which can be identified by an in-situ lithography technique
[47,218]. In this work, we proposed a micropillar fabrication method by using the
in-house pLED writing setup. This optical system has capability of fabricating
nanostructures and can be upgraded by combing another light source to detect
and mark the colour centres in diamond so as to realize the desired alignment

and nanofabrication. The writing setup can be seen in Chapter
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Figure 3.16: (a) Diagram of a diamond micropillar and (b) Light exaction effi-
ciency vs. diameter and height of diamond pillars by 2D FDTD method.

3.5.1 Estimated light extraction efficiency using FDTD

3.5.2 Fabrication of diamond micropillars

We first used a commercial FDTD software (FDTD Solutions, Lumerical, trial
version) to simulate the light extraction in diamond micropillars, to provide a
guideline for the micropillar design and fabrication. Figure a) shows a dia-
gram of a diamond micropillar. In order to find the best micropillar dimensions
for maximum light extraction, we mapped out the light extraction efficiency vs.
the diameter and height of diamond pillars over a large range (diameter 0.1-2
pm; height 0.1-5 gm). The simulated results are shown in Figure [3.16{(b). It can
be seen that the larger the diameter and the smaller the height of the pillar, the
lower is the light extraction efficiency. These results agree well with expectation.
When there is no pillar, namely a flat surface, there won’t be any improvement
of light extraction efficiency.

As mentioned in Chapter [2, we have used a home-built CMOS-driven pLED
writing setup to define photoresist dots on diamond. The emission of the uLED in
the setup matches the absorption of negative resist maN 1405. SiO, was deposited
prior to the writing and used as a hard mask for diamond micropillar etching.
The written resist pattern was transferred to SiOs by RIE first and subsequently
to diamond by ICP etching.

To study the micropillar’s diameter as a function of yLED size and expo-
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Figure 3.17: (a) Optical microscopy images of uLED written photoresist dots
with exposure time ranges from 0.6 s to 2 s and (b) the enlarged image of a group
of four photoresist dots using 4 yLEDs under 0.6 s exposure.

sure time, we used 4 pLEDs with two different diameters (14 and 24 pm) named
14pLED1, 14pLED2, 24pLED1 and 24pLED2, respectively. These 4 uLEDs are
used for exposure in parallel. Exposure times are 0.6, 0.8, 1, 1.6 and 2 seconds,
respectively. For each exposure time, we did 10 exposures to get the average
dot size. Figure [3.17] shows the typical resist dots written by these 4 puLEDs
with different exposure times. All the photoresist dot images are processed by a
home-built Matlab?™ code in order to determine the diameter of the individual
dots. Based on the processed data, we can get the average diameter and standard
derivation of the photoresist dots using the same yLED under the same exposure
time. These data are plotted in Figure[3.18] These results show how the average
photoresist dot diameter changes with the exposure time. Clearly, the longer the
exposure time, the larger the dot size. Pixels 24pLED1 and 24uLLED2 give almost
identical dot sizes while the photoresist dots generated from 14pLEDs are differ-
ent. This indicates that the uniformity of 14uLEDs is not yet satisfactory and
further improvement of the uniformity of the yLED illumination is required so as
to achieve uniform multiple LED beam writing for micro/nano pillar fabrication.

A 0.6s exposure time gives an average pillar diameter of 2.34 pym and 1.72
pm by using 14pLED1 and 14uLED2, respectively. This size is not sufficient for
dramatic improvement of NV center light extraction and thus further work is

required.
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Figure 3.18: pLED written photoresist dots: average diameter vs exposure time.
The error bars are shown in the figure.

3.6 Summary

In summary, the main work described in this chapter is to develop novel diamond
micro-optical components including diamond microlenses with a high aspect ratio
and diamond micropillars. One of important applications of these diamond micro-
optical components is to integrate them with diamond colour centre, which is a
room-temperature single photon source, to achieve high light extraction. To
do so, various micro-fabrication techniques including dual-mask etching, pattern
transfer using SiOy microspheres and pLED direct writing have been developed.
We have proposed and demonstrated that diamond high aspect ratio microlenses
can be made using dual-mask and SiO, microspheres. The SiO, microspheres
can make diamond microlens array in a single etching step and could be a strong

candidate for diamond microlenses fabrication.
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Chapter 4
Diamond waveguides

The objective of the work presented in this chapter is to develop diamond rib
waveguides which could be the building blocks of an all-diamond integrated quan-
tum photonic circuit. There are five sections in this chapter. Section presents
a literature overview of diamond waveguide research and a general introduction
and design guideline for large cross-section rib waveguides. We first tried to
fabricate diamond waveguides by using standard lithographic processes. How-
ever, some fabrication issues occurred and the reason for these issues is analyzed
in Section To address these issues, photoresist inkjet printing method was
developed and in this way, edge coupled diamond rib waveguides were success-
fully fabricated (see Section . The diamond rib waveguides underwent optical
waveguiding tests which are presented in Section Section is a brief con-

clusion.

4.1 Diamond photonic structures

To make a rib waveguide (see Chapter , there are two basic conditions that
need to be satisfied. First, the waveguide material requires a higher refractive
index compared to its surroundings, meaning that there must be a refractive
index contrast in order to make a waveguide. Second, a suitable rib structure
needs to be designed and etched. In the first subsection, we will review the
methods reported in the literature on how to create a refractive index contrast in
diamond. Then, the design we used to make rib waveguides is presented in the

second subsection.
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Table 4.1: Summary of changing refractive index of diamond by ion implantation.

Year | Group Institution | Material | Fabrication Structures and
techniques references
1965 | R. L. | Northwestern Diamond| 20 KeV CT, | Typical increase
Hines University from H. | anneal in | in refractive index
B. Dyer | argon  atmo- | of 0.1 [223]
sphere
2010- | E. Vit- | University Type 2 and 3 MeV | Maximum  vari-
2011 | tone of Torino [Ta E6 protons mi- | ation  of  the
crobeam refractive index is
0.1 [224], 225]
2010 | S. Lago- | University Type 2 and 3 MeV | Waveguiding in
marsino | of Firenze ITa E6 proton mi- | ion implanted
crobeam diamond [226]
2012 | E. Vit- | University | Type 180 KeV BT Up to 5% increase
tone of Torino ITa E6 in refractive index
[227]

4.1.1 Literature review

There are several methods of creating a refractive index contrast in a diamond
photonic structure. Among them, one is to grow diamond on a lower refractive
index material (e.g. SiO5). At the current stage, however, this growth technique
can only produce microcrystalline diamond which is not quite suitable for waveg-
uide fabrication and applications (see Section. Diamond grown on silicon can
have a nanocrystalline structure which could have better optical performance than
microcrystalline diamond; however, silicon has a higher refractive index than di-
amond, meaning that light cannot then be confined in a conventional waveguide
structure. We note that there are a few reports on the heteroepitaxial growth of
single crystalline diamond recently [219] and this will be reviewed at the end of
this subsection.

Another method to generate a refractive index contrast is to use an ion im-
plantation process. The ion implantation method can be used to change the
physical, chemical, or electrical properties of a solid and has wide applications in
the semiconductor industry. Ion implantation has been used in diamond as well
and such work was presented in Refs. [220H222] and the references therein. Ion
implantation can either change diamond’s refractive index directly or make thin
diamond membranes for further waveguide fabrication. The reported results on
these methods are summarized in the following.

The first approach is to use ion beam to change the diamond refractive index
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Figure 4.1: Process flow of diamond membrane made by ion implantation.
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Figure 4.2: Process flow of diamond membrane made by ion implantation and
post CVD diamond growth.

directly, a literature review of which is summarized in Table[d.1} The first report is
from R. L. Hines who obtained an increase of 0.10 in refractive index of diamond
after 20 KeV C7 ion implantation [223]. A very recent paper is from Ettore
Vittone’s group, in which they reported that 80 KeV BT ion implantation caused
considerable increase in refractive index (up to 5%) [227]. Similarly, proton micro-
beams were also used for diamond refractive index modification [224], 225] and
waveguiding has been demonstrated in a diamond channel written by a micro-
beam [220].

The ion beam can also be used to graphitize diamond at a certain depth so as
to make a thin free-standing diamond membrane in the range of several hundred
nanometres to a few microns. The general procedure of this method is shown in
Figure [4.1] First, MeV C* or O* ions are used to create a buried damaged layer
in a bulk diamond. Then, through thermal annealing and acid/plasma etching,
a submicron thick thin membrane can be separated from the bulk diamond. Re-
ported work on this topic is summarized in Table [4.2l Diamond membranes as
thin as 210 nm were reported and various structures including microrings [234],
rib waveguides [237] and photonic crystal structures [231] have been fabricated
on these membranes.

In combination with CVD growth, the above method has been further devel-
oped as shown in Figure[4.2] First ion implantation is used to graphitize diamond
in a shallow depth in a bulk diamond, followed by CVD homopitaxial diamond
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Table 4.4: Summary of photonic structures on commercial thin diamond platelet.

Year| Group Institution] Diamond | Fabrication | Structures with refer-
process ences
2011 E.  Gu, | University| 20 pm | Inkjet print- | Large cross-section end
M. D. | of thick ing,  Pho- | coupled rib waveguides
Dawson | Strath- type  Ib | tolithogra- | [127]
clyde DDK phy, ICP
20111 A. HP Lab- | 5 pm | RIE; EBL 280 nm thick mem-
2012| Faraon oratories | thick brane, multimode ring
type Ila resonators [254], pho-
E6 tonic crystal [255]
2011 M. Harvard | 20 pm | ICP  etch- | 250 nm thick mem-
Loncar Univer- thick ing, EBL brane, Ring resonator
sity type Ib coupled to an optical
E6 waveguide [250]
2012] R. L. | Harvard | 0.2 mm | As pur- | TIR between polished
Walsworth Univer- thick chased planar surfaces [257]
sity CVD
Apollo

growth. By using thermal annealing and acid/plasma etching, the thin diamond
membrane which is mainly the epitaxially grown diamond layer can be separated.
Reported work on this topic is summarized in Table By this method, the dia-
mond membrane thickness is largely controlled by the post homoepitaxial growth
and membranes with varied thicknesses ranging from 75 nm [251] to 0.47 mm [248]
have been reported. Diamond micro-disks [245] 246], micro-domes [250], 251] and
suspended bridges [252] have been fabricated on these thin membranes as well.

The thin diamond platelets can also be made by mechanical grinding and
polishing. Such polished thin diamond platelets (5 to 20 pum thick) are com-
mercially available recently. Rib waveguides [127], diamond micro-rings [254],
photonic crystals [255] and integrated diamond photonic circuits [256] made on
such diamond platelets have been reported. These works are summarized in Table
4.4

There are other techniques which can be used for fabricating photonic struc-
tures on diamond directly e.g. 3 dimensional FIB milling [258] [259]. By using
FIB milling, photonic crystals were also made on heteroepitaxial grown single
crystal diamond. Details of this work are shown in Table
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Table 4.5: Summary of photonic structures made by 3D FIB milling and het-
eroepitaxial growth.

Year | Group Institution| Diamond Fabrication Structures with ref-
process erences
2008 | Rarity, Bristol E6 dia- | 3D FIB | L3 photonic crystal
J.G Univer- mond milling [260]
sity
20104 R. Kalish | Technion, | Single 3D FIB | 2 pm wide bridge
2011 Haifa, crystal milling, H, | [261], Triangu-
Israel diamond plasma lar nanobeam
Photonic  crystal
[258]
2011 | M. Lon- | Harvard | Single 3D FIB | 150 or 200 nm thick
car Univer- crystal milling diamond bridge
sity diamond and nanobeam
cavity [259]
2012 | C. Saarland | CVD dia- | DRIE, RIE, | 300 nm thick mem-
Becher Univer- mond on | FIB  milling, | brane and photonic
sity Ir/YSZ/Si | acid treat- | crystal [219)]
[262] ment

4.1.2 Diamond rib waveguide design

As presented in Chapter [I], in this work, diamond and GaN waveguides with a
large cross-section rib structure were developed. Klaus Petermann investigated
the geometrical conditions required to enable the realization of large cross-section
single-mode rib waveguides in 1976 [263]. However, it was not generally accepted
at that time that a single mode rib waveguide structure can be several microns
in lateral dimension. Richard A. Soref et al. revisited this topic in 1991 and gave
a normalized equation to determine the necessary cross-section dimensions for a

single-mode rib waveguide structure [264]. This equation is now widely used:

% (assuming 2by/n} —n3 > 1)
—r

where a,b,r,n; and ny are defined in Figure [£.3] (for the case of diamond on

Silica) and A is the free space wavelength of light. There were several following

<03+ (4.1)

o e

discussions on this topic [265H268]. It is now generally accepted that a large
cross-section single mode waveguide is possible and many demonstrations have
been made on Silicon-on-Insulator (SOI) [269], Si-Ge system [264], etc .

In this chapter, we first designed rib waveguides based on commercially avail-

able 20 pum thick free-standing natural diamond platelets with a 2 mm x 2 mm
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Figure 4.3: Diamond waveguide design schematic. Parameters of a, b and r are
used in Equation 4.1} A is the free space wavelength of light. ng, ny and ny are
refractive indices of air, diamond and silica, respectively.
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Figure 4.4: FEA simulation of large cross-section diamond rib waveguide

square shape. The thin diamond plates were purchased from Delaware Diamond
Knives (DDK), Inc. The design of these rib waveguides takes advantages of re-
laxed dimensional requirements for single mode behaviour following the criteria
in Equation which have been applied to silicon-based materials [264]. Such a
waveguide cross-sectional structure is shown in Figure 4.3

Our design is based on the following parameters: (i) the upper cladding is air
and the lower cladding is SiOy; (ii) the refractive indices (at 632 nm) of diamond
and SiOy (lower cladding) are 2.41 and 1.46, respectively; (iii) the operation
wavelength is set at 632 nm which is the wavelength of the He-Ne characterisation
laser and is also close to the emission wavelength of a diamond NV centre (637
nm).

Two-dimensional finite element analysis (FEA) [270] was carried to calculate
the intensity profile of the guided mode in the rib waveguide structure. Based on
this 20 pm-thick diamond platelet with rib width of 20 ym and rib etching depth
of 6.7 pm, the calculated intensity profile is shown in Figure £.4] Our simulation
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Figure 4.5: Fabrication process of microcrystalline diamond rib waveguides.

confirms that single mode operation can be sustained in the large cross-section

diamond waveguide with the designed structure and parameters.

4.2 Microcrystalline diamond waveguide

4.2.1 Fabrication process

As a first attempt, we started diamond waveguide fabrication by using microcrys-
talline diamond. The microcrystalline diamond sample was grown on a SiOs/Si
substrate by chemical vapour deposition (CVD) technique (purchased from sp3
Diamond Technologies). The SiOy layer has a lower refractive index, hence pro-
viding the confinement in the diamond waveguide.

The waveguide fabrication process is illustrated in Figure Si0y was cho-
sen as a mask material since it is commonly used for diamond patterning. In
particular, SiO, permits us to take advantage of the high etching selectivity of
diamond over SiOs in Ar/O, plasma used for diamond etching. A layer of 500 nm
thick SiO, was first deposited by plasma-enhanced chemical vapour deposition
(PECVD) on diamond. Photoresist S1805 was then spin-coated at a speed of
4000 rpm, producing a 500 nm thick photoresist layer. The photoresist exposure
time was 2.5 s. Then Reactive Ion Etching (RIE) was used to etch the patterned
SiO5. The typical RIE etching recipe for SiO5 is summarized in Table This
RIE recipe gives a suitable selectivity (~4 between SiO, and S1805), the mea-
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Table 4.6: RIE recipe for SiO, etching and etching rate of SiO5/S1805.

Pressure | Ar flow | CHF; Platen Si0Oy etching | S1805 etch-
flow power rate ing rate
66 mTorr | 15 scem | 5 scem | 200 W | 41 nm/min | 10 nm/min

Table 4.7: ICP recipe for diamond rib waveguide and etching rate of
diamond/SiO; .

Pressure | Ar flow | Oy flow | Coil Platen | Diamond SiOy  etch-
power power | etching rate | ing rate

5mTorr | 15 scem | 40 scem | 1200 W | 300 W | 280 nm/min | 30 nm/min

sured etch rates of SiOy and S1805 under these etch conditions are 41 nm/min
and 10 nm/min, respectively.

After RIE etching, the photoresist was stripped by dipping the sample into
acetone and menthol and a subsequent DI water rinse. After drying, the sample
was put into the ICP chamber for diamond etching. The ICP etching recipe is
shown in Table . This ICP recipe gives a suitable selectivity (~10 between dia-
mond and SiOs), the etch rates of diamond and SiO5 under these etch conditions
are 280 nm/min and 30 nm/min, respectively.

During each fabrication stage, optical microscopy images were taken. Figure
4.6/a) shows the photolithographic resist lines on SiOy/diamond/SiOs/Si. Fig-
ure [4.6(b) and inset are the SiO, lines on diamond/SiO,/Si after RIE etching
and residual resist stripping. Figure (C) and its inset are the microcrystalline
diamond lines on diamond/SiOy/Si after ICP etching.

SEM images of etched microcrystalline diamond waveguides are shown in
Figure[d.7] The length of the waveguide structure is longer than 4 mm. The space
between two waveguides is 500 pm which is big enough for optical measurements.
It can be seen from Figure 4.7 (b), however, that the sidewall of the rib structure
is rough, which is due to the selective etching at the grain boundaries of the
microcrystalline diamond and the zigzag edge of resist pattern is again owing to
the roughness of microcrystalline diamond. These structural results show that
the microcrystalline diamond waveguides are not suitable for light coupling and

propagation.

4.2.2 Challenges and issues using conventional process

From the above results, we considered that single crystal diamond would be

required to produce waveguides with good optical quality. Thus, we decided to
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Figure 4.6: Images of microcrystalline diamond rib waveguides during the fab-
rication process. (a) photolithographic resist lines on SiOs/diamond/SiOs/Si,
(b) SiO; lines on diamond/SiO,/Si after RIE etching and residual resist strip-
ping with an enlarged image as inset, and (c¢) microcrystalline diamond lines on
diamond/SiO,/Si after ICP etching with an enlarged image inset.

500 pm

Magn Det WD
4 SE_9.0

Figure 4.7: SEM images of microcrystalline diamond rib waveguides after the
fabrication process: (a) small and (b) large magnifications.

fabricate waveguides on bulk single crystal diamond first to test the fabrication
process and to check the structural properties. The fabrication process is similar
to that used for the microcrystalline diamond waveguides shown in Figure
As shown in Figure the sidewall of a single crystal diamond waveguide
is much smoother compared to that of a microcrystalline diamond waveguide.
This confirms that single crystalline diamond is more suitable for making optical
waveguides. However, because of the thickness of the bulk diamond used and
lack of lower confinement material, it was not expected that this sample would
have a waveguiding effect. There is also a technical issue regarding the opti-

cal coupling. There are several ways to couple light into a waveguide, such as
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Figure 4.8: SEM images of single crystalline diamond rib waveguides after the
fabrication process: (a) small and (b) large magnifications.
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Figure 4.9: SEM images showing edge effect for single crystal thin plate diamond
rib waveguides.

prism coupling, grating coupling, and end-coupling. Among them, we chose end-
coupling since it is the most steady and straightforward method and is also widely
used in integrated quantum photonics measurement. This method requires that
all waveguide structures must extend to both ends of the substrate. However,
due to the edge bead effect in spin-coated photoresist as described in Chapter [2]
the fabricated waveguide structure cannot be extend to the edge of the diamond
sample. Using a thin diamond plate could reduce the edge effect. Nevertheless, it
was found that the waveguide structure made on a thin diamond plate still can-
not reach the real edge of the substrate as shown in Figure [£.9, Another possible
way is to cleave the diamond substrate after waveguide fabrication. As diamond

is an extremely hard material, it is very difficult to apply this method to realize
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Figure 4.10: The fabrication process flow of the thin (20 pm) diamond waveguides.

an ideal waveguide edge for light coupling.

In this work, an innovative method has been proposed and developed to over-
come the problem. This method uses an inkjet printer to deposit photoresist
drop by drop to reach the diamond sample edges, thus removing the edge effect
caused by spin coating. By this new technique, we have fabricated end-coupled
diamond waveguides on a small (2mm x 2 mm) diamond platelet successfully.
The detailed fabrication method and process will be introduced in the following

section.

4.3 Fabrication of single crystalline diamond

waveguides

The fabrication process flow of the diamond waveguides is shown in Figure 4.10]
In this section, 2mm x 2mm thin (20 pm) single crystalline diamond platelets
were used. A 700-nm-thick SiOs mask layer was first deposited using PECVD.
After deposition, the diamond thin platelet was glued on a narrow silicon support
bridge using Norland 81 optical adhesive. Prior to the bonding, a 700-nm-thick
Si0, layer was deposited on the surface of the silicon bridge. Both the Norland 81
optical adhesive (with refractive index of 1.56) and the SiO layer on the silicon
bridge have a lower refractive index than that of diamond. Thus they can provide

vertical light confinement. The narrow silicon bridge gives good lateral access to
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Figure 4.11: A schematic diagram of the inkjet printing setup. The piezo actuator
controlled inkjet printing nozzle generated 10-pl resist drops one by one to form
a continuous stripe on the PECVD grown SiO, mask.

the waveguide ends, allowing us to couple light directly from the sample edges.

4.3.1 Photoresist deposition using an inkjet printer

The next step is to create photoresist patterns on top of the SiO, mask layer,
which was achieved by inkjet printing and subsequent standard photolithography.
The inkjet printing is a droplet-based deposition method [271] and can success-
fully avoid the edge effect caused by spin coating process. The inkjet printer
(Dimatix DMP-2800) was used in this work and this method of deposition have
been introduced in Section of Chapter [2l Photoresist S1805 was used and
filled into a 10-pl cartridge of the inkjet printer. A schematic diagram of the spe-
cific inkjet printing process used here is shown in Figure .11} Under the control
of a piezo actuator, the inkjet printing nozzle generated 10-pl photoresist drops
one by one. By carefully choosing the spacing of printed photoresist drops, a
continuous photoresist stripe was formed on the SiO,/diamond substrate.
Owing to the ’coffee stain’ effect [146] described earlier, the printed photoresist
stripes have a cross-section shape with a lower height in the centre which is clearly
not suitable for subsequent photolithographic patterning to define the waveguide
structure. To overcome this problem, we investigated the dependence of the

profile of the printed photoresist stripes with increasing number of the printed
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Figure 4.12: The surface profilometer measurements of the cross-section of four
samples with 1 to 4 layers of printing photoresist.

layers. A sample with four different stripes consisting of respectively 1, 2, 3
and 4 photoresist layers was produced. After printing, the sample was baked at
130 °C for 2.5 min. The cross-sections of the four stripes were measured by a
Surface Profile Measuring System and shown in Figure f.12] We can see that
the 1-layer stripe has an obvious lower height at the center and by increasing the
printing layer number, the central thickness of the photoresist increases rapidly,

eliminating the coffee stain effect successfully.

4.3.2 Diamond waveguide fabrication

Figure [4.13| shows the printed 4-layer photoresist stripes. The stripe is about
1.5 pm high and 100 gm in width. In order to obtain a mask with dimensions
consistent with the actual design, the printed resist stripes were subsequently
narrowed by standard photolithographic techniques, employing a Karl Suss MA-
6 contact mask aligner. In this way, well-defined photoresist stripes with a width
ranging from 2 pm to tens of microns could be fabricated. As we can see from
the images, these narrow photoresist stripes are well-defined, uniform and they
extend to the very edge of the sample.

Reactive ion etching (RIE) was then applied to transfer the photoresist pattern
to a SiOy mask. Finally, by using ICP etching, the pattern was further transferred

into diamond to realise large cross-section edge-coupled diamond waveguides.
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Figure 4.13: Optical microscopy plan-view pictures of (a) the printed resist stripes
and (b) the corresponding photolithographic resist lines.

Figure 4.14: Optical microscopy plan-view pictures of diamond waveguide fabri-
cation after (a) RIE and (b) ICP etching.

Figures [1.14|(a) and [£.14|(b) show the fabricated diamond waveguides after RIE
and ICP etching, respectively. A coil power of 1200 W was used to achieve an
etched height of 7 pum, consistent with the design parameter, was reached in 25
minutes.

The structures of the fabricated waveguides were measured using a surface
profilometer and a Scanning Electron Microscope (SEM). The results are rep-
resented respectively in Figure [1.15(a) and its inset. As shown, the waveguide
rib extends up to the edges of the sample and its cross-section is in agreement
with the chosen design specifications. From the SEM image, the slope angle (as
defined in Figure of the diamond waveguide was measured to be about 74°.
Additionally, the roughness observed on the edge facet only reflects the quality of
the commercially supplied polished platelet since these (side) surfaces remained
unaffected by subsequent sample handling and waveguide processing steps. It was
noticed that the etched (top) surface presents some common etch pits (highlighted
in Figure [£.15{a) inset) and trenches (highlighted in Figure [1.15|(b)). These etch-
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Figure 4.15: (a) Surface profile of fabricated diamond waveguide and inset is
a SEM image of the resulted sample. (b) A high magnification SEM image of
diamond rib waveguide highlighted the etching trench.

Figure 4.16: Diamond waveguide samples on Al slide (edge view). Two samples
are highlighted in red circles in the image.

related defects and surface roughness can be reduced by further optimizing etch-
ing parameters and processes [I78]. Here again, readily-achievable improvements
in the platelet preparation and fabrication process would lead to waveguides of

enhanced quality and characteristics.

4.4 Optical characterization of the waveguides

4.4.1 Optical characterization setup

After fabrication, the optical guiding characteristics of these diamond waveg-
uides were tested. To assist optical coupling, the diamond waveguide sample was
bonded on the sidewall of thin a Al slide which was connected to a translation
stage. Figure m shows two diamond waveguide samples (highlighted by red
circles) sitting on the thin Aluminum (Al) slide. Figure is a schematic dia-

gram showing the setup for diamond waveguide characterization. A He-Ne laser
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Figure 4.17: A schematic diagram of the diamond waveguide light coupling setup.

Figure 4.18: Photograph of the waveguide coupling setup. The sample holder
with the diamond waveguide sample is highlighted in the yellow circle.

(633 nm) and a lens (focal length: 3 mm) were used to edge-couple light into
the waveguide. The diamond waveguide was placed under a microscope so as to
monitor the alignment as shown in Figure 4.18f Two CCD cameras were used
and connected to a computer in order to observe the input/output end of the

waveguide.
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Figure 4.19: Light intensity of the output profile of (a) the guided fundamental
mode in the diamond rib waveguides, and (b) the unguided planar mode from the
diamond slab. The white line shows the ideal structural outline of the diamond
waveguide.

4.4.2 Optical characterization result

The measured output light intensity profiles for the guided fundamental mode
of the rib waveguides and an adjacent unguided planar mode from the diamond
substrate are shown in Figures [4.19(a) and [£.19(b), respectively. These images
show that the light intensity distributions between the waveguide and diamond
substrate are clearly different. The light confinement by the rib waveguides is
clearly observed, demonstrating the guiding functions of the diamond waveguide.
The measured mode profile width and height agrees with theoretical modelling,
however we note that the apparent distortion of the measured mode structure here
is simply a function of the quality of the polished edge of the diamond samples
used, and not of the waveguide processing technique. This also unfortunately
prevents the un-equivocal evaluation of the waveguide loss. Improvements in the

sample preparation should eliminate these effects.

4.5 Conclusion

In summary, we have successfully used inkjet printing, photolithographic pattern-

ing and ICP etching to fabricate large cross-section edge-coupled waveguides on
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free-standing thin diamond substrates. By optimizing printing and photolitho-
graphic parameters, we achieved well-defined photoresist micro-stripes without
any edge or coffee stain effects. Diamond rib waveguides extending to the very
edge of the substrate were fabricated successfully. Optical characterisation with
edge-coupling showed that these diamond waveguides do provide the expected
guiding effects. This new fabrication technique has great potential to produce
large length high-quality diamond waveguides and to develop novel diamond mi-

crostructures required by photonic quantum computing circuits.
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Chapter 5

GalN waveguides and directional

couplers

As presented in the previous chapters, integrated quantum photonics is a newly
emerging area and the material of choice is still to be determined. In this chap-
ter, we propose a move to a gallium nitride (GaN)-based material system for
such applications, because GaN has a high refractive index which can result in a
more compact footprint. GaN also benefits from a mature and versatile epitax-
ial technology which can provide readily available GaN wafers. Additionally, its
transparency in the visible and near-infrared regions makes it attractive for use in
combination with efficient Si-based single-photon detectors. Finally, it offers the
prospects for on-chip integration with single photon sources, either fabricated in
GaN itself (such as spontaneous parametric downconverters exploiting the non-
linear properties of GaN) or in the form of the diamond nitrogen-vacancy center,
taking advantage of the close refractive index match between diamond and GaN.

In this chapter, we will introduce our work on GaN waveguides and directional
couplers (DCs) along with the two-photon interference measurement made on
our GaN DCs. In Section [5.1] we will explain briefly the Metalorganic Chemical
Vapour Deposition (MOCVD) growth process of GaN materials. In Section [5.2]
we will review the development of GaN waveguides in the literature before moving
to our GaN rib waveguide design, fabrication and characterization as shown in
Section[5.3] The design, fabrication, characterization and two-photon interference
measurement of GaN DCs are introduced in Section 5.4l Section B.5l is a brief

summary of this Chapter.
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5.1 GaN material growth

In this section, we will start with a brief history of MOCVD and then review
the synthetic history of GaN. In the last subsection we introduce the particular
MOCVD growth model we used for this work.

5.1.1 MOCVD

MOCVD is the acronym of Metalorganic Chemical Vapour Deposition, and some
people prefer to name the same process as Organometallic Vapour-Phase Epitazy
(OMVPE), or other permutations of the same letters (MOVPE or OMCVD).
Stringfellow wrote a book in the title of Organometallic Vapour-Phase Epitazry
and insists that "organometallic should be used to describe the precursor molecules,
since it agrees with the general chemical nomenclature’ [272]. However, MOCVD
is a much common name in both industry and academic research today, so we
will use MOCVD throughout this thesis.

The first patent on MOCVD growth of III-V compound semiconductors was
filed by Scott in 1954 [273]. The first scientific paper on the epitaxial growth
of GaAs using MOCVD was published by Manasevit in 1968 [274]. In 1975,
Seki et al. reported a growth of extremely high-purity GaAs [275] which cleared
early doubts on the capability of MOCVD. During 1970s and 1980s, many high
performance devices were developed from MOCVD grown wafers, including room-
temperature GaAlAs-GaAs lasers [276] and light-emitting diodes (LEDs) [277].

5.1.2 GaN growth

The synthesis of GaN was reported by Warren C. Johnson et al. 80 years ago
[278]. They prepared GaN by reacting metallic gallium with ammonia gas at

900-1000°C and interpreted the reaction expression as follows:
2Ga + 2NH3 = QGaN + 3H2

This was believed to be the earliest report of GaN synthesis [279]. The early
history of single crystalline GaN growth and characteristics can be found in
Strite’s review paper [279)].

In 1968, James Tietjen at Radio Corporation of America (RCA) encouraged
Herbert Maruska to start research on single crystal growth of GaN film in the
hope of realizing blue LEDs and ultimately developing a flat TV. Later on, they

reported the single crystalline GaN grown by a vapour phase growth technique
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i.e. HVPE (hydride vapor phase epitaxy) process [280} 281]. In their method,
a Ga source was heated up to 900 °C, an HCI flow was used to carry the Ga
vapour and NHj3 was used to provide the N source. During growth, the sapphire
substrate was heated at about 825 °C and the GaN deposition rate was about
0.5 pm/min.

Also at RCA Laboratories, J. I. Pankove et al. reported first GaN metal-
insulator-semiconductor (MIS) LEDs with green and blue emissions [282]. Owing
to unsuccessful p doping attempts, the efficiencies of these LEDs were very low.
The external power efficiency was about 107 and external quantum efficiency
was ~ 1% for the green GaN MIS LED.

In 1989, Hiroshi Amano et al. achieved GaN p-type material by low en-
ergy electron beam irradiation (LEEBI) of Mg-doped GaN in Isamu Akasaki’s
group [283]. Based on this material, they fabricated the very first p — n junc-
tion GaN blue LED at room temperature. In 1992, Shuji Nakamura reported a
more commercially available method to achieve p-type GaN materials by ther-
mal annealing of Mg-doped GaN at Nichia Corporation [284]. In 1993, Shuji
Nakamura demonstrated a bright blue GaN LED (1 Candela) [285]. This In-
GaN/AlGaN double-heterostructure LED featured a Zn-doped InGaN layer with
a typical output power of 1.5 mW. The external quantum efficiency was as high
as 2.7% at a forward current of 20 mA at room temperature. In 1995, Shuji Naka-
mura demonstrated the first pulsed violet InGaN multiple quantum well (MQW)
LDs [286] and later in the same year he realized the first CW violet InGaN MQW
LDs [287].

Today, GaN is one of the most important optoelectronic materials and has
been widely used for applications like LEDs, laser diodes, and high electron mobil-
ity transistors (HEMTs), etc. These exciting applications have motivated much

further research on GaN crystal growth and processing development.

5.1.3 The Aixtron 200/4 RF-S MOCVD reactor

The GaN samples used in this work were home-grown by a horizontal-flow, low-
pressure Aixtron 200/4 RF-S single wafer MOCVD reactor as shown in Figure
b.1l Figure provides a schematic view of the internal arrangement of the
deposition cell, gas inlet and exhaust gas treatment subsystem of the reactor. In
this MOCVD system, hydride and metal-organic precursors are injected through
two inlet channels separated by a quartz plate, which extends through the cooler
zone of the cell. The main precursors used in our GaN growth are supplied from

stainless steel containers termed bubblers, which are housed in thermostat baths
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Figure 5.1: Image of the ATX 200/4 RF-S MOCVD system. Image courtesy: lan
W. Watson.

Metal source vapours (TMGa, Reagent separation plate
TMin, TMAI, DTBSI) Substrate
Metal vapour flow / — Deposition cell
Ammonia flow / l
Exhaust
Hydride gas source Flat RF rEo’;ga”SLﬁfs o, Rt ———
(NH,, SiH,) cylinders heating coil ¥ pump subsystem

Figure 5.2: Schematic modular representation of the AIX 200/4 RF-S MOCVD
reactor.

inside the main cabinets of the MOCVD system. The sources of the group III
metals are metal alkyls, specifically trimethyl compounds henceforth given the
abbreviations TMGa, TMIn and TMAI. TMGa was first produced about 80 years
ago [288] and is now commercially available.

The basic reaction process of GaN MOCVD growth is:

Ga(CHS)g(V) + NHg(v) = GaN(S) + 3CH4(V)

where v’ refers to as vapour and ’s’ refers to as solid. Detailed growth and struc-

ture characteristics of GaN film using this reactor can be found in C. Deatcher’s

PhD thesis [289).
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Figure 5.3: Schematic of the rib waveguide design using GaN on sapphire with
air cladding. The ordinary index of GaN is used due to the restriction to TE

operation [302].
5.2 Review of GalN waveguide structures

The historical developments of GaN waveguides are summarized in Table [5.1]
Though our interest of GaN waveguides is mainly for applications in integrated
quantum photonics which are somewhat different from the research listed in the
table, it is still useful for us to understand the current research trends of GaN
waveguides and the relevant material improvements. It is noticed that the focus
of GaN waveguide research has currently shifted from the material properties

investigation [290] to communications applications [291].

5.3 GaN rib waveguides

5.3.1 Design details

In this section, we will show our results on the design, fabrication and characteri-
zation of GaN rib waveguides. First, the waveguide structures were designed on a
3.8 pum thick GaN layer grown on c-plane sapphire by MOCVD. Figure [5.3| shows
the cross-sectional schematic structure of a GaN rib waveguide with a etch depth
of 1.9 um. It is worth mentioning here that the sapphire substrate has a lower
refractive index (1.76) than GaN (2.33) and thus it serves as a natural cladding
layer. This is one of the advantages of using GaN over diamond for waveguide
applications.

The designed structure of the GaN-on-sapphire used in this study complied

with the fabrication procedure involving standard optical contact lithography and
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Table 5.1: Summary of GaN waveguides in literature.

Year / Group / In- | Growth / Measurement / Loss / structure / wavelength /
stitution references

2001-2011, E. | MOCVD heterostructures, prism coupling, 1.2 dB/cm for
Dogheche,  Uni- | AlGaN/GaN, 1.8 dB/cm for AlGaN/AIN at 632.8 nm [292];

versit de Valenci-
ennes

Waveguiding GaN on AIN/GaN SPS on silicon at 632.8
nm, no loss measurement [293]; GaN on AIN/GaN SPS on
sapphire, 0.65 dB/cm at 1.55 um, GaN on classical AIN
nucleation layer, 4 dB/cm at 1.55 pm [294]

2002, A. J. Steckl,

MOCVD growth GaN, MBE growth GaN:Er channel

University of | waveguide, out-scattering technique, 5.4 dB/cm at 633 nm,

Cincinnati 5.4 dB/cm at 1307 nm, 4.1 dB/cm at 1500 nm [290]

2003-2011, MOCVD GaN/Al,Ga(1-4)N heterostructures rib waveg-

Rongqing Hui, | uide on sapphire, Fabry-Perot interference measurement

University of | give a loss of 34.4 dB/cm, 2x2 GaN/AlGaN heterostruc-

Kansas ture optical waveguide coupler, AWG-based WDM coupler
[295], 296]

2004, J. Salz- | Selective area MOCVD growth GaN multimode ridge

man, Technion, | waveguide, outscattering technique gives an internal op-

Israel Institute of | tical loss ~19 dB/cm, 1550 nm [297]

Technology

2005, R. Geiss, | HVPE growth free standing GaN, average of 2.41dB/cm

Bell Laboratories

and 1.85dB/cm for Transverse Electric (TE) and Trans-
verse Magnetic (TM) polarizations, minimum loss values
0.82 dB/cm (TE) and 0.61 dB/cm (TM) at 1550 nm [29§]

2005, N. Suzuki,
Toshiba Corpora-
tion

MOCVD grown GaN, polarization dependent loss (PDL)
10-20 dB/cm, MBE growth GaN PDL 100 dB/cm [299]

2008, F. H. Julien,

GaNInAIN ridge waveguides by MOCVD, photolithogra-

Universite Paris- | phy and ICP, FabryPerot measurements gave a propaga-
Sud tion loss of 18 (TE) and 49 dB/cm (TM), slab waveguide
30 dB/cm [300]

2009, H. Jiang, | Er-doped AlGaN/GaN:Er/AlGaN heterostructures strip
Texas Tech Uni- | waveguides by MOCVD, photolithography and ICP, prop-
versity agation loss 15 dB/cm at 1540 nm [291]

2011, Y. Nakano, | MOCVD AIN rib waveguide on GaN/AIN multiple quan-
University of | tum wells, supercontinuum light measurement give a loss
Tokyo of 40 dB/cm [301]

a single etching step [291]. The waveguide designs were based on the large cross-

section rib waveguide single-mode criteria [127), 264, B03] with near-circular beam

profiles (numerically evaluated to be 95.8% with a circularly symmetric Gaussian
beam) as presented in Chapter
The beam propagation method (BPM) and finite element analysis (FEA)
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Figure 5.4: Process flow of the GaN rib waveguide fabrication.

simulations were used to design all the waveguide devices. The design method
is similar as that used in the Chapter {4] for diamond waveguide design. Rib
waveguides were designed based on 3.8 um-thick GaN film on sapphire. Etching
depth of 1.9 ym and a rib width of 4 ym will give single mode operation for
wavelength range of 600 nm-1300 nm.

5.3.2 Waveguide fabrication

Standard photolithography methods and dry etching including reactive ion etch-
ing (RIE) and inductively coupled plasma (ICP) etching were used to fabricate
the GaN waveguides. The process flow of making GaN waveguides is shown in
Figure First, 500 nm-thick SiOs was deposited on the GaN/sapphire sub-
strate. Then photoresist was spin-coated and standard photolithography applied.
SiOq was etched by RIE using the Ar/CHjs recipe shown in Table of Chapter
[ After resist stripping, the SiOy mask was transferred to GaN by ICP etching
using the recipe shown in Table [5.2l The GaN waveguide etching depths were
determined by simulation and could be controlled by simply changing the etching
time. For a 1.9 um GaN depth, the ICP etching took 126 seconds. Residual SiO,
mask was removed by buffered oxide etch (BOE).

After the waveguide structures were transferred to the GaN layer, the sample
was then manually cleaved to achieve two parallel optical quality facets for optical

coupling. As 'mormal’ GaN does not have a cubic crystal structure, it is very

91



Table 5.2: ICP recipe for GaN etching and etching rate of GaN and SiO,.
Pressure | Cly flow | Coil Platen | GaN etching | SiOy etching

power | power | rate rate
7 mTorr | 50 scem | 700 W | 300 W | 905 nm/min | 175 nm/min

. #
L} '
58 A

Figure 5.5: Optical images of the output facet (a) without and (b) with an overlay
of the measured intensity profile (using false colour) of the guided mode.

hard to cleave the sample to get an intended edge. R. K. Sink made extensive
investigations on GaN cleavage [304]. The first method he used is wafer fusion,
He first bonded a GaN laser structure to an InP substrate and then cleaved the
sample along the cleave planes of InP to obtain optically flat GaN facets [305].
To facilitate the cleaving, he thinned down the sample to less than 50 pum thick.
By that way, he fabricated the laser structure successfully [304]. We adopted
this thin substrate method for our GaN waveguide work. By thinning down our
GaN /sapphire substrates to about 90 pm, we were able to cleave the sample
after the waveguide fabrication to obtain optical quality GaN facets. The sample
at that thickness is also strong enough for handling during the fabrication and

optical measurement.

5.3.3 Characterization

The GaN rib waveguides were characterized by using a similar setup to that
shown in Figure The optical image of a GaN waveguide facet structure is
shown in Fig. [5.5(a) and the waveguide facet in combination of an overlay of the
measured light intensity profile using false colour is shown in Fig. [5.5(b). This
measured mode profile remained stable throughout a range of coupling positions
confirming the single-mode nature of the fabricated GaN waveguide.

Using a narrow-linewidth wavelength-tunable laser source (HP 8167B) and
the well established Fabry-Pérot (F-P) loss measurement technique [306], the
upper limit of propagation loss at a wavelength of 1300 nm was evaluated for

the fabricated GaN rib waveguides. The measured F-P fringe and fitted data are
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Figure 5.6: Measured F-P fringe and fitted data of GaN rib waveguide.

plotted in Figure The fitting was based on the Airy transmission function
[307]:

(1 — R)%e L
(1 —7)% + 4r(sing)?

«

) =

(5.1)

where combined loss-reflection coefficient » = Re~*' and phase accumulated
over a round trip ¢ = % Fitting parameters are as follows: end-facet reflectiv-
ity R=0.17, length of GaN rib waveguide L=7 mm, refractive index n=2.32@1330
nm and waveguide propagation loss =0.240 /mm=10.4 dB/cm. This loss can
be reduced through improvements of film quality such as using an AIN/GaN
short period-superlattice (SPS) buffer layer system during growth [294] as well
as optimization of etching to achieve better sidewall smoothness.

After confirming the suitability of fabricating rib waveguides from these home-
grown GaN materials, we proceeded to the design and fabrication of GaN di-
rectional couplers (DCs) which can be used to replace bulk beam splitters for

two-photon interference measurements.

5.4 GalN directional couplers

DCs (plan view and 3D diagram shown in Figure [5.7[(a-b)) are one of the key
components for integrated optics, and are a fundamental building block in emerg-
ing topics such as integrated quantum photonic circuits [308]. As summarized

in Chapter |1, quantum photonic circuits have been demonstrated in low-index-
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Figure 5.7: Plan view (a) and 3D diagram (b) of a GaN DC; (c¢) Plan view BPM
simulation of GaN DC design with a 2-um gap; (d) TE field profile of guided
mode at the device input end, and (e) TE field profile of guided mode in the
coupling region.

contrast waveguide materials including silica-on-silicon and glass [104], 108, [1T2].
In the following sections, we will show the design and fabrication of GaN DCs

and a particular application for two-photon interference.

5.4.1 Design and optimization

Considering a free-space wavelength of 800 nm and TE (ordinary ray) operation,
the GaN DCs were designed and simulated. The key design features of our GaN
DCs are the optimized waveguide cross-sections and inverse tapers [309] in order
to enhance coupling efficiency and minimize device footprint..

Figure (c) presents a plan view of BPM simulation of GaN DC design with
a 2-pum gap. For this design, the rib width varies from 4 pum (Figs. [5.7(d)) in the
input end to 2 pm (Fig. [.7(e)) in the coupler region. The calculated TE field

profiles with different rib widths are shown in Figure 5.7. It can be seen that
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Figure 5.8: Device length optimization when changing rib width in the coupling
region. It shows the minimum device length required to connect a 3.8-um wide
rib waveguide to the coupling region with a rib width between 1.4 and 2.6 pm
for a 0.05 dB taper loss.

the mode spreads further horizontally into the underlying slab with reducing rib
width which, in turn, leads to an increased mode overlap and shorter coupling
length.

However, when using inverse tapers to connect the input/output straight sec-
tions to the coupling region, the larger the rib width difference, the longer the
taper needs to be in order to limit the amount of induced radiation loss. By
optimizing the width of the waveguide at the coupling section which is a trade-off
between a short coupler and short inverse tapers [310], a minimized overall device
footprint can be achieved. The full device length is calculated by BPM and is
the summation of the constituent inverse taper and coupling region length. Fig.
5.8 shows the length change of the coupling section, inverse taper and full device
versus waveguide width in the coupling section. This calculation show that a
minimized device length of 900 pm can be achieved at a waveguide width of 2
pm in the coupling section, which is more than four times shorter in device length

compared with a similar DC at a 2-um separation without inverse tapers.

95



Figure 5.9: (a) Optical plan view micrograph of GaN DCs with (inset) high
magnification image of coupling region; (b) optical image of cleaved GaN DC
facet.

5.4.2 Fabrication and structural inspection

To fabricate the GaN DCs, the GaN/sapphire substrate was thinned down to
90 pum to assist cleaving and also to provide smooth facets perpendicular to the
guide for the end coupling. The DC structures were defined by first patterning
S1805 photoresist. The DC pattern was then transferred to a 500-nm SiOy hard
mask by reactive ion etching and subsequently into GaN by inductively-coupled
plasma etching using Cly/Ar gases, following the process flow of Fig. |5.4l To ease
arm discrimination with free space optics, the device was positioned in the center
of a 5-mm-long chip with ~2 mm sections at either end of the device providing
additional separation between the arms with an angular separating rate of 1.1°.
Stylus profilometer measurement confirmed that the etching depth of the GaN
coupler is 1.9 pym. After the sample was cleaved, an optical microscope was used
to inspect the input and output facets of the GaN DCs. The optical images of
the DCs are shown in Fig. [5.9(a). The inset of the figure is a high magnification
image at the coupling region. Figure (b) shows an optical image of the cleaved
GaN DC facets.

SEM inspection was conducted and confirmed the high quality facets of the
DCs (Figure and a well defined coupling region gap (Figure . The
sloped sidewalls of the waveguide rib were measured to be 7° off verticality. The
BPM simulations were performed to confirm that this feature does not substan-
tially change the device coupling characteristics compared to ideal vertical side-
walls [311]. It is in fact possible to further optimize and fine tune the coupling
length by accurately controlling the sidewall angle with particular GaN etching

recipes [312].
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Figure 5.10: Oblique SEM image of cleaved facet with (inset) inferred facet etch
profile.

Figure 5.11: SEM plan view image of coupling region. Black regions indicate
the waveguides. The coupler gap and waveguide sidewalls are clearly visible.

Input Profile
Imaging
x50
Output
. . Profile
800 nm Diode Laser " " Imaging

GaN Waveguide

Figure 5.12: Optical setup for GaN DC measurement.
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Figure 5.13: Measured transmission for fabricated GaN DCs with varying cou-
pling length. The curve is a BPM simulation of the transmission using the pa-
rameters shown in Fig. [p.7(c) at a wavelength of 800 nm.

5.4.3 Optical characterization

The guided mode profiles of the GaN straight waveguides and DCs were charac-
terized by using a diode-laser emitting at a wavelength of 800 nm. Laser light
was coupled into the waveguides using free-space optics and the output from the
waveguide was imaged onto a charged coupled device (CCD) with a 50X micro-
scope objective as shown in Figure [5.12]

The transmission of the DCs was measured by injecting a fixed power (2 mW)
into each arm of the DC and measuring the power at both waveguide output ports.
This method mitigates the potential loss differences between the different arms of
the DC. The range of measured transmission was found to vary between 0.1:0.9
to 0.55:0.45 (Fig. . As shown in Figure , the measured transmission

dependence on coupling length agrees well with the simulation predictions.

5.4.4 Two-photon interference in GalN DCs

Remark: The work in this Subsection is completed in collaboration with Prof.
Jeremy L. OBrien’s group at the University of Bristol.

Finally, to confirm the suitability of such GaN DC structures for integrated
quantum photonic circuits, a two-photon quantum interference experiment was
carried out with a DC with a 55:45 splitting ratio in the University of Bristol.
Using a setup as shown in Figure [5.14] degenerate photon pairs at a wavelength

of 804 nm were produced by spontaneous parametric down conversion (SPDC)

98



PMF
402nm f Filter
Diode
Laser

BBO
N

Filter

PMF

Microscope
OAbj/e{i\:es

GaN Directional
Coupler

Prism
Mirrors
Gold
90°
Mirror

Gold 90°
Mirror

FPGA +
Computing

Single Photon Detectors

Figure 5.14: The setup of Hong-Ou-Mandel quantum interference

‘.@ 250 LI I LI I LI I LI I LI I LI
c N i
= R B Measured Data i
8 200(— = 96%Visibility Fit | ® 5 ]
(] = [ -
() | = = . L
=

S 150 3
2 N i
[ B -
S 100 .
(o) = -
o = -
S 50 -
b = -
o = -
= - -
m 0 11 1 I 11 1 I 11 1 11 1 I 11 1 I 11 1

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Delay [mm]

Figure 5.15: The Hong-Ou-Mandel dip observed for a 45:55 GaN rib waveguide
DC, the signature of quantum interference between two degenerate photons. The
fitted visibility is 96%.

using a GaN-laser-diode and a (-barium borate type-I crystal. The principle of
SPDC has been described in Chapter [I} These photon pairs were fibre-coupled to
separate polarization maintaining fibers (PMF) after going through narrow band
filters and relayed using free-space optics to the input waveguides of the GaN
DC. Output photons were collected in a similar manner and coupled to avalanche
photo diodes. Photon counting and coincidence logic were then performed with
field programmable gate array circuitry with computer control.

Fig. [5.15|shows the measured Hong-Ou-Mandel dip, the signature of quantum
interference between two degenerate photons [I5]. The fitted visibility of 96%
demonstrates high quality interference and confirms single-mode propagation.

Theoretical visibility is determined by the transmission (T) of GaN DCs using
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formula [5.2) [313].

(27 — 1)?

=1 "7
v T2 4+ (T —1)?

(5.2)

For T=0.55, theoretical visibility V=98%. This means the experimental visi-

bility is very close to the theoretical one.

5.5 Conclusion

In summary, GaN-on-sapphire rib waveguides and DCs have been designed, fab-
ricated and characterized with applications as quantum information circuits in
mind. DCs design exploiting optimized waveguide cross-sections and inverse ta-
pers for low-loss and minimal footprint structures has been proposed and ex-
perimentally validated. Single-mode devices with coupling splitting ratios vary-
ing between 10:90 and 55:45 have been studied and two-photon interference was
demonstrated in these structures. This work opens up new ways for developing

more sophisticated quantum photonic circuits based on GaN.
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Chapter 6

Summary and perspectives

6.1 Summary

This thesis presents a study on the design, fabrication and characterization of
diamond and GaN photonic structures for applications in integrated quantum
photonics. In this chapter, we will summarize the work briefly and propose some
future work on integrated quantum photonics, particularly relevant to diamond
and other compound semiconductor materials.

In this thesis work, we have first demonstrated the fabrication of diamond
microlenses with a high aspect ratio by using two novel methods presented in
Chapter [3] One is a dual-mask method that utilizes the different selectivities
between resist and SiOs in Ar/Cly plasma and SiOs/diamond in Ar/Os plasma.
To improve the smoothness of diamond microlenses, SiO5 colloidal microspheres
were also used as a mask to realize diamond microlenses in Ar/Cly plasma. The
diamond microlenses fabricated by this one step etching method could be used
to increase the light extraction efficiency of diamond colour centres for various
applications.

In Chapter [ we first give a full survey on how to make a refractive index
contrast in single crystalline bulk diamond. To develop the edge coupled dia-
mond waveguides, we chose commercially available thin diamond chips. Given
the thickness of the chip, we have found that large cross-section rib waveguides can
sustain single mode operation. The big obstacle for making edge coupled waveg-
uides on the small diamond chip has been overcame by the combination of using
photoresist inkjet printing, photolithographic patterning and ICP etching. By
optimising printing and photolithographic parameters, we achieved well-defined
photoresist micro-stripes without any edge and coffee stain effects. Diamond rib

waveguides extending to the very edge of the substrate were successfully fabri-
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cated. Optical characterisation with edge-coupling indicated that these diamond
waveguides do provide the expected guiding effects. To the best of our knowl-
edge, this is the first ever report on edge coupled diamond rib waveguide. The
new fabrication technique has great potential for developing large length high-
quality diamond waveguides and other novel diamond microstructures required
by integrated quantum photonics.

As described in Chapter [5, GaN-on-sapphire rib waveguides and directional
couplers have been designed, fabricated and characterised with applications as
quantum information circuits in mind. Single-mode directional couplers with
reflectivity varying between 0.1 and 0.55 have been studied and two-photon in-
terference was demonstrated in these microstructures. This is the first demon-
stration of two-photon interference realized on a compound semiconductor chip.
Our work opens up a new way to achieve sophisticated integrated quantum pho-
tonic circuits based on GaN and other suitable compound semiconductors and

demonstrates the potential to integrate source, circuit and detector in one chip.

6.2 Future works

Integrated quantum photonics has been a hot research topic since 2008 when this
PhD began. Amazing progress has been made in this area over the last four
years. In the following section, a few possible directions of integrated quantum

photonics relevant to our work will be highlighted.

6.2.1 All-diamond platform

For diamond integrated photonic circuits, the realization of a Hanbury Brown and
Twiss (HBT) circuit would be logically the next step. It is worth pointing out
that it is not possible to achieve more complex photonic structures like directional
couplers on the diamond plates used for the diamond waveguide fabrication as
shown in Chapter {4l Even thinner and larger diamond plates are needed for such
work but they were not quite ready when this work was conducted. However,
recently, we found out that Element 6 (Holland) can now provide off-the-shelf
5 pm thick 3x3 mm diamond plates. These diamond plates have been used
to develop diamond micro-rings. The resonant enhancement of the zero-phonon
emission in such a diamond ring cavity has thus been recently demonstrated
[254]. The lift-off homoepitaxial diamond membranes made by ion implanted,

post CVD growth and separation can be another strong candidate for developing
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more complex photonic structures since the membrane thickness can be controlled
by CVD growth.

It is also possible to integrate a diamond directional coupler with the diamond
colour (NV) centre. For such device, the emission from the colour centre can be
coupled to the waveguide directional coupler.

The second step along this line would be the realization of two-photon inter-
ference on diamond chip. Using the method developed by David D. Awschalom
[314], Ronald Hanson [59] and Mikhail D. Lukin [60], it should be feasible to
realize the an HBT circuit first. Edge coupled diamond rib waveguides developed

in this work (Chapter 4)) would be very useful for achieving such devices.

6.2.2 A III-V semiconductor platform

ITI-V semiconductors provide another strong material candidate for integrated
quantum photonics. Similar to the suggestion for diamond integrated quantum
photonic circuits, the ability to incorporate semiconductor a quantum dot single
photon source with a photonic circuit is logically the next step. The mature
epitaxial growth and readily developed photonics fabrication capability of I1I-V
semiconductors will be a huge advantage. It is thus possible to integrate single

photon sources and detectors with quantum circuits on a single chip.

6.2.3 A hybrid integrated quantum circuit

Another idea would be the hybrid integration of various components made from
different materials, e.g. coupling diamond NV centres to silica microspheres [315-
319], metal nanoparticles [320, B21], toroidal microresonators [322], GaP waveg-
uides [323], GaP microcavities [324], GaP nanocavities [325], photonic crystals
[326-329], etc. Tt is also noticed that this hybrid method can utilize existing
semiconductor fabrication technology that is not directly applicable for diamond
processing.

A hybrid photonic circuits of diamond/GaN would be the next step for our
group. In fact, we have started to build a GaN undercut microdisk for future

integration with a diamond NV center.

6.3 Final remark

Integrated quantum photonics is a widespread research topic, currently under-

going explosive developments. Throughout this PhD study and thesis writing, I
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have been constantly amazed by the progress of integrated quantum photonics
around the world. T am glad that I witnessed the rapid development in this area

and am proud of being part of it.
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