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Abstract

This thesis details the study of quantum information science (QIS) using integrated
photonics. Integrated photonic devices are fabricated in glass using the femtosecond
laser direct write (FLDW) technique. This method uses a focused high power laser to
produce a localised refractive index change in a glass substrate which can be used to
form waveguides. A rigorous parameter study of laser inscription and glass structure is
performed to isolate regions where low loss waveguides can be formed. Unique, three-
dimensional, circuit designs are created which are then characterised to determine
symmetry and to ascertain their performance for QIS.

The circuit designs include 3D multiports which permit the unitary transformation
of a set of optical modes. Single photons are injected into this device to determine it’s
performance and compare it to bulk optic, fibre optic and lithographically fabricated
examples. The 3D multiports show high fidelity operation and a comparable perfor-
mance to other circuit design platforms. Building on this work which shows the high
quality of laser inscribed devices, an inherently quantum circuit is designed. It has
the function of operating as a basic two-qubit circuit element which applies a phase
shift to a qubit in a target mode, conditional on the state of a control qubit. This
circuit is heralded, meaning that it operates in the presence of two additional ancilla
modes which trigger the success of the probabilistic gate. The design of this circuit
required detailed analysis of the reproducibility of laser written circuits in the presence
of performance tolerance to fabrication imperfections.

The devices described previously were characterised, non-classically, using a bulk
source of photon pairs. This limits the application of the devices beyond demonstra-
tions or prototypes, hence it is desirable to also integrate these devices with on-chip
sources of single photons. Such a source of single photons is available in the form
of a quasi phase-matched nonlinear crystal which emits heralded single photons. An
experiment was undertaken to design a hybrid circuit, composed of both linear and
nonlinear elements to produce heralded single photons, to produce multiple sources of
heralded single photons. This was completed and experiments exploiting high speed
switching to combine individual sources and an experiment to manipulate photon pair
states is completed.

This work builds on the knowledge of FLDW structures for on chip routing and
manipulation of light. Demonstrations of integrated circuits and hybrid integrated
devices shows the potential for high quality and compact monolithic on-chip quantum
circuits.
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We have tested and tasted
too much, lover- Through a
chink too wide there comes
in no wonder. [2]

Patrick Kavanagh Thesis outline

In this thesis waveguide circuits for quantum information applications are fabricated
using a laser inscription process. Hence, this thesis will focus on two core areas: fem-
tosecond laser waveguide writing and quantum information science. This thesis will be
divided into seven chapters. The first two chapters act as an introduction to the core
experimental material contained in chapters 3-6. A detailed summary and outlook is
contained at the end of each experimental chapter with ideas and opportunities for the
next steps that could be taken. At the end of this thesis a conclusion and outlook on
future perspectives is contained in chapter 7. For the interested reader appendix A
contains a summary of the theory of waveguide operation and appendix B provides a
thorough outline of the experimental apparatus used to perform the experimental work
contained in this thesis.

Chapters 1 provides an introduction to quantum information science. This chapter
initially outlines the principle of two-photon interference from a historical perspective.
This is an important concept since it is a physical behaviour which can only be described
using quantum mechanics and underlies the functioning of quantum logic circuits.
This is relevant for chapter 4 in particular where two photon characterisations are
performed on optical multiports. The concept of linear optical quantum computing
(LOQC) is developed starting initially from a brief description of entanglement and
its applications. An explanation of the challenges of this scheme and the advantages
of waveguide circuits for its implementation is provided and is relevant for chapter 5
which details the design of a quantum controlled-phase circuit. Finally a brief outline
of the production of pairs of photons using nonlinear processes which is used in chapter
6 for the design of a multiplexed single photon source.

Chapter 2 contains a background to the fabrication of waveguides in glass using
an ultrafast laser. The chapter is broken into two parts the first of which details
the underlying material processes which occur resulting in refractive index change.
The second section outlines practical fabrication approaches used in the production
of waveguides. This material is then used in chapter 3 for the production of low loss
waveguides for single mode operation at 800 nm. The goal of this chapter was to find
a regime where low loss waveguide fabrication could be achieved at high speed. This is
important since one of the strengths of the laser inscription technique lies in the fact
that it can be used as a rapid prototyping process. Prior studies had shown that this
could be achieved at the telecommunications wavelength of 1550 nm but a rigorous
study was lacking at the wavelength of 800 nm. Furthermore the origin of this loss was
found to be due to trace iron ions within glass samples and an alternative glass was
found displaying much lower levels of trace impurities showing it is more amenable to
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xii Thesis outline

quantum information science applications. Though this study appears at the start of
the thesis it should be noted that this was an ongoing study over the course of the
thesis. Hence, findings here were not incorporated into every subsequent section.

Chapters 4 describes the design, fabrication and characterisation of a three and four
arm multiport beamsplitter. The rigorous characterisation of such circuits using non
classical light had never been completed prior to the authors experiments. The reults
of this section, most notably the relative phases and reflectivities of the beamplitters,
meant a more complex quantum circuit could be fabricated. The design and imple-
mentation of a controlled-phase gate are detailed in chapter 5. Parametric studies of
the reproducability of component beamsplitters and a classical characterisation of the
device is described. However, further studies of the circuit were prevented due to the
lack of available low noise single photon sources.

The need for high efficiency low noise sources of single photons motivated the stud-
ies undertaken in chapter 6. A hybrid source of 4 heralded photons is produced using
waveguides formed in a nonlinear crystal and laser inscribed waveguides. This method
had never been used before and it took advantage of the high photon production effi-
ciency of a nonlinear media and the low propagation loss and ease of routing available in
glass circuits. The properties of the photons production statistics is then manipulated
using a fast switching technique to produce a signal to noise ratio which is otherwise
unattainable. This work shows the first steps towards a reconfigurable source-circuit
hybrid an important alternative method to achieving a quantum computer in future.

In the final chapter of this work is a summary of the achievements and their con-
text in the broader literature. Prospects and directions for future work are outlined
with ideas which have evolved from experiments contained here. For those wishing to
recreate this work an experimental methods section is contained in appendix B.
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..we have involved ourselves
in a colossal muddle, having
blundered in the control of a
delicate machine, the work-
ing of which we do not un-
derstand [3]

John Maynard Keynes

1
Background to quantum information science

Central to the research into quantum information science (QIS) is the possibility of
a quantum computer being produced which would have the capability to factor large
integers more efficiently than classical means [4]. The difficulty of factoring large
composites is the basis of the public key cryptosystem RSA. This has given a diverse
array of research fields the funding to pursue not just applications of quantum systems
but the underlying physical phenomena also. The result has been a huge boost to
the understanding of fundamental physics. Whether or not a quantum computer is
ever realised, it is a tremendously exciting time for the understanding of matter at
its smallest scale. Photonics has been integral to a vast range of developments in
fundamental quantum mechanics. Owing to the diverse array of fields studying QIS
the discussion here will focus mainly on the area of quantum optics and the advances
in optics which have been so crucial to the understanding and application of quantum
mechanical phenomena.

This chapter introduces background material relevant to the quantum information
components of this thesis, it takes a historical bent in order to introduce the reader
to the relevant details and also to highlight significant discoveries. The chapter is
broken into 6 sections. Section 1 outlines an early experiment using pairs of photons
to study the non-classical behaviour of light and the methods used to do so which are
relevant to the experimental methods of this thesis. Section 2 will describe the basic
theory of quantum information science and show how the early discoveries of quantum
phenomena can be exploited in quantum technologies such as quantum computing,
communication and sensing. Section 3 will explain the reasons for choosing an optical
approach to quantum information science and the challenges which must be overcome
in using photons as qubits. Section 4 will detail the move from tabletop experimental
demonstrations to on-chip circuits which enable more complex and scalable optical
quantum devices. Finally, the last section contains a theoretical background to the
nonlinear production of photons which is necessary for understanding the challenges of
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2 Background to quantum information science

increasing the complexity of quantum optical circuits.

1.1 Hong Ou Mandel and the length of the photon

wavepacket

A paper by Hong, Ou and Mandel (HOM) in 1987 [5] entitled: ‘Measurement of sub-
picosecond time intervals between two photons by interference’ is a significant devel-
opment in quantum optics. The purpose of the work was to build on previous work
in the area of spontaneous parametric down conversion (SPDC) sources and use it to
measure the time between two photons by quantum interference and in essence the
length of the photon wavepacket. Work in this area had been active and Burnham et
al. reported producing down converted photons from an ADP crystal in 1970 [6] and
Abram et al. had performed photon correlation measurements in 1986 [7]. The process
of SPDC involves the production of two photons (referred to as the signal and idler)
with frequencies ωs and ωi from a single parent photon of frequency ωp This occurs
inside a nonlinear crystal which satisfies the phase matching conditions requiring the
conservation of energy and momentum:

ωp = ωs + ωi, (1.1)

~kp = ~ks + ~ki, (1.2)

where ~kp, ~ks and ~ki are the pump signal and idler wave vectors, respectively. Thus,
by appropriate selection of crystal optical axes, a pair of entirely degenerate photons
which are identical in spatial mode, polarisation and frequency can be produced [8].

The experiment of Hong, Ou and Mandel consisted of a way to overlap a pair of
down converted photons produced by a nonlinear crystal on a 50:50 beamsplitter and
temporally delay the arrival of one photon with the other. The output from the beam-
splitters is then measured using single photon detectors and coincidence measurements
between the two detectors performed. When there is no way of knowing which path
the photons took, which in this case would mean that the two photons arrive at the
beamsplitter at precisely the same time, both photons exit one port of the beamsplit-
ter. Thus no photon coincidences are recorded. However when the photons strike
the beamsplitter at times outside the coherence length of the photon wavepacket the
photons are distinguishable and thus exit both ports of the beamsplitter with equal
probability, this then results in coincidences. Typically a plot of photon coincidence
counts vs. temporal delay is recorded and the dip in coincidences is referred to as a
HOM dip as seen in Fig. 4.4

By considering a beamsplitter, with equal transmission and reflection coefficients,
we can understand that it performs a unitary operation on a set of optical modes [9].
We can define a mode creation operator which is denoted by a†i |ni〉 =

√
n+ 1|(n+1)i〉,

where n denotes photon number in a given mode i. The initial state is the vacuum
state |0〉 which contains no photons. The beamsplitter transforms input mode creation
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operators (a†1 and a†2) to output mode operators (b†1 and b†2),

a†1 → 1√
2

(
b†1 + b†2

)
a†2 → 1√

2

(
b†1 − b

†
2

)
.

(1.3)

Therefore if we chose as an input state |1112〉, we obtain the following output [10],

|1112〉 = a†1a
†
2|0102〉 →

1

2

(
b†1 + b†2

)(
b†1 − b

†
2

)
|0102〉 =

1√
2

(|2102〉 − |0122〉) . (1.4)

This equation shows the output state is entangled since this is no longer separable.
This state is often generalised to |N0〉 − |0N〉 where N corresponds to photon num-
ber occupied by one mode and zero denotes vacuum (or no photons present) in the
other mode. This two-photon interference is caused by the beamsplitter introducing
an indistinguishability between the possible paths of the photons [11]. This is in no
way due to any first order interference occurring due to overlapping the photons at
the beamsplitter, since these are incoherent particles (see section 1.1). This fact has
been shown in an experiment by Pittman et al. where which-path interference can be
observed for particles which do not overlap in anyway at the beamsplitter [12].

This two-photon interference effect is crucial for introducing an effective particle
interaction when using linear optics to produce two-qubit gates as will be described in
the next section.

Figure 1.1: The origional HOM dip recorded by Hong On and Mandel in their 1987
paper, the width of the dip corresponds to the coherence length of the source and the depth
of the dip depends on the distinguishability of the photons [5]
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1.2 Quantum information science essentials

1.2.1 The quantum bit

The quantum bit, or qubit, is the quantum analogue of the classical bit. However,
rather than the fixed values of the classical bit of “0” and “1” the qubit can exist in a
superposition of these states. The state of a single qubit can be be described by:

|ψ〉 = α|0〉+ β|1〉, (1.5)

where |0〉 is a ket with a logical state denoted by bold numbering, α and β are complex
coefficients and |α|2 + |β|2 = 1. A general n-qubit quantum system, represented by a
2n bitstring, can be defined as:

|ψ〉 =
2n−1∑
i=0

ci|xi〉, (1.6)

where the complex coefficients are normalised by

2n−1∑
i=0

|ci|2 = 1. (1.7)

Each qubit doubles the number of states which can be represented and this is core to
the exponential scaling of computing power with only polynomial increase in required
resources offered by quantum computing.

1.2.2 Evolution of the state

A quantum state |ψ〉 can undergo unitary evolution,

U |ψ〉 = |ψ′〉 =
2n−1∑
i=0

c
′

i|xi〉, (1.8)

where the squares of the complex coefficient of the new state vector still sum to one,

2n−1∑
i=0

|c′i|2 = 1. (1.9)

Furthermore applying U−1 to |ψ′〉 will return the initial state. Although at first this
does not seem significant it is in fact another critical feature of quantum information
processing. The unitarity of the process has implications for the process of measure-
ment and also prevents the deterministic amplification of an arbitrary state, resulting
in the no-cloning theorem [13]. Unlike in classical computing or communication, where
n input bits in a logic circuit return a single output bit which can be copied multi-
ple times, every n qubits entered into a quantum logic circuit will return n output
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qubits and the output state of this system cannot be copied and stored. This can be
understood if we try to define the copying unitary as follows,

Ucopy|01〉|02〉 = |01〉|02〉, Ucopy|11〉|02〉 = |11〉|12〉, (1.10)

where here the subscripts simply refer to different qubits. This unitary copies the state
of qubit 1 onto qubit 2, initially in state |02〉. However a problem arises if we try to
copy a general qubit in a superposition state, |ψ1〉 = α|0〉+ β|1〉,

Ucopy|ψ1〉|02〉 = α|0112〉+ β|1112〉 6= |ψ1〉|ψ2〉. (1.11)

This shows that it is not possible in principle to perfectly reproduce an unknown
quantum state.

The unitarity of quantum processes is also fundamental to the concept of quantum
parallelism, one of the core properties offered by quantum computers over classical
computers. Quantum processors could in principle calculate simultaneously a func-
tion, f(x) for all possible values of x. Of course extracting this information requires
measurement, therefore collapsing the state of a qubit into some eigenvector of the
measurement operator and returning a number which is its eigenvalue. Hence since
the quantum state cannot be observed without being projected into a state. Thus
the qubit superposition state can no longer be recreated and retransmitted, meaning
the methods of computation and information extraction become significantly different
resulting in specific quantum algorithms [14].

1.2.3 Basics of quantum logic gates

The similarities with classical computing can be extended to consider a universal set
of unitary operations. In classical information processing, any Boolean operation can
be performed using a set of NAND gates. In quantum information the set of one qubit
and two qubit gates which are required to produce any composite 2n×2n unitary are
the Hadamard, the phase gate and the controlled-NOT gate [15]. The Hadamard gate
is represented by,

H =
1√
2

[
1 1
1 −1

]
, (1.12)

which performs the following operation on a qubit,

H|0〉 = 1√
2

[
1 1
1 −1

] [
1
0

]
= 1√

2
(|0〉+ |1〉),

H|1〉 = 1√
2

[
1 1
1 −1

] [
0
1

]
= 1√

2
(|0〉 − |1〉).

(1.13)

The computational basis is transformed into an equal superposition of |0〉 and |1〉. The
action of the phase gate,

φ =

[
1 0
0 eiφ

]
, (1.14)
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performs the operation φ|ψ〉 = α|0〉 + eiφβ|1〉, to an input state |ψ〉. Finally the two-
qubit gate interacts a pair of qubits. The controlled-NOT gate performs the following
operation:

UCNOT |ψ〉 =


1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0



c0

c1

c2

c3

 =


c0

c1

c3

c2

 (1.15)

this operation flips the final two elements of the two-qubit state vector. This could be
compared to the classical XOR gate where a target register is flipped conditional on
the state of a control register. Such a gate combined with a Hadamard gate can be
used to produce a maximally entangled state. A two qubit input state |ψ〉 = |00〉 is
initially transformed by a Hadamard operation on a single qubit resulting in the state

1√
2
(|0〉+ |1〉)|0〉 which when operated on by the CNOT results in the state,

|Φ+〉 =
1√
2

(|00〉+ |11〉). (1.16)

This state is entangled since by measuring either component of the two qubit state,
collapses the state of the other qubit. Another way to describe this state is to say
that this state is not separable. In addition, the following two qubit states which in
combination with equation 1.16 form a set of maximally entangled states referred to
as the Bell states are:

|Φ−〉 = 1√
2
(|00〉 − |11〉),

|Ψ+〉 = 1√
2
(|01〉+ |10〉),

|Ψ−〉 = 1√
2
(|01〉 − |10〉).

(1.17)

This bipartite behaviour is integral to quantum information processing and permits for
instance the process of quantum teleportation [16].

1.2.4 Application of entanglement - teleportation

If we take a qubit |ψ1〉 = α|01〉 + β|11〉 and interact it with a singlet state |Φ−23〉 =
(|0213〉 − |1203〉)/

√
2, distributed between two parties (normally referred to as Alice

and Bob) we obtain:

|ψ1〉|Φ−23〉 =
1√
2

(α(|010213〉 − |011203〉) + β(|110213〉 − |111203〉)). (1.18)

In a communication sense we could imagine that the singlet state |Φ23〉 is shared be-
tween Alice and Bob and the desire of Alice is to transmit the state of |ψ1〉 to Bob and
this is summarised conceptually in Fig. 1.2. This can be performed by now rearranging
equation 1.18 in the form of the Bell states defined in equations 1.16 and 1.17,

|ψ123〉 = |ψ1〉|Φ−23〉 = 1√
2

[
α
(
|Ψ+

12〉+Ψ−12〉√
2
|13〉 − |Φ

+
12〉+Φ−12〉√

2
|03〉

)
+

β
(
|Φ+

12〉−Φ−12〉√
2
|13〉 − |Ψ

+
12〉−Ψ−12〉√

2
|03〉)].

(1.19)
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This can be further rearranged to form,

|ψ123〉 = 1
2

[
|Ψ+

12〉(α|13〉 − β|03〉) + |Ψ−12〉(α|13〉+ β|03〉)+
|Φ+

12〉(−α|03〉+ β|13〉) + |Φ−12〉(−α|03〉 − β|13〉)].
(1.20)

This equation describes a superposition of the Bell states and if a measurement is
performed by Alice in the Bell state basis then any of these outcomes will have an
equal probability of 1/4. This measurement then projects the state held by Bob into
a state |φ3〉. If the measurement Alice performs retrieves a |Ψ+〉 outcome, then Bob’s

state will be −|φ3〉 = −
[
α
β

]
which is the state |ψ1〉 with a global phase. The other

outcomes,

|Ψ−〉 →
[
−1 0

0 1

]
|φ3〉 = Z|φ3〉

|Φ+〉 →
[

0 1
1 0

]
|φ3〉 = X|φ3〉

|Φ−〉 →
[

0 −1
1 0

]
|φ3〉 = iY |φ3〉

(1.21)

will result in the initial |ψ1〉 state with single qubit rotations. These rotations corre-
spond to the Pauli matrices, X (the bit flip), Y (the bit flip combined with a phase
flip) and Z (the phase flip). The key element of this portion of the protocol is that once
Alice performs the measurement the result is a classical piece of information which is a
number labelling the state in which the superposition collapsed. This information can
be sent to Bob classically, who will then know which qubit rotation must be performed
on the state |φ3〉 to return |ψ1〉. The measurement performed by Alice results in two
particles with states |Ψ±〉 or |Φ±〉 and no knowledge of the state |φ1〉 which has been
teleported to Bob. Thus the no-cloning theorem is satisfied because Alice does not
clone the state |φ1〉 but rather destroys it by measurement. The no-signalling theorem
is fulfilled because although the teleportation occurs seemingly instantaneously, the
message received by Bob is meaningless without the classical information (which can-
not travel faster than the speed of light) transmitted by Alice to Bob which contains
the information of the qubit rotation to perform in order to retrieve |φ1〉 from |φ3〉.

This is a fascinating and practical component of quantum information science and
is fundamental to both quantum cryptography and in fact computation as will be
shown in the next section. Teleportation can act as a circuit primitive as was shown
by Gottesman and Chuang [17]. The previous section showed how a single qubit and
two qubit gate, the Hadamard and CNOT, could be used to produce the maximally
entangled Bell states. However, the teleportation protocol can also be used to produce
the operation of the Hadamard and CNOT.

1.3 Optical quantum information processing

The previous section outlined the general operation required for quantum information
processing and although this chapter focuses on quantum computation, its clear that
the processes of communication, computation and sensing are interlinked. DiVincenzo
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Figure 1.2: The conceptual operation of teleportation summarising equation 1.18. An
input state |ψ1〉 is telported to bob by the use of a shared entanglement resource. A mea-
surement is performed by Alice in the Bell state basis on one half of an entangled state |Φ+

23〉
and the state she wishes to teleport |ψ1〉. The outcome of this measurement is then used
to apply the correct single qubit rotation to the teleported state |φ3〉 required to return the
initial state [16].

determined the suitability of a particular architecture quantum computing using a set
of criterion [15], the most important of which are a set of two-qubit gates. Finding
a system which fulfils the DiVincenzo criteria for scalable quantum computing leads
us to the question of utilising optics for this purpose [15, 18]. The lack of system
decoherence to the environment makes optics highly desirable as a means to store
qubits and since classical communication channels are based on optics this becomes
another motivator for the exploration of an optical means for performing quantum
computing or communication.

1.3.1 An optically encoded qubit

Using photons as the particle upon which to encode a qubit gives a wide range of encod-
ing options. Photons have the advantage of extremely low decoherence but equivalently
they do not easily interact with one another. Qubits can be encoded in time-bins
(photon arrival times) and this is a desirable protocol, for instance if one wishes to
distribute multiple qubits across a single spatial mode [19]. As in classical communi-
cation channels photon frequency can be used to encode information [20]. Qubits and
in fact “qudits”, generalisations of encoding in more than two distinct levels (such as
|0〉 and |1〉) but rather d distinct levels, can be enabled by encoding in transverse spa-
tial modes of the photon [21]. Such an encoding scheme is highly desirable as classical
mode multiplexing techniques in optical fibre are becoming a key technology capable of
overcoming current classical communication bandwidth constraints [22]. Demonstra-
tions of such encoding schemes show exceptional promise for quantum communication.
Carpenter et al. have demonstrated both quantum and classical channels encoded in
different modes of the same fibre [23], while Goyal and Konrad have proposed a telepor-
tation protocol for qudits [24]. Although these methods show great promise, the bulk
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of work performed to date exploits either a polarisation encoding or a path encoding
scheme. However, it must be noted that regardless of the particular method used to
encode the information onto the particle all of these encoding methods are equivalent,
and conversion from one scheme to another is possible.

To demonstrate this, first consider a qubit encoded in the polarisation of a pho-
ton. The horizontal polarisation corresponds to |0〉, |0〉 → |H〉, while the verti-
cal polarisation corresponds to |1〉, |1〉 → |V 〉. Single qubits are now described by
|ψ〉 = α|H〉 + β|V 〉, with |α|2 + |β|2 = 1, single qubit gates now correspond to wave-
plate rotations, with a hadamard gate now represented by a half waveplate at an angle
of 45 degrees. We could convert this encoding system to spatial mode encoding by sim-
ply using a polarising beamsplitter, which would separate the |H〉 and |V 〉 components
into distinct spatial modes where the presence of a photon in one mode corresponds to
a |0〉 and the presence of a photon in the other mode corresponds to a |1〉. In fact, by
using an unbalanced Mach Zehnder interferometer it is possible to convert polarisation
or spatial encoding to time-bin encoding (and vice-versa) [25, 26]. Time bin encoding
photons involves encoding the logical states in the arrival time of one photon with
respect to another. Furthermore, transverse spatial mode encoding is possible using a
scheme such as that described by Carpenter et al. which uses a spatial light modulator
to implement complex phase distributions on an incoming light field [27].

1.3.2 Linear optical quantum computing

An initial proposal for quantum information processing (QIP) utilising photons came
from G. Milburn in 1989 in a proposal to implement a Fredkin gate [28]. This is a
universal logic gate consisting of 3 bits, which swaps the final two bits if the first bit is
set [29]. Unfortunately, the requirement of a nonlinear coupling between optical modes
which contain only a few photons makes this proposal unfeasible. Two qubit gates are
a key requirement in the Di Vincenzo crieria for scalable quantum computing and the
lack of a photon-photon mediated interaction meant that optics would be eliminated
as a possible means of forging a quantum computer.

Gottesman and Chuang devised a protocol for forming a two qubit gate by using
teleportation and exploits multiple entangled states, such as GHZ states, to perform
computations [17]. Experimental efforts sought to exploit the ease of manipulation
of the polarization degree of freedom of photons as qubits to demonstrate grovers
search algorithm [30–32]. However, these schemes required an exponential increase in
resources with circuit size therefore limiting the range of demonstrations. However, in
2001, a landmark paper by Knill, Laflamme and Milburn [33] (KLM) outlined a means
to perform efficient quantum computing using only linear optical elements. This built
on the concept of only requiring single qubit operations to form a circuit when they
are combined with projective measurement. In this proposal the nonlinear phase shift,
or nonlinear sign (NSx), required for a two-qubit operation was achieved through a
measurement induced nonlinearity where projective measurement, combined with the
two photon interference, described in section 1.1, result in a probabilistic but heralded
gate operation. The NSx described in their paper is shown in Fig. 1.3 and the operation
of this sign shift gate is to produce a sign change on one mode, α0|0〉+α1|1〉+α2|2〉 →
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α0|0〉 + α1|1〉 − α2|2〉. The operation is achieved by using two ancilla modes, one of
which contains a single photon. The combination of beamsplitters can be used to form
a unitary operation, in this case,

U =


1−
√

2 1
4√2

√(
3√
2
− 2
)

1
4√2

1
2

1
2
− 1√

2√(
3√
2
− 2
)

1
2
− 1√

2

√
2− 1

2

 . (1.22)

This unitary transforms creation operators acting on the photon number subspace,

â†1 → (1−
√

2)b̂†1 + 1
4√2
b̂†2 +

√(
3√
2
− 2
)
b̂†3

â†2 → 1
4√2
b̂†1 + 1

2
b̂†2 +

(
1
2
− 1√

2

)
b̂†3,

(1.23)

where â†i and b̂†i correspond to the creation operators acting on the input and output
modes. The gate therefore transforms the input state |211203〉,

â†1â
†
1â
†
2|010203〉 → η1b̂

†
1

3 + η2b̂
†
2

3 − η3b̂
†
3

3 + η4b̂
†
1b̂
†
2

2 + η5b̂
†
1b̂
†
3

2

−η6b̂
†
2b̂
†
3

2 + η7b̂
†
1

2b̂†3 − η8b̂
†
2

2b̂†3 + η9b̂
†
1b̂
†
2b̂
†
3 − η10b̂

†
0

2b̂†1|010203〉
= η1|310203〉+ η2|013203〉 − η3|010233〉+ η4|112203〉+ η5|110223〉

−η6|011223〉+ η7|210213〉 − η8|012213〉+ η9|111213〉 ����
���

�: postselect

-(η10|211203〉),

(1.24)

where ηi are the probabilities for a specific output state and
∑10

i=1 |ηi|2 = 1. The post
selection occurs when the state |211203〉 is detected by measuring a single photon in
mode 2 and zero photons in mode 3 which indicate that the gate has operated correctly,
producing a sign shift on one mode. This occurs with a probability |η10|2 which for
this gate is 1/4. Furthermore by concatenating a pair of these NS gates a conditional
sign flip (CZ) can be produced with a probability of 1/16.

Implementation challenges

After the publication of this paper the challenges of actually implementing these NS
gates became obvious. Practical issues which either reduce or remove the ability to
herald circuit operation are due to combinations of inefficient qubit preparation, sys-
tem loss, number resolving detection (the ability to distinguish between 1 or more
photons) and dark counts. To elaborate, if we look at the terms in Eq. 1.24 that are
eliminated when postselection occurs, the term η4|112203〉, with 2 photons in mode 2,
or η2|013203〉, with 3 photons in mode 2, will produce a “count”, or detection event,
that without number resolving detection will not be distinguishable from the desired
single photon count in mode 2 as in term η10|211203〉. These are obviously erroneous
events and in this case would occur with a probability of |η2|2 = 0.12 and |η4|2 = 0.06.
Single photon detectors also produce dark counts, unintended counts, which will mean
that an efficiency reduction can be caused by falsely measuring photons in mode 3,
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Figure 1.3: The layout of the NSx gate where the value of x corresponds to the desired
phase shift induced on the state |ψ〉 and is achieved by setting the beamsplitter angles (θ and
φ), which define the reflectivity of the beamsplitters through eiφ cos(θ) [33].

therefore discarding otherwise successful η10|211203〉 events. Even worse is if no photon
is measured by a detector in mode 3 but a dark count registers in mode 2, such as for
term η1|310203〉, meaning that an event, caused only by detector ineffectiveness, will be
counted as successful. Furthermore, system loss occurring after the circuit, but before
(or within) the detection apparatus, may cause terms with a single photon in mode
2 and mode 3 to be counted as a successful events if the photon in mode 3 is lost.
Alternatively loss in mode 3 combined with a dark count in mode 2 would also result
in a false result. Finally, unless photons states can be deterministically prepared, this
will also result in errors due to the fact that most photon detection apparatus cannot
distinguish between one or more single photons in a single photons in a given arrival
time.

Since the specific scheme described by KLM was not practical with lossy systems,
imperfect photon sources and detectors, a series of more realistic proposals and demon-
strations followed. In the previous section it was outlined how a unitary operation could
be applied to a set of optical modes in order to probabilistically produce an output
state [33]. It had been shown by Reck et al. that any arbitrary unitary could be pro-
duced using beamsplitters (2 input/output devices) and phase shifters [34]. However,
it is not trivial to determine what unitary operation, feasible with linear optic compo-
nents, can produce a single output state (from the many possibilities) both effectively,
considering imperfect detection, and efficiently [35–38]. Knill proposed a CZ gate, op-
erating with ancillas and an efficiency of 2/27 and Lund et al. provide an overview of
other methods used to produce CZ gates [36, 38]. Proposals to produce CNOT gates
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utilising the nonlinear sign gate evolved from the work of KLM to develop an imple-
mentable protocol [35, 37]. A demonstration of a CNOT gate utilising a pair of qubits
and a single ancilla mode containing one photon was performed by Pittman et al. [39]
and followed by a more elaborate device based on the proposal of Ralph et al. [37] ca-
pable of producing all four entangled Bell states (see Eq. 1.16 and Eq. 1.17) [40]. This
circuit utilised a pair of calcite prisms as the means of translating polarisation state
encoding into path (a Jamin-Lebedeff interferometer). The benefit of this approach is
that a minor displacement of either prism effects both spatial modes simultaneously
meaning that despite inherent instability of the bulk optical setup, the relative dis-
placements can be cancelled. This process, though effective, was superseded by an
elegant approach which uses partially polarising beamspitters (PPBS). These devices
have a polarisation dependent reflectivity which means that with a single component
an operation on both modes of the qubit can be performed. They were exploited by
Langford et al. to produce a compact CZ gate [41]. However, despite the ingenious
methods used to produce entangling optical gates such as the CNOT and CZ it is clear
that for a significant increase in circuit complexity a different method other than bulk
optical components would be required.

1.4 Integrated quantum photonics

With the groundwork theory of linear optical quantum computing (LOQC) initiated
in 2001 and several bulk optic implementations developed over the next six years,
the question of practicality became quite obvious. An optical table thick with beam
spitters, phase shifters and mirrors does not approximate a practical quantum com-
puter. Furthermore, the limit of complexity of bulk quantum circuits was also being
approached due to the challenge of stabilising multiple nested interferometric devices.
This led to a ground breaking paper by Politi et al. in 2008 [42], which detailed a
CNOT gate using path encoded photons [43, 44] in waveguides on a silica-on-silicon
chip. This device leveraged a lithographic platform matured through decades of inte-
grated photonic device fabrication. Optical modes were confined within waveguides and
bulky beamsplitters were replaced by a directional coupler (two waveguides brought
closely together so their fields overlap and exchange energy). Essentially the initial
step toward a miniaturised and integrated quantum device had been taken. Although
the photon source and detection system remained large and bulky devices, metres of
optical bench had been reduced to several millimetres, with the added benefit of near
complete environmental isolation.

1.4.1 Integrated optic platforms

A variety of methods exist which can produce waveguide devices but the ultimate goal
remains the same, to confine light. More detail on optical waveguide theory is con-
tained in pppendix A and chapter 2. Multiple methods to confine light exist but the
simplest is the optical waveguide which is formed by a region of higher refractive index
than that of the surrounding material. This structure guides light along a higher index
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core by the process of total internal reflection. Exotic structures, such as plasmonic cir-
cuits or photonic crystal waveguides guide light by a different method and offer some
highly desirable properties. Plasmonic waveguides offer subwavelength confinement,
operating by the coupling of the photon energy to a free electron gas at the interface
of a dielectric and a metal, but unfortunately exhibit high transmission loss [45, 46].
Photonic crystal waveguides offer confinement based on a photonic bandgap. This
originates from a periodic modulation of the potential causing a splitting of the en-
ergy bands meaning that no propagating wave solutions can be found in the region.
Photonic crystal waveguides offer the possibility to uniquely engineer waveguide disper-
sion characteristics, a desirable property when producing photons through nonlinear
frequency conversion processes [47, 48].

Most of the integrated circuits used for quantum information science (QIS) have
exploited a refractive index contrast between the waveguide and bulk to confine light
by total internal reflection. The fabrication schemes of planar lightwave circuits (PLC)
vary but typically include application of a photoresist to a substrate material combined
with an illumination under ultraviolet (UV) light and a mask, thus imprinting a “nega-
tive” (or “positive”) image of the desired circuit structure. Subsequently the substrate
is etched, removing (or preserving) the exposed section, revealing the stucture of the
waveguide circuit. Ridge waveguides operate by the index contrast of the material with
air, which is extremely high (for GaAs and GaP n > 3) and mode sizes as small as 150-
250 nm are possible for index contrasts of 1-3 and waveguide diameters of 300-400 nm
at wavelengths of 800 nm [49, 50]. However, due to sidewall roughness contributing to
significant losses, these ridge waveguides are often surrounded by a cladding material
such as silica. Silicon has a refractive index of 3.4 and is transparent in the infrared
(IR) making it an attractive material as a photonic interconnect. These properties
make it an excellent candidate for quantum optical technologies. Silicon-on-insulator
(SOI) and silicon oxynitride have been core material platforms for the design of multi-
ple integrated circuits for quantum information science. Demonstrations of algorithms
have been enabled using this technology [51, 52]. Furthermore quantum walks and
multiphoton interactions have been engineered in this platform [53, 54], and reconfig-
urable single and two-qubit interactions [55–57]. A fully integrated photon generation
and manipulation facility has been demonstrated on an SOI photonic chip [58]. The
potential for circuit scaling using the SOI technology is interesting but still needs a
large number of adaptations to be truly CMOS compatible [59–61]. Other technologies
such as lithium niobate offer a range of useful features, such as high speed electro-optic
modulation and large second order optical nonlinearities. The nonlinear properties
have been exploited for integrated photon pair generation and for high speed switching
of entangled photon states [62, 63]. Furthermore there has been a recent demonstration
of photon generation and manipulation in a monolithic integrated circuit [64]. On-chip
photon detection has been demonstrated in both circuits in GaAs [65, 66] and lithium
niobate [67].
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1.4.2 Femtosecond laser direct write technique

Although there has been progress in developing integrated photonic circuits for quan-
tum information and crucial circuit elements have been produced in isolation and in
monolithic demonstrations, there is still a number of challenges in integrated quan-
tum photonics (IQP). One of the overall challenges facing the field is the availability
of photon sources and detection capabilities which must be interfaced with prototype
circuits. Many bulk optical photon sources operate at 800 nm and are then coupled
into waveguide circuits to perform characterisations. These circuits therefore would
ideally be transparent at 800 nm and have a mode size closely matched to that of a
single mode fibre. This is one of the current failings of using silicon waveguide circuits.
The small mode size means large input and output coupling losses which therefore in-
crease experimental duration. Furthermore, lithographic fabrication requires a photo
mask for each new circuit design. This means that if a circuit design parameters need
to be tweaked very slightly, an entirely new mask must be fabricated which is labour
intensive.

The femtosecond laser direct-write (FLDW) technique (described in detail in chap-
ter 2) uses a laser to produce refractive index change in glass. This technique allows one
to draw a circuit without a photo-mask and therefore rapidly adjust and prototype cir-
cuit designs. This technique was initially applied to path encoded qubits by Marshall et
al. showing that laser written circuits could offer equally high two-photon interference
visibilities as their lithographically produced counterparts [68]. Subsequently, San-
soni et al. demonstrated that these circuits could also be used for photons encoded
in polarisation [69]. This was subsequently incorporated with a demonstration of a
partially polarising directional coupler to form a CNOT gate for polarisation encoded
qubits [70]. A further demonstration of integrated optical waveplates has shown the po-
tential of producing polarisation encoded circuits [71, 72]. Experiments have exploited
an alternative UV laser writing method to form circuits for quantum information and
have shown phase control and on-chip photon number resolving detection [73–75]. The
FLDW technique also permits a truly 3D capability and initial demonstrations have
included multiport beamsplitters and quantum walk devices [76–78]. Futher investi-
gations of the 2 dimensional arrays possible using the FLDW technique has led to
investigations and simulations of single and two-photon correlations in waveguide ar-
rays [79–84]. Furthermore a range of circuits have been fabricated in florescent glass
which permit the direct visualisation of the propagation of light in such structures,
an otherwise extremely challenging feature to recreate [85–87]. The convenience of
the rapid prototyping of laser written waveguide arrays has also permitted the design
of structures exhibiting uniform distribution and complex disorder patterns for the
observation of Anderson localisation and Bloch oscillations [88–90]. Finally, interest
in boson sampling has motivated a range of waveguide arrays for the exploration of
mutiphoton unitary sampling [91–93].
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1.5 Sources of optical qubits

Though alternative methods of photon production exist, the spontaneous process of
photon pair production in a nonlinear media is the method that was utilised during this
thesis. In this section an explanation of the production process and the implications
this has on QIP experiments is outlined. This section is by no means exhaustive and the
reader is referred to two reference texts for a more detailed discussion of the concepts
outlined here, [94, 95]. Any mediums dielectric polarisation, P (dipole moment/unit
volume) has, in addition to a linear response to an electric field E, a nonlinear response
and this can be expanded in a power series,

P = ε0
(
χ(1) + χ(2)E + χ(3)E2 + ...

)
E. (1.25)

This equation is a simplification since the dielectric polarisability is a tensor product
but importantly shows the nonlinear response of a material depends on the nonlinear
susceptibility χ(i) which, for materials without a centre of inversion such as crystals, is
dependent on χ(2) and a function of the square of the electric field. The equations 1.1
and 1.2 define the phase matching conditions for the conservation of energy and mo-
mentum in spontaneous parametric downconversion. In fact, this also occurs over a
range of frequencies determined by the bandwidth of the pump laser and the refractive
index of the material, which for a birefringent crystal, depends on the optical axis of
the crystal. To understand this a definition of the phase matching condition can be
written as,

∆k = kp(2ω0)− 2ks,i(ω0), (1.26)

where p, s and i refer to the pump, signal and idler fields respectively. The phase
accumulated during a passage through a nonlinear material is given by,

∆φ = ∆kL, (1.27)

where the value ∆φ = π defines the coherence length, or the maximum length over
which an nonlinear process can occur efficiently. A two photon state can written as:

|ψ〉 =
1√
2

∫ ∞
0

dω1

∫ ∞
0

dω2Φ(ω1, ω2)â†s,ω1
â†i,ω2
|vac〉 (1.28)

with the creation operators satisfying
[
ânω, â

†
mω′

]
= δn,mδ(ω − ω′), the subscripts n,m

are used to define different modes of the two frequencies ω, ω′ (if required) and the
“biphoton” wavefunction Φ(ω1, ω2) is normalised so that

∫∞
0
dω1

∫∞
0
dω2|Φ(ω1, ω2)|2 =

1. It is also significant that Φ(ω1, ω2) is not factorisable, meaning that different fre-
quencies can share correlations. If a narrow pump bandwidth is used, as is the case
for a continuous wave (CW) pump, then Φ(ω1, ω2) can be selected using narrow filters.
Since photon pair production is inherently a spontaneous process, the time window
over which it can occur can be reduced by using a pulsed laser with a large duty cycle.
Pulsed femtosecond lasers with duty cycles on the order of 10−7 mean that although
the nonlinear process is still spontaneous, the probability of finding a photon in a given
time window is limited to the coherence length of the laser pulse. This means that for
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short pulse duration pump laser filters must be used to select only the central fre-
quency band of the generated photons. In the case where filters are used the frequency
correlations of the transmitted photons reduce to the CW case [94].

Making the single mode assumption an interaction Hamiltonian can be used to
describe the production of a signal and idler photon (following reference [94]),

ĤInt = i~χâ†sâ
†
i +H.c., (1.29)

where â†s,i is the creation operator and the χ term defines the pump interaction with
the medium. The state undergoes unitary evolution so,

|ψ(t)〉 = Û(t)|ψ(0)〉 = e−
it
~ ĤInt|ψ(0)〉 = eηâ

†
sâ
†
i−H.c.|0〉 (1.30)

where η = χt and this equation describes a two mode squeezed state. For the case
where this is operating below threshold as a spontaneous process,

|ψ(t)〉 ≈ (1− |η|2/2)|0〉+ η|1s1i〉+ η2|2s2i〉+ ..., (1.31)

meaning that, since η is very small, there is a very high probability of no interaction
between the pump and the medium, yielding vacuum. However, there is a small proba-
bility of producing a pair of photons |η|2 and a non-vanishing probability of producing
multiple photon pairs. This is important because if we consider the two-photon inter-
ference which was described in section 1.1, it can be seen that significantly different
behaviour occurs for two pairs of photons, |2122〉, in a beamsplitter compared to a single
pair, |1112〉. It can be seen from the mode transformations in Eq. 1.3 that multi-pair
path interference |2122〉 will result in different outputs than the case of a single pair,

(
â†1

)2 (
â†2

)2

|0102〉 →

(
b̂†1 + b̂†2√

2

)2(
b̂†1 − b̂

†
2√

2

)2

|0102〉 =

√
3

8
(|4102〉+ |0142〉)−

1

2
|2122〉.

(1.32)
Thus the output probability of obtaining photons only in a single output mode of the

beamsplitter is now no longer | 1√
2
|2 + | 1√

2
|2 = 1 but instead is |

√
3
8
|2 + |

√
3
8
|2 = 3

4
. Since

detectors cannot distinguish between four or two photons this means that such events
result in errors for quantum circuits.

1.6 Summary

This chapter has outlined the key background material required for understanding the
contents of this thesis. Initially a historical account of the fundamental questions which
underpin quantum optical experiments relevant to this thesis is described. Then an
outline of the basic theory underpinning quantum information science is presented, re-
gardless of the physical system used to study it. Optical quantum information science
is introduced and the challenges of implementing two-qubit gates is described which
is particularly relevant for the chapter 5 which details the fabrication of a heralded
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quantum circuit. Subsequently, the application of integrated optics to quantum in-
formation science is detailed with specific emphasis on the femtosecond laser direct
write (FLDW) technique. Finally, the methods and theory of photon production is
described with specific emphasis on the challenges of spontaneous parametric down-
conversion (SPDC) sources. This is important background material for chapter 6 which
outlines the use of SPDC sources in hybrid circuits. The next chapter will describe the
fabrication of waveguide circuits using the femtosecond laser direct-write technique.
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”Have you read the
manual?”

Mike Steel

2
Background to integrated optics

Davis et al. were the first to demonstrate the modification of transparent materials
using visible wavelength femtosecond lasers and produced waveguiding devices in a
number of materials [96]. This was motivated by the ongoing work in UV modification
of fibres/glasses for the purpose of designing passive and active components for telecom-
munications networks. Previously this was not explored due to the lower photon energy
of the visible wavelengths. However, the availability of short pulse lasers meant the
possibility of peak powers sufficient to modify materials through nonlinear processes.
This process has evolved from a curiosity to a commercially viable fabrication plat-
form. This has been demonstrated by the commercialisation of this technology by the
company Translume. Furthermore, continuing interest is demonstrated by significant
recent investment in companies like, Optoscribe, Nanoscribe and Femtoprint [97–99].

The fabrication process is conceptually simple. A laser focus is drawn through a
glass material tracing out a localised high index light guiding core region surrounded by
the bulk which acts as a cladding. This means a lightwave circuit can be fabricated with
arbitrary three dimensional designs by alignment of a laser focus inside a substrate.
Furthermore, this is in contrast to planar lightwave circuit manufacture exploiting, for
example, flame hydrolysis and reactive ion etching fabrication methods [100]. This
involves multiple steps, hence, on-the-fly adjustment or modification to fabrication
parameters is not practical.

This chapter is divided into two sections, an introduction to femtosecond processing
of transparent material and a description of practical fabrication processes. The first
section provides a brief background of the ionisation processes which lead to absorption
of laser energy in transparent materials. The exchange of this energy to the lattice and
the resultant material modification is discussed in the context of glass structure. The
second section outlines the fabrication constraints imposed by laser parameters such as
pulse energy, pulse duration, polarisation, repetition rate and numerical aperture of the
focusing objective and linear and nonlinear propagation. A background to fundamental
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waveguide theory is provided in appendix A and outlines waveguide theory, necessary
for understanding the behaviour and properties of laser written waveguides.

2.1 Femtosecond laser direct write technique

The devices described in this thesis have all been laser inscribed using infra-red ra-
diation in transparent materials. Thus, these materials show no linear absorption at
the laser wavelength and material modification mechanisms are due to a number of
nonlinear processes. The pulse duration contribution is crucial to the laser-material
interaction. A brief description of the underlying material interaction and modification
process is the purpose of this section. For further detailed information the reader is
directed to the books [101, 102], for details on laser microfabrication and [103], for
additional details on glass composition.

2.1.1 Glass composition

Glass was the material used for lightwave circuit fabrication during this thesis. The
study of glass as a tool has been dated as early as 1500 BC and since the development
of optical fibres in the last 50 years a range of fused silicas, with precisely defined
properties have become available [104]. Understanding the underlying processes which
occur when glass is modified using an ultrafast laser is challenging. This is due, at
least in some way, to the fact that the specific definition of a glass is rather broad and
encompasses any substance that exhibits a glass transformation behaviour [103, 105].
SiO2, the main component of all glasses relevant to this thesis, can exist in up to
22 different states from amorphous silica to crystalline quartz. Glass transformation
behaviour is illustrated in Fig. 2.1, where the transition between the volume of the
material, from crystalline to amorphous, is determined by the cooling rate of the liquid
melt. This is particularly insightful for laser processing of these materials since one
of the processes which occurs during fabrication is heating. Hence the temperature to
which the material is heated and its cooling rate will determine the subsequent density
of the material. This leads to the description of a glass using the fictive temperature,
Tf , model. This defines the structure of glass as that of a supercooled liquid, which has
the same structure as the glass state. The fictive temperature is the temperature of the
glass which has the same equilibrium state compared to that of the non-equilibrium,
liquid temperature. Figure 2.1 shows the extrapolation of the lines for the glass and
supercooled liquid state and the intersection points are the fictive temperature [106].

The other significant temperature values of a glass correspond to those highlighted
in Fig. 2.2 which shows the viscosity versus temperature [107]. The strain (or stress)
point is the temperature below which a glass can be rapidly cooled without permanently
inducing stress in the material. The annealing point is the temperature above which
stresses in the glass can be relieved after several minutes, the softening point is the
temperature at which the glass will begin to sag under its own weight and the working
point is the temperature where the glass can be deformed. The composition of glass,
including small quantities of additional elements such as boron, has a significant effect
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Figure 2.1: Showing the relationship between the glass volume (vertical axis) and the
temperature (horizontal axis). The fictive temperature Tf for slow cooling and fast cooling
rates are highlighted [105]. This shows that the rate of cooling significantly effects the final
volume of the glass.

on the resulting glass behaviour with respect to temperature. This can be observed in
Fig. 2.2, where for two different glasses, borosilicate (silica doped with boron) and fused
silica, the working point temperatures values vary considerably. This fact is significant
in practice because it means that, although their optical transmission properties are
similar, their response to temperature differs considerably. Glass modification processes
resulting from thermal processes during laser inscription of glass plays an important
role in refractive index modification. This was studied by Schaffer et al. and the effect
of cumulative heating on the size of modifications was studied [108]. This work was
also explored later with a greater emphasis on waveguiding properties by Eaton et
al. and is important in understanding the modification of borosilicate glass [109, 110].
Furthermore, the waveguides in this thesis are thermally annealed after laser processing
in order to improve their guidance performance and the temperatures values in Fig. 2.2
are referred to when discussing this step [111].

Depending on the temperature of the melt at the focus of a laser and the subsequent
cooling rate, the change in the glasses density can produce a refractive index change
and this can therefore be both positive or negative based on the glass composition,
as observed by Chan et al. in fused silica and phosphate glasses [112]. However, this
process is not the only explanation for refractive index change since work performed
by Ponader et al. has observed density changes, in fused silica, which are inconsistent
with a fictive temperature model [113]. Hence, the next section will outline in more
detail the absorption processes which occur during short (sub ps) pulse duration laser
processing of glass and seek to provide further insights into the mechanism of the
refractive index change.
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Figure 2.2: Showing the relationship between the glass viscosity and temperature. The
significant viscosities, for different glass types, are highlighted [107].

2.1.2 Laser material interaction

Laser material modification and pulse duration are intrinsically linked through energy
transfer time scales from the incident laser pulse to the material [114]. When a laser
pulse strikes a material, energy is transferred from electrons to the lattice in a time scale
of picoseconds. Following this, shock waves can propagate from the focal plasma in the
range of nanoseconds and finally thermal diffusion occurs in microseconds [115]. Hence
short pulse lasers (sub-ps) have a localised energy transfer process which occurs before
the energy is transferred, through thermal diffusion, to the rest of the material. This
is the basis of the small feature size attainable through ultrafast laser processing. The
other crucial fundamental process occurring in transparent material, again due to the
high peak powers attainable using short pulse lasers, is nonlinear absorption [116]. In
transparent materials the absorption of laser energy occurs through nonlinear ionization
processes where multi-photon, tunnelling and avalanche ionization can occur. These
absorption processes are dependent on the intensity of the incident laser.

Multi-photon and tunnelling ionization mechanisms constitute the photo-ionisation
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processes responsible for energy absorption. This is the direct interaction between an
optical field and dielectric which promotes bound electrons from the valence band to
the conduction band. These processes can occur in isolation or in combination and the
degree to which a process dominates can be described by the Keldysh Parameter [117],

γ =
ω

e

(
mcnε0Eg

I

) 1
2

, (2.1)

where ω is the laser frequency, I is the laser intensity at the focus, n is the refractive
index of the material, Eg is the bandgap of the material, ε0 is the permittivity of free
space, m and e are the reduced mass and charge of the electron. The relationship
between γ and photo-ionisation processes is obtained from Eq. 2.1 where γ ∝ I−

1
2 .

This relationship is depicted diagrammatically in Fig. 2.3 (taken from [118]) which
shows that for γ < 1 (high intensities) tunnelling ionisation occurs, while for γ > 1.5
(low intensity) multi-photon ionisation dominates and between these values there is
an intermediate regime where both processes contribute to ionisation. Multi-photon
absorption involves N photons, of energy hη, being absorbed simultaneously and in
the process overcome the energy gap Eg of the material [119]. Tunnelling can occur
when the high electric field of the incident laser reduces the Coulomb potential energy
barrier.

Figure 2.3: Showing the relationship between the Keldysh Parameter, γ and ionisation
mechanisms [118].

At high peak powers free electrons, generated through photon-ionisation processes,
act as a seed for avalanche ionization. Avalanche ionization occurs when free carriers
continue to absorb energy from the incident field and transfer this energy to other
electrons through collisions [120]. This process is dependent on the density of free
carriers and therefore increases exponentially as an avalanche. Hence this process is a
significant contributor to glass modification processes. The free carrier population, N
induced by avalanche ionisation is

N(t) = N0e
t
τ , (2.2)

where N0 is the initial density, and τ is the time cascade constant [120]. This equation
shows the significance of photo-ionisation rates in the production of an initial density
of carriers while the time dependence of the equation and the cascade time constant
mean that the pulse duration of the incident laser becomes critical. At long pulse
durations the free electron plasma begins to interact with the incoming beam.
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2.1.3 Relaxation and modification

Once absorbed, the energy from the incident laser is then transferred to the lattice.
This process, described briefly in the previous section, has been studied since shortly
after the development of the laser and is quite well understood. However, the relax-
ation process, where the intense energy transferred to the lattice producing a mate-
rial modification, is less well understood. Since the initial paper by Davis et al. in
1996 there have been a number of proposals which describe the fundamental processes
which occur [96]. There are three mechanisms proposed which contribute individually
or cumulatively to the refractive index modification process. These include: colour
centre formation, thermal processes of heating followed by re-solidification with in-
creased density, and photostructural modification involving restructuring of chemical
bonds in the material [116]. Chemical bond restructuring was initially proposed by
Davis et al.-electron spin resonance measurements showed evidence of peroxy radicals
and non-bridging oxygen hole centres in laser modified regions [96]. Furthermore, work
by Juodkazis et al. has shown a strong correlation between deposited energy and the
resultant expanded volume resulting in voids at high deposited energy and enormous
megabar pressures [121, 122]. This process is also strongly dependent on incident
polarisation [123]. This chemical change can be accompanied by colour centre forma-
tion [124–126]. However, colour centre formation is unlikely to be the sole origin of the
index change since it has been shown that the refractive index change persists even
after annealing of the centres [127]. Furthermore, Dekker et al. quantified the colour
centre contribution to the induced index change, of approximately 15%, using a Bragg
grating response [128]. The change in glass density as a result of rapid cooling rates
is well understood in glass manufacture processes [105]. The argument for densifica-
tion in laser written glasses is supported by strong evidence from Raman spectroscopy.
An increase in 3 and 4 member rings in silica structure after laser exposure has been
observed [129, 130]. This process can also cause a decrease in refractive index, de-
pending on the initial glass composition, as was observed by Chan et al. in phosphate
glass [112]. However Little et al. observed that, in BK7 borosilicate glass, thermal
processes also contributed to the origin of the modifications where, for a low repetition
rate (1 kHz) laser, chemically induced modification was the dominating mechanism
and for high repetition rates (5.1 MHz) densification was the dominant process [126].
Furthermore, these processes are dependent on a large number of competing parame-
ters which contribute cumulatively or individually to material modification including
but not limited to: glass composition, pulse duration, polarisation, repetition rate,
wavelength and exposure conditions. Hence it is reasonable to assume that some or all
of these effects contribute to material modification to varying degrees.

Regardless of the underlying mechanism, the resultant modifications can be broadly
grouped into three categories, smooth isotropic refractive index change, birefringent
formations and voids [131]. A summary of these mechanisms is shown in Fig. 2.4. At
high intensities micro-explosions can form voids in the glass. These are regions of low
density (the void) which are then surrounded by the expelled material which produces
a denser shell as small as 200 nm in diameter [132]. The formation of self organised
bubbles in glass has also been studied where a cumulative heating process produces
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Figure 2.4: The laser processing of a glass sample and the resultant modifications; at high
intensities void formation occurs, at low intensities smooth refractive index change occurs and
at intermediate intensities nanoformations occur [131].

periodically spaced modulations [133]. Voids and related structures can be used for the
three dimensional storage of data [134]. These structures can also be used to produce
stress induced guidance in materials which do not experience positive smooth refractive
index change.

At an intermediate intensity, periodic nanoformations can be observed which ex-
hibit a large birefringence [135, 136]. These sub-wavelength structures were first im-
aged by Shimotsuma et al. [137]. These structures are periodic planes which exhibit a
spacing, Λ, below the wavelength, λ of the incident laser. It has been observed that
Λ = λ/2n and the direction of the planes in orthogonal to the polarisation of the writ-
ing laser [138]. An image, taken from [138] (see Fig. 2.5), clearly shows the nanoplanes
for orthogonal polarisations and for circular polarisation. These nanoplanes consist
of periodically modulating regions of increased oxygen concentration [138]. However
there is debate over the precise formation mechanism and Shimotsuma et al. proposed
an interference of the incident laser field with the induced plasma wave [137]. However,
the plasma lifetime of 150 fs is too short to interfere with the subsequent pulse. Current
explanations of these processes describe a dielectric breakdown leading to nanoplasma
formation which develop to form planes and then align with the polarisation of the in-
cident laser field [138–140]. This is also supported by the formation of chiral structures
within fused silica which follow the handedness of the circularly polarised laser [141].
The nanoplasma interference model is also supported by observations of a “Quill effect”,
or non-reciprocal writing, where nanoplane formation is dependent on the orientation
wavefront of the incoming laser beam in addition to other parameters [142]. However,
these nanoplane structures are also referred to as nanocracks and nanovoids since the
actual structure is not fully understood. Lancry et al. have noted that in fact nanovoid
formation is present in laser modified zones [143]. As this is an intermediate pulse en-
ergy regime, between examinable void formation and smooth isotropic refractive index
change, there is justification for assuming that the formation of nanoscale cracks or
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voids does occur. However, recent results have shown that the stress surrounding these
features plays a dominant role in the ultimate etch rate [144]. This is supported by
observable features like increased etch rates when the planes are aligned parallel to the
waveguide [138]. Hence, groups have studied the development of these nanoformations
using focused ion beam lithography to observe the formation of void-like structures
without resorting to chemical etching [145], while other groups have exploited the
cleavage planes induced by these nanoformations to avoid etching procedures [143].
Using these techniques Lancry et al. have shown that the nanostructures, formed by
decomposition of the SiO2 oxide, are composed of nanoporous glass with a substantially
lower index of ∆n = −0.2 [143, 146]. Despite the remaining uncertainties, the form
birefringence and self organised subwavelength period of these structures makes them
highly desirable for a range of applications [147, 148]. Building on previous work by
Glezer et al. which uses laser inscribed nanovoids for 3D data storage [134], nanograt-
ing waveguides have been used for 5D data storage [149, 150]. The orientation of the
birefringent axis and the strength of the retardance, both of which are independently
controllable, provide the additional degrees of freedom. Furthermore, these structures
formed within waveguides can be used for polarisation control both for bulk optic
components and in integrated circuits [151–154].

Figure 2.5: A scanning electron micrograph which shows nano planes formed in a glass
after irradiation by laser pulses. The planes align to the polarisation direction of the incident
beam and it can be seen that when circular polarisation is used the plane directions become
scrambled [138].

For low pulse energies, where the resulting modification is a smooth change in
refractive index, applications include waveguide formation and ultimately integrated
circuit design. Both positive and negative refractive index change can be exploited
to form waveguides. Waveguides can be formed using a “depressed” structure where
low index modifications surround a virgin core as has been achieved using ZBLAN
glass [155]. This procedure has the advantage of leaving the properties of the core
guiding region completely unchanged from the bulk material. The core size can be
chosen independently of the laser modification size and the size of the depressed region
can be changed to optimise mode-dependent radiative loss from the structure [156, 157].
This has permitted elegant demonstrations of high slope efficiency waveguide lasers
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and buried Bragg grating designs [158–160]. However one drawback of this depressed
method is the difficulty of producing smooth low-loss directional coupler junctions to
enable evanescent coupling and form circuits [161]. Positive index change can be used
to form waveguides as the laser is translated through a glass producing a high index
core while the surrounding bulk acts as the cladding.

This section has detailed the underlying material changes which occur during the
laser processing of glass substrates. A brief description of glass transformation be-
haviour was outlined followed by a basic explanation of the nonlinear absorption which
occurs at the laser focus. The causes of the resultant refractive index change are
outlined and an explanation of the resultant behaviour of the modified material is
discussed. This assists in understanding the relevant processing parameters for the
formation of positive index change is the subject of the next section.

2.2 Practical considerations

This section includes a brief description of the techniques exploited to form smooth
isotropic refractive index change in glass substrates. A major contributor to waveguide
formation process is the repetition rate of the incident laser which dictates the focusing
conditions and ultimately determines the waveguide properties.

2.2.1 Repetition rate

Investigations into refractive index change in materials led to the discovery of two
different modification regimes [109, 110]. A regime where pulse arrive successively
before the thermal diffusion time of the material of ∼ 1 µs corresponding to laser
repetition rates above 1 MHz, is known as the cumulative heating regime. This leads
to a large heat buildup at the focus. The other regime is known as the athermal heating
regime where the pulse separation is above the thermal diffusion time of the material
leading to successive heating and cooling [110]. The cumulative heating process is
itself a function of the laser intensity and translation speed and a threshold effect.
This can be seen in Fig. 2.6, where the change from thermal to heat accumulation can
be seen over a very small change in pulse energy changes both the size and modification
profile of the waveguides. Furthermore, the sign of the refractive index change can be
completely dependent on repetition rate [162, 163]. In the previous section it was
shown in Fig. 2.2 that borosilicate glass has significantly different thermal properties
to those of fused silica glass and this is one of the primary reasons for the choice of
borosilicates for use with high repetition rate lasers in the cumulative heating regime.

2.2.2 Ultrafast laser fabrication techniques

In order to form a modification inside a transparent material light must be brought
to a focus and the means to do so has a significant effect on waveguide morphology.
This process is essentially the inverse of microscopy so many groups have exploited
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Figure 2.6: This image displays an optical micrograph of the top of a glass sample
in which optical waveguides have been inscribed. The objective used was a 100× Zeiss oil
immersion lens and the translation speeds (from left to write) were 1600, 1800, 2000 mm/min,
using a single pass with a 5 MHz laser. All other parameters remained unchanged. Transition
from thermal diffusion to heat accumulation as a result of different pulse energies of 40 nJ
(left) and 42 nJ (right).

highly developed methods for image formation to produce waveguiding devices [164–
167]. When bringing light to a focus within a high index medium, the most significant
aberration is spherical aberration and changes the waveguide diameter as a function of
depth within in the dielectric. This is the reason that 170 µm was a depth frequently
used when writing waveguides since most objectives, designed primarily for imaging
samples under a coverslip of 170 µm thickness, have correction collars to account for
this. Oil immersion objectives can almost completely (depending on the refractive
index of the substrate) eliminate this aberration. The numerical aperture (NA) of an
objective determines the beam radius produced by a Gaussian beam,

w(z) = w0

√
1 +

(
z

z0

)2

(2.3)

where the radius is a function of z, the position from the minimum radius w0 and the
Rayleigh range z0, the distance over which the radius increases by a factor of two. The
minimum beam radius and Rayleigh range then depend on the NA,

w0 =
M2λ

πNA
, z0 =

M2nλ

πNA2 (2.4)

where λ is the wavelength of light, n the refractive index and M2 is a the beam quality
factor (minimum of 1 for a Gaussian beam). These equations show that the beam
radius decreases with NA−1 while the Rayleigh range decreases with NA−2. Hence
increasing the NA of an objective can increase the symmetry of waveguides.

However, in laser processing, where high intensities are achieved at the focus, lin-
ear effects are not the only cause of distorted waveguide morphologies, the nonlinear
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response of the material becomes significant. Since glass is an isotropic material with
a centre of inversion, nonlinear propagation effects are dependent on the third order
nonlinearity χ(3) [168]. The result is an intensity dependent refractive index change,

n = n0 + n2I, (2.5)

where n0 is the linear refractive index and n2 ∝ 2
3
χ(3)/n2

0 in the nonlinear contribution
to the resulting refractive index and dependent on the intensity I. The resultant index
in the presence of an electric field is dependent on the intensity. Hence a Gaussian beam
results in a positive lens (for positive n2) and this process results in self-focusing. This
is an undesirable effect for laser writing waveguides since this can result in filamentation
and highly elliptical modifications.

During this thesis work two processes were exploited to counteract the ellipticity
induced by the focusing geometry. Both approaches were tailored to the modification
regime used for fabrication. The first used the athermal processing regime where the
size of the modifications are linked directly to the waist of the beam. Furthermore
the ellipticity is related to the Rayleigh range of the objective. Hence, though the
asymmetry could be reduced by using a high NA objective the waveguide size would
be small, on the scale of microns. Ams et al. showed it was possible to produce
waveguides with a cylindrical geometry using an astigmatic beamshaping technique by
expanding the beam in one direction (the direction corresponding to the cross section
of the waveguide) with respect to the other using a slit [169]. This means that an
NA ∼ 0.5 can be used to produce symmetric structures of ∼ 3 − 5 µm necessary for
waveguide operation. Unfortunately this technique only works for a single depth due
to spherical aberration and is not ideal for 3D structure formation unless adaptive slit
methods are used to compensate for depth changes [170]. The slit approach also dumps
the majority of the laser power. A more elegant approach is to use the astigmatic
beamshaping technique exploited by Cerullo et al. which expands the beam in one
direction using a cylindrical lens, therefore conserving all of the laser power [171, 172].
Another approach is to avoid beam shaping and simply concatenate multiple highly
elliptical waveguides in close proximity thereby forming a symmetric square region of
refractive index change [173, 174]. In fact this technique is highly versatile and has
been exploited to produce 3D waveguide circuits in highly nonlinear glass, such as
chalcogenide, which has a refractive index of n > 2 [175]. Beam shaping techniques
have used adaptive methods such as deformable mirrors, spatial light modulators and
modulating beam profiles with feedback [164, 176, 177]. Spatio-temporal focusing
uses a beam that is spectrally dispersed prior to illumination on the objective and
then brought to a focus within the sample. This is an approach that means low NA
objectives with large working distances can be used [178, 179].

The thermal processing regime allows decoupling of modification size from the in-
cident beam waist. Thus waveguides can be formed using high NA oil immersion
objectives which produce small, highly symmetric features, while compensating for the
spherical aberration. However, due to the high NA only a limited working distance
of 400 µm is obtainable but within this distance highly symmetric waveguides can be
obtained.
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2.3 Summary

This chapter has summarised the essential information required for the understanding
of the laser fabrications aspects of this thesis. The absorption of laser radiation by a
glass and the resulting modification was discussed in section 2.1. This is important in
the understanding the underlying mechanisms which occur during the fabrication of
optical waveguides and is an important aspect to consider for chapter 3. This chapter
seeks to find a regime for the fabrication of low-loss single mode waveguides for use
at 800 nm material and structural changes play a role in delineating specific factors
which contribute to loss. In section 2.2 practical fabrication details were outlined with
an emphasis on the repetition rate of the laser since it is most relevant to parameter
studies contained in chapter 3. The reason for the choice of fabrication techniques such
as high repetition rate and high numerical aperture oil immersion objectives and the
type of modifications they produce when compared to low repetition rate systems has
also been discusses. This is an important feature that has been used for the fabrication
of waveguides at high repetition rates in chapter 3. For further details on the specifics
of each laser system used the reader is directed to appendix B.
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Peter Dekker

3
Towards low loss waveguides

Loss is an important parameter in any circuit design. However, for quantum infor-
mation science (QIS) applications, loss is a critical factor. A fundamental principle in
QIS, the no-cloning theorem, precludes the amplification of quantum data. This fea-
ture motivates interest in quantum cryptography, but it also means transmission loss is
a vital parameter in circuit design. The increasing complexity of the quantum optical
devices under investigation places tighter constraints on the transmission properties
of the underlying waveguides and components. System losses have a dramatic effect
on experimental duration, especially as the number of qubits used during analysis in-
creases. They also tend to drive non-classical states back towards classical states with
Poisson photon statistics. In addition, limitations imposed by the switching times of
the fast electronics involved in heralded single photon detection and counting systems
(typically several tens of ns), often necessitate the use of optical delay lines that are
metres in length. If such delays were incorporated on-chip and total system losses must
remain less than a few dB then propagation losses of 0.1 dB/cm or better are required.
Despite the large amount of work performed in both fused silica and borosilicate glass
to discover a parameter space where high throughput single mode waveguides can be
formed at 1550 nm, there remains a lack of a rigorous study at the wavelength of
800 nm. This is the operation wavelength the SPDC source used for experiments in
this thesis, as well as high efficiency (∼ 60%) detectors. Therefore low loss single mode
waveguides are essential for later experimental work.

Section 3.1 of this chapter briefly outlines constraints on circuit size imposed by the
refractive index and dimensions of laser inscribed waveguides. In section 3.2 parametric
studies which isolate waveguide designs used in later work are discussed. Characterisa-
tions are performed of the mode size produced by waveguide writing parameters in glass
substrates including fused silica and borosilicate. A parameter space in fused silica is
found where waveguides can be formed. However, in borosilicate glass a fabrication
regime is isolated which is >2 orders of magnitude faster to fabricate than in fused

31
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silica. An in depth study of the waveguides formed in these borosilicate substrates is
performed with specific emphasis on low-loss transmission. This work is the building
block of more advanced circuit designs used in later chapters. Finally, a brief study of
sub-micron periodic structures in Eagle-2000 glass is outlined.

3.1 Bend loss: constraints on circuit size

Waveguide circuits are composed of evanescently coupled waveguides which are inter-
rogated at the input and outputs of the circuit by commercially available V-groove
arrays. This means that waveguide circuits typically include waveguide bends and
these have a significant effect on overall circuit transmission. The loss from a bend,
γ, is a function of waveguide radius, ρ, waveguide refractive index contrast, ∆n, and
the radius of curvature of the waveguide [180], Rc. For a Gaussian refractive index
distribution
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light, nco is the refractive index of the core and ncl is the refractive index of the cladding.
Recall from chapter 2 that V , the normalised frequency, defines the single mode cut off
of a waveguide (V=2.405) and typical laser inscribed refractive index contrasts range
from ∆ = 10−3 − 10−2. Its clear from Eq. 3.1 that the loss increases exponentially
with the local radius of curvature. For a simple device, such as a directional coupler,
waveguides transition from an initial spacing of a V-groove array, 127 µm or 250 µm,
into an interaction region spacing of ∼ 10 µm. This can be achieved through the
use of functions which minimise the maximum radius of curvature of the function by
distributing it over the largest extent of the bend.

Figure 3.1: Diagram of a directional coupler. This is the integrated optical analogue of
the beamsplitter and takes an input and splits it across two modes. In this image the curved
region corresponding to a raised Sine is highlighted.

Figure 3.2 shows the effect of both waveguide diameter and refractive index con-
trast on the attenuation resulting from different radii of curvature for the wavelength
of 800 nm. These graphs show that for the range of diameters and refractive index con-
trasts that we observe in laser written waveguides, there is a significant region where
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Figure 3.2: The attenuation (mm−1) for radii of curvature of bends (a) for varying
waveguide diameter and a fixed waveguide refractive index contrast of 4×10−3 (b) for varying
refractive index contrast and a fixed waveguide diameter of 2.9 µm.

low loss bends can be observed for radii of curvature Rc > 10 mm. Though this infor-
mation is valuable in mapping out a parameter space it is important to contextualise it
with an example. Figure 3.3 shows the critical parameters in designing a bend in a cir-
cuit. The function is based on a directional coupler fold in region, an “s-bend” as shown
in Fig. 3.1 and the function is described by a raised sine, f(z) = z−Sin(2πz)/2π, which
gives a smooth transition from an input to an output over the length of the function
z. Although this function creates a smaller radius of curvature than other functions,
such as those exploiting a cosine or polynomial, it produces the most gradual rate of
change of the bend. Therefore it has been shown to minimise refractive index mis-
match caused by sudden changes in the effective index of the waveguide induced by
the bend [181, 182]. The function can be seen in Fig. 3.3 (a) and the local radii of
curvature, at each position along that function, can be seen in Fig. 3.3 (b), where the
minimum radii of curvature is >10 mm. The overall transmission through this function
is above 90% (See Fig. 3.3 (d)).

3.2 Parametric studies to isolate waveguide designs

Investigations of waveguide properties centred around the features of the two laser
systems used for fabrication (for more details see chapter B). One laser system, the
Hurricane, with a low repetition rate (1 kHz) has an optimum processing window for
the fabrication of fused silica waveguides. Another, the Femtosource XL500, a high
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(a) (b)

(c) (d)

Figure 3.3: For a fixed waveguide diameter of 2.9 µm and index contrast of 4.5× 10−3,
(a) shows a raised sine function which describes a transition from a 250 µm spacing over
a length of 4.5 mm, (b) the radius of curvature at each point along that function, (c) the
attenuation (mm−1) at each point and (d) is the overall transmitted energy, assuming a unit
input.

repetition rate system (5 MHz), was better suited for the processing of borosilicate
glasses. Fused silica has desirable properties: high purity glass is readily available
(such as Lithosil) and offers intrinsically low absorption, limited typically by Rayleigh
scattering. By including dopants, such as the OH− impurity (found in Suprasil), the
glass can be made to fluoresce. This is advantageous because it allows the intensity dis-
tribution along a waveguide to be directly imaged [85, 183]. Furthermore, as described
in chapter 2, demonstrations of waveguide based polarisation control have exploited
laser induced self organised periodic nanoformations within waveguides inscribed in
fused silica [152–154, 184]. These properties have motivated two studies within this
chapter, high speed fabrication of fused silica and the search for a parameter space for
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the fabrication of birefringent nanoformations in borosilicates. A study of the modifi-
cation parameters for both fused silica and borosilicate glass, with optimum processing
windows for both, is contained in this section.

3.2.1 Fused silica

Due to the complexity of the circuits used in this thesis reproducibility was an im-
portant factor. Using the low repetition rate system it was possible to inscribe high
throughput waveguides in fused silica. The parameter space permitting waveguides
with a mode field diameter below 30 µm, but not displaying damage, is narrow (See
Fig. 3.4). The low loss (<10 dB insertion loss) operation range corresponded to this
region. The typical translation speeds were in the range of 1-8 mm/min and required
multiple overpasses 2-8. This meant a single waveguide of 20 mm in length would
require a fabrication time of 4-160 minutes. When performing a parametric study,
where a circuit is composed of multiple waveguides and multiple different parameters
to iterate, it becomes challenging to ensure that the laser system maintains its stability
over several days of fabrication time.
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Figure 3.4: Parameter space where single mode waveguides with mode field diameters
below 30 µm could be found. The dark region indicates where waveguides with significant
damage could be observed with a microscope. Measurements are recorded at intervals of
50 µW and 0.01 mm/sec.

Despite reports of waveguide fabrication in fused silica using >MHz repetition rate
lasers it still requires extremely low translation speeds which negate the advantage of
using these laser systems over kHz repetition rate lasers [185–187]. Graf et al. observed
that when fused silica samples are modified using high repetition rate lasers (10 MHz)
pearl chaining (a periodic modulation of refractive index which resembles a pearl chain
necklace) occurs resulting in high loss (6 dB/cm) waveguide formation [188]. Using
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500 kHz pulse trains, high-quality waveguide formation (<1 dB insertion loss) has
been observed in fused silica exploiting high energy photons (522 nm). However the
translation speed of 0.22 mm/min used in that study results in extended fabrication
times [152]. Fused silica shows a high working temperature (defined as the temper-
ature at which a glass may be reshaped) of 1800◦C which is 1.4 times greater than
borosilicate [109]. Furthermore, it features a bandgap of 9.1 eV which is twice that
of borosilicate. Hence, additional pulse energy is required for absorption and a higher
temperature must be reached to achieve melting. This is the reason that the parameter
space for smooth, low loss refractive index modification in fused silica is so limited. The
onset of cumulative heating in fused silica appears to correspond very closely with the
onset of breakdown and damage of the material even if very low pulse energies (10 nJ)
combined with high repetition rates (26 MHz) are used [189].

Hence a parametric study was performed to isolate a high speed processing window
using a 100 kHz repetition rate regime, which is below the cumulative heating threshold
(approximately 200 kHz), where low loss waveguides could be formed. This repetition
rate was obtained by using a Pockels cell to select only one out of every 50 pulses
from the 5 MHz pulse train of the laser oscillator. However, the results in Fig. 3.5
show that there was a limited range of speeds above 100 mm/min where low loss
(<10 dB insertion loss) waveguides could be found. Within that region the lowest
measured insertion loss was 8 dB. Damaged regions were formed for translation speeds
below 300 mm/min and for pulse energies above 110 nJ. For translation speeds above
600 mm/min and pulse energies below 60 nJ no observable index change could be
observed. The 100 kHz repetition rate window was below the cumulative heating
threshold (of approximately 200 kHz) but still remained two orders of magnitude above
the Hurricane 1kHz repetition rate system. Hence it is possible that there exists a
processing window between 1-100 kHz where low loss waveguides could be formed at
high speeds. However, due to the limited pulse energy (max 500 nJ) available from the
laser oscillator a study of this parameter space could not be performed.

3.3 Borosilicates

High repetition rate femtosecond lasers (MHz) are particularly well suited to the rapid
prototyping of 3D integrated photonic circuits. Femtosecond laser oscillators have
the optimal features required for the modification of borosilicates because only low
pulse energies (nJ) are required when high repetition rate pulse trains (>200 kHz)
are used [190, 191]. It is possible to use low repetition rate lasers to modify borosili-
cates [192], but by using high repetition rate systems an order of magnitude increase
in waveguide writing speed can be achieved [193]. Indeed, it is possible to inscribe
a quantum logic chip in a few minutes using the cumulative heating mechanisms as-
sociated with this class of laser. By comparison, the same inscription process, when
undertaken with a kHz pulse rate femtosecond laser, can take days. This section will
detail the high speed fabrication of waveguides in both Eagle-2000 (Corning) and in
AF-45 (Schott)and the fabrication of periodic nano-gratings in Eagle-2000.
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Figure 3.5: (a) Parameter space where waveguide formation with insertion losses of
<10 dB can be found in fused silica (Suprasil) a 100 kHz pulse train. The length of the
waveguides in this study was 15.5 mm. Measurements were recorded at intervals of 5 nJ in
pulse energy and 0.80 mm/sec in translation speed. (b) Transmission differential interference
contrast (TDIC) microscope image showing laser modifications of a fused silica “suprasil”
performed using a high repetition rate modification regime.

3.3.1 Borosilicate: high speed waveguide fabrication

Using the 5.1 MHz laser system two glasses were investigated at 800 nm, Schott
AF-45 (alkali-free aluminoborosilicate) and Corning Eagle-2000 (alkaline earth boro-
aluminosilicate), typically used with MHz pulse rate femtosecond lasers exploiting cu-
mulative heating mechanisms [194]. A large range of writing powers and high transla-
tion speeds produce waveguides with insertion losses below 5 dB. The details of these
waveguides will form this section.

3.3.2 Waveguide thermal treatment

The 5.1 MHz repetition rate oscillator laser ( FEMTOSOURCE XL 500) was used
and a 100× oil immersion objective (Zeiss N-Achroplan, numerical aperture = 1.25)
focused light inside samples, which were translated using Aerotech air bearing stages.
The waveguides were formed in the cumulative heating modification regime [195], in
which successive pulses arrive within the thermal diffusion time of the material. The
resulting waveguides feature a core region with a refractive index above the bulk glass,
a surrounding “depressed” region of lower refractive index to the bulk and a region of
positive refractive index (See Fig. 3.6). Following the writing process the samples were
then thermally annealed, in order to produce a more symmetric and Gaussian refractive
index profile. This has been shown to significantly improve insertion losses [111]. The
procedure involves heating the glass above the annealing point of the material before
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Table 3.1: Thermal characteristics of Schott AF-45 and Corning Eagle-2000 [196, 197].

Material AF-45 Eagle-2000

Strain point (◦C) 627 666
Annealing point (◦C) 663 722
Softening point (◦C) 883 985

slowly cooling below the strain point in order to avoid inducing any stress fields. The
Eagle-2000 sample was heated to a maximum 750◦C, while the AF-45 was heated
to a maximum 690◦C. These temperatures corresponded to a slight excess over the
material annealing point (as shown in Tab. 3.1) but below the softening point of the
material [196, 197].

High index core

Low index "depressed" region

High index surrounds High index surrounds removed

High index core

Low index "depressed" region

Figure 3.6: Microscope image of waveguides before and after annealing.

3.3.3 Mode field diameter measurements

In order to reduce system loss, it is important to isolate contributions to circuit in-
sertion losses. These factors include propagation losses, which encompass absorption,
scattering, radiation, and bend losses. However, coupling losses from fibre to waveg-
uides, caused by a mismatch between the waveguide mode and the fibre mode, are a
significant contributor to insertion loss. Thus, it is necessary to map out the range of
waveguide processing parameters which give a mode field diameter (MFD) w which is
well matched to a single mode fibre (SMF). An SM 800 (Fibercore) has a w = 5.6 µm
mode at 800 nm. MFD measurements were performed by imaging the near field pro-
file of the waveguide onto a CCD array using an objective and performing analysis
using Spiricon beam profiling software. The measurements were then calibrated by
measuring a 0.01 mm rule in both the horizontal and vertical directions. The second
moment widths (or D4σ) are recorded. The graphs shown here all display the D4σ in
the horizontal direction for uniformity.
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Figure 3.7: The mode field profile, at 800 nm, of a single mode fibre (left) and a single
mode waveguide (right).

Fig. 3.8 shows where MFDs matched to SM 800 of 5.6 µm can be found. This is
important for minimizing the coupling losses and therefore reducing the total insertion
losses. Waveguides fabricated in Eagle-2000 show a large combination of translation
speeds and pulse energies which produce single-mode waveguides (SMWs) with modes
well matched to the corresponding SMF. This contrasts with waveguides fabricated in
AF-45 (see Fig. 3.9) where a much smaller range of MFDs are obtained. A mode size
below 4 µm is observed for translation speeds greater than 13.33 mm/sec, regardless
of the pulse energy. Furthermore, the parameter space which yields SMWs with good
mode overlap to SMFs is much narrower in AF-45 than in Eagle-2000.

These results can be explained by the two factors which define the MFD of a
waveguide, the waveguide diameter and the refractive index contrast, ∆n. The contour
plot contained in Fig. A.1 shows the MFD of a waveguide for different waveguide
diameters and refractive index contrasts. The waveguides produced in AF45 show an
MFD of 3 µm for translation speeds from 33.33-10.00 mm/sec over a range of pulse
energies. This indicates that the maximum obtainable ∆n must be higher in AF45
than Eagle-2000. This can be seen in Fig. A.1 where a ∆n > 0.3 × 10−2 is required
to produce a mode of 3 µm and below. At the threshold of 10.00 mm/sec an increase
in MFD occurs and for translation speeds below 5.00 mm/sec(not shown on graph)
the waveguides become multimode. This indicates that the translation speeds between
10.00-5.00 mm/sec have a high V number but remain below the single mode cutoff
(V ∼ 2.4). The effect of the waveguide diameter, for fixed values of ∆n, on MFD
size is significant when V is between 1− 1.7. However, after this point the MFD does
not respond to an increase in diameter (while V remains below 2.405). Hence, this
implies that in the range of speeds 10.00-5.00 mm/sec the refractive index must in fact
reduce. This is also accompanied by a corresponding increase in waveguide diameter
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as confirmed by microscope observations.
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Figure 3.8: Eagle-2000, waveguide mode field diameter (MFD), in microns, for a range
of writing speeds and pulse energies at 800 nm. Measurements were recorded at intervals of
2 nJ in pulse energy and 3.33 mm/sec in translation speed. The region in grey highlights
where an MFD which is well matched to that of a single mode fibre can be found.

3.3.4 Insertion loss

To measure the total insertion loss of a waveguide, a pair of cleaved SMFs are butt-
coupled to either facet of the waveguide chip. Refractive index matching oil is applied to
each facet to eliminate losses due to Fresnel reflections. This measurement incorporates
both coupling and propagation losses.

Figure 3.11 shows the insertion loss for 29.3 mm long 800 nm single-mode waveg-
uide samples written in Eagle-2000 as a function of translation speed and pulse energy.
This is consistent with the corresponding relationship in Fig. 3.8 between mode field
diameter and writing speed, where excellent overlap between the waveguide and an
SM-800 fibre mode is observed for writing speeds above 13.33 mm/sec. The same
relationship is observed for waveguides in AF-45 (See Fig. 3.12) where the optimum
waveguide throughput corresponds to the range in Fig. 3.9 where the waveguide MFD
is most closely matched to the fibre MFD. Although the parameter space of low loss
waveguides fabricated in AF-45 is smaller compared to Eagle-2000, they show a signifi-
cant increase in maximum waveguide throughput. A maximum throughput of 82± 2%
is observed in AF-45 compared with 63 ± 2% in Eagle-2000. Cut-back measurements
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Figure 3.9: AF-45, waveguide mode field diameter, in microns, for a range of writing
speeds and pulse energies at 800 nm. Measurements were recorded at intervals of 2 nJ in
pulse energy and 3.33 mm/sec in translation speed.

were performed on SMWs at 800 nm, fabricated in AF-45, to determine the propaga-
tion loss associated with each waveguide. Figure 3.13 shows the transmission values
as the AF-45 sample length was reduced from 44 mm to 30 mm and finally 15 mm in
length. The total transmission for the waveguides fabricated at pulse energies of 72 and
76 nJ were relatively invariant as a function of length, in those cases corresponding to a
propagation loss of 0.1±0.1 dB/cm. The other waveguides, fabricated at pulse energies
of 74 and 78 nJ exhibited reduced transmission as a function of length, in these cases
corresponding to a propagation loss of 0.4± 0.1 dB/cm. Although the loss properties
for the full set of waveguides (shown in Fig. 3.13) do not follow a sequential pattern
they do indicate a narrow processing window where low propagation loss waveguides
can be produced.

3.3.5 Propagation loss and absorption

One of the limiting factors to the transmission of waveguides written in glass substrates
is the intrinsic absorption of the glass substrate. Hence understanding intrinsic mate-
rial absorption places an upper bound on waveguide transmission. In fact, propagation
losses in femtosecond laser written waveguides have been mostly attributed to fabrica-
tion imperfections causing strongly wavelength dependent Rayleigh scattering at short
wavelengths, weakly wavelength dependent Mie scattering [198] and scattering due to
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Figure 3.10: Reproduced from appendix B, the mode field diameter (MFD) plotted
for the range of index contrasts (∆n) and waveguide diameters attainable using the FLDW
fabrication method. The top right shaded region shows the single mode cuttoff (V = 2.405),
while the bottom shaded region (V < 1.7) is where the majority of the mode is no longer
confined in the waveguide region. Note this simulation was performed at a wavelength of
800 nm.

the finite side wall roughness at the boundaries between the bulk glass and the modified
regions [199]. However, bulk absorption losses, apart from the hydroxyl overtone, are
often neglected [198]. Technical glasses such as Eagle-2000 and AF-45 are not intended
for guided wave applications, hence they do not provide the high purity of fused sil-
ica. To shed light on the impurity induced contribution to the waveguide propagation
losses, we performed differential bulk absorption measurements with a photon spec-
trometer, using two glass pieces of different thickness. This avoids measurement errors
induced by the uncertainty in Fresnel reflection coefficients when extracting the inter-
nal transmission values of the samples (for both glasses the data sheet only provides
refractive index values for the visible spectral region [196, 197]). Figure 3.14 shows the
absorption coefficient for Schott AF-45 and Corning Eagle-2000. Both glasses show an
overtone of the hydroxyl ion OH− absorption at ∼1400 nm. However, a very broad
absorption band centred at 1100 nm is evident in the case of Eagle-2000 but absent
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Figure 3.11: Dependence of Eagle-2000, 800 nm waveguide transmission (%) for a range
of translation speeds and pulse energies. The sample length is 29.3 mm. Measurements were
recorded at intervals of 2 nJ in pulse energy and 3.33 mm/sec in translation speed. The high
transmission region is at low pulse energies and high translation speeds.

in AF-45. Broad absorption bands in silicate glasses located in the ultraviolet, visible
and near-infrared spectral region often arise from 3d transition metal impurities like
titanium, vanadium, chromium, manganese, iron, cobalt, nickel and copper [200, 201].
The broad 1100 nm absorption has been reported by Glebov et al. to be a signature of
ferrous iron (Fe2+) [202]. Indeed, laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) showed a > 3 times larger amount of iron in Eagle-2000 than
in AF-45 (see Fig. 3.15). For comparison, N-BK7 showed an iron trace concentration
that was 20 times lower than that of Eagle-2000. This results in absorption losses for
Eagle-2000 of 0.1 dB/cm at 800 nm and 0.27 dB/cm at 1550 nm. In contrast, in AF-45
the absorption induced losses are well below 0.1 dB/cm for both wavelengths.

The absorption losses in Eagle-2000 are primarily due to Fe2+, which results in a
broad absorption band centred at 1100 nm. Although iron can also exist in the glass in
its trivalent redox state, Fe3+ has weak absorption bands in the visible (below 500 nm)
and strong UV absorption [202]. The redox ratio between divalent and trivalent iron
depends on the glass composition, in particular its optical basicity, which is influenced
by the content of alkali and alkaline-earth oxides [203]. The thermal history of the
glass can also affect the redox ratio [204]. Therefore, during waveguide fabrication in
the thermal regime (cumulative heating) a transformation from Fe2+ to Fe3+ (or vice
versa) can take place. Furthermore, trace element concentration in glass batches may
vary depending on the contamination of the raw materials. In the case of Eagle-2000,
three different glass samples, purchased over the course of 5 years, were investigated
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Figure 3.12: AF-45, 800 nm waveguide transmission (%) for a range of translation speeds
and pulse energies. The sample length was 30.2 mm. Measurements were recorded at intervals
of 2 nJ in pulse energy and 3.33 mm/sec in translation speed. The highest transmission
waveguides were obtained in a narrow region of low translation speeds which is relatively
consistent for different pulse energies.

but no significant differences in the absorption within the measurement error could be
found.

Borosilicate: sub-micron structure

Due to the potential application of polarisation control in circuits [70–72], an explo-
ration of the parameter space which can produce highly birefringent structures in Eagle-
2000 was undertaken. This is motivated by the recent progress in high repetition rate
formation of nanogratings in both fused silica and borosilicate (Borofloat and ULE)
glass [205, 206].

To date no observations of self-organised nanograting formations have been reported
in Eagle-2000. Richter et al. examined the contribution of repetition rate and pulse
energy to the formation of nanogratings and has observed a processing window before
the onset of cumulative heating where nano structure formation can be observed at
high repetition rates [206]. In the 100 kHz regime Richter et al. observed nanograting
formation in borosilicate glasses [206] for a narrow range of pulse durations (150-250 fs).

Hence, a study of a 100 kHz repetition rate regime in Eagle-2000 was undertaken.
The output of the laser oscillator can be adjusted using a prism pair compensator.
This was adjusted to produce a pulse duration of 200±50 fs and a Pockels cell was
used to give a 100 kHz pulse train which is below the onset of cumulative heating.
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Figure 3.13: AF-45, 800 nm waveguide transmission vs. waveguide length for a range of
pulse energies and a fixed translation speed of 5.00 mm/sec. A linear fit is applied to each
set of pulse energies. The resulting coupling loss for a pulse energy of 72 nJ is 0.8 ± 0.1 dB
and a propagation loss of 0.1 ± 0.1 dB/cm. A minimum coupling loss, of 0.1 ± 0.1 dB, was
obtained for a pulse energy of 74 nJ.
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Figure 3.14: Bulk absorption spectra of Schott AF-45 and Corning Eagle-2000, including
error bands due to experimental uncertainty. The absorption values were obtained by a
differential measurement, comparing two different sample sizes in order to avoid influence from
uncertainties in the Fresnel reflection coefficients. The large peak visible in the absorption
spectrum of Eagle-2000 is due to trace concentrations of Fe3+. (Image courtesy of Simon
Gross) .
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Figure 3.15: Counts per second, of iron, as detected by the mass spectrometer in Ea-
gle2000, AF45 and N-BK7. This illustrates the difference in iron contamination of the three
glasses (Image courtesy of Simon Gross).
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Figure 3.16: (a)A microscope image of a set of waveguides (bright lines) written with
450 nJ pulse energy. The incident laser direction is into the page and the polarisation direction
was parallel to the translation direction. The resulting fast axis of the waveguides was in
the same direction as the incident laser polarisation. Measurements were not recorded for
orthogonally incident laser beams. (b) A corresponding scanning electron microscope (SEM)
image of the waveguides



3.3 Borosilicates 47

The waveguides were written using an aspheric lens with a focal length of 4.51 mm
(Thorlabs 230 TME-B) in order to produce a large modification of 8 µm in depth.
Seven translation speeds (100, 0.83, 0.33, 0.17, 0.08, 0.03 and, 0.02 mm/sec) were
used for a range of pulse energies from 100 nJ to 450 nJ. The evidence of birefrin-
gent structures can be obtained by examining the waveguide sample between a pair of
crossed polarisers. When the fast axis of the birefringent structures is tuned from 0
to 45◦, with respect to the first polariser, the structures should change from dark to
bright. Hence indicating the presence of a birefringent structure and the location of
its fast axis. The brightness of the structures increased with increasing writing energy
and with slower writing speeds. A microscope image of the waveguides written at
450 nJ pulse energy and for seven different speeds is shown in Fig. 3.16, the brightest
waveguide was written at 0.02 mm/sec corresponding to 8000 incident pulses for each
irradiated focal spot of 1.3 µm diameter. These structures are then polished to expose
the interior of the waveguide, etched and imaged using an SEM and Fig 3.16 shows
the resulting waveguide structure. The evidence of periodic formations only becomes
apparent for translations speeds below 0.83 mm/sec and for translation speeds below
0.03 mm/sec it becomes difficult to resolve periodic structure and hence its presence
cannot be confirmed for these speeds. The relationship between the number of pulses
and the periodic spacing of the resulting structure is consistent with reports in the
literature [139, 184, 207]. As the writing speed decreases, corresponding to an increase
in the number of pulses deposited, the spacing between nano planes decreases. Fig-
ure 3.17 shows an image of waveguides formed with low translation speeds. The graph
in Fig 3.19 shows the resulting spacings between modifications as a function of writing
velocity and the inset shows the minimum resolved periodic spacing of 250 nm. It
has been previously observed that the development of nanograting occurs in stages
which correspond to the initial formation, subsequent vacancy and nanoformation and
finally the periodic development [205]. The final stage only begins after several hundred
pulses and convergence to a minimal value occurs after 3000 pulses (0.04 mm/sec) [205].
This can be seen in the graph in Fig. 3.19 where, between the translation speeds of
0.03-0.08 mm/sec (4000-1600 pulses), a convergence to the minimum resolvable period
of 250 nm is observed. This period is above the values reported for fused silica (of
150 nm [139]) but can be explained by the different glass composition of borosilicate
compared to fused silica [206]. Furthermore the relationship between depth and pe-
riod can be seen in the image in Fig. 3.18 where periodicity changes as a function of
depth [207]. This is due to the disruption of the formation process of a deeper modifi-
cation caused by the formation of an initial shallower structure. These structures did
not exhibit a guided mode and therefore a measurement of loss could not be completed,
nor could an analysis of the spectral response of the grating [208].

These results confirm that there exists a parameter space where birefringent nanos-
tructure formation can be observed in Eagle-2000 borosilicate glass. The results show
that the relationship between deposited pulses (of translation speed) and periodicity
correlate well to results obtained in fused silica [205]. However, these structures ex-
hibit high loss due to scattering from the imperfect nano-plane formations [152, 153].
Furthermore, due to the low translation speeds required for formation and the narrow
processing window the practical application of these structures in waveguide circuit is
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Figure 3.17: An SEM image of waveguide nanogratings for three translation speeds. The
inset shows an image of the grating period of ∼250 nm for 0.03 mm/sec translation speed.
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Figure 3.18: An SEM image of a nanograting at various positions along it’s depth. The
different plane spacings can be observed at different depths.

limited and was therefore further studies were not pursued.

3.4 Discussion and outlook

This potential for mode field diameter shaping, shown in both Eagle-2000 and AF-45,
could prove useful for optimisation of circuit design by tapering from high coupling
efficiency waveguides at the facet of a chip to a waveguide with a lower propagation or
bend loss. Furthermore, flexibility in producing different mode field diameters could
prove useful for nonlinear process enhancement, exploiting increased confinement. The
relationship between the effective mode area, Aeff = π

4
MFD2 and the nonlinear pro-

cess efficiency is

γ =
ωn2

cAeff
, (3.2)

where n2 is the nonlinear refractive index, ω is the angular frequency of the light and
c is the speed of light in vacuum. Measurements of the nonlinear refractive index in
fused silica have found similar values in laser written waveguides of 30-90% of the bulk
material of 2.7×10−20 m2/W dependent on the writing velocity [209]. Although it is
important to note that these measurements did observe that n2 was much more strongly
effected than the linear refractive index during laser processing. In AF-45 it can be seen
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Figure 3.19: A graph which shows the change in the plane spacing of the nanogratings
as a function of translation speed for a waveguide fabricated at 450 nJ pulse energy and
5.1 MHz repetition rate pulse train. The minimum plane spacing begins converging to λ/4
at a translation speed of 0.03 mm/sec (4000 pulses). The large error bars are due to the fact
that the formations produced at lower translation speeds etch at a faster rate leaving less
definition in SEM images.

in Fig. 3.12 that it is possible to produce a mode field diameter significantly smaller
than an 800 nm fibre mode (see Fig. 3.9). This could be applied to the production of
heralded single photons on-chip and Spring et al. have shown that the high extraction
efficiency from laser written waveguides compensates for the lower production efficiency
compared to other materials [210]. Furthermore the nonlinearity of the amorphous
χ(3) material can be enhanced using thermal poling methods to produce an effective
second order nonlinearity from a third order nonlinearity [211, 212]. This process
uses a high voltage applied across a sample while it is heated and once it cools to
room temperature this electrostatic field is frozen into the material. The resulting
χ

(2)
eff is related to χ(3) through, χ

(2)
eff = 3χ(3)Efrozen, where an electric field, Efrozen is

frozen within the glass structure. This was initially applied to laser written waveguides
by Corbari et al. and later an electro-optically tuned Mach Zehnder was produced
exploiting this technique [213, 214]. Thermal poling has been applied to laser written
waveguides in Eagle-2000 glass and the results do show a higher nonlinearity that
that of the bulk glass and of unmodified fused silica [214–216]. The electro-optic
and optical nonlinearity could then potentially be exploited in a waveguide circuit
composed of Eagle-2000 which has inherently low insertion loss. By using glasses with
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a higher χ(3) the effective χ
(2)
eff will therefore be higher. Laser written waveguides have

been produced in chalcogenide glasses, such as gallium lanthanum sulphide (GLS),
with transmission losses as low as 0.65 dB/cm [217]. Directional couplers and even
waveguide Bragg gratings (WBG) have been fabricated in GLS showing the potential
for quantum integrated circuit applications exploiting this material.

Although the sub micron structure formation in Eagle-2000 exhibited high losses
limiting their potential use as polarisation controllers in circuits, they could be exploited
for high quality optofluidic inclusions in integrated circuits. It has been shown that
when the nanoplanes of these periodic formations are aligned parallel to the waveguide
significant increases in selective etch rates can be achieved [138, 218, 219]. Such optoflu-
idic inclusions in glass substrates have a diverse range of applications [148, 220, 221],
most relevant of which is the incorporation of microfluidic inclusions with laser written
waveguides for sensing [222–224]. By exploiting the increased etch rates of the nanos-
tructured waveguides optofluidic inclusions could be incorporated into Eagle-2000 glass
substrates which would further increase their potential range of applications.

3.5 Conclusions

Fabricating waveguides in glass substrates for quantum optics applications means man-
aging waveguide loss is crucial to the advancement of the field. Loss affects both ex-
perimental durations and experimental capabilities and hence motivated a study of
waveguide loss at the wavelength of 800 nm. In this chapter parametric studies of
fused silica and borosilicate glasses were performed using a femtosecond laser direct
write (FLDW) method. Only a narrow range of pulse energies and translation speeds
could be found which would permit the modification of fused silica and no high speed
processing window was discovered. However, in borosilicate glass a regime where sub-
micron self organised structures could be found and a high speed processing window
was found. Prior to these studies no periodic self organised structures had been ob-
served in Eagle-2000 glass. However, due to low processing speed and high loss of the
sub micron structures in borosilicate the potential application of such structures in
borosilicate glass was not pursued.

The high speed processing window in borosilicate glass was analysed for both Corn-
ing Eagle-2000 and Schott Af-45 glass substrates. The parameter space for low loss
waveguide formation was narrower in AF-45 than in Eagle-2000, but for the narrow
processing window in AF-45 the loss was found to be lower. Studies of these two glasses
had been performed by Eaton et al. at telecommunications wavelengths but this was
the first rigorous study to be performed a the wavelength of 800 nm [198]. The con-
tribution of propagation loss and coupling loss to overall insertion loss were discerned
for AF-45. Finally a measurement of the intrinsic absorption of the substrate was
performed to place an upper bound on the potential throughput achievable in AF-45
compared to Eagle-2000. An increased absorption in Eagle-2000 was found and the
origin was found, which was due to trace element absorption. A large Fe2+ absorption
band resulted in absorption losses of 0.1 dB/cm at 800 nm and 0.27 dB/cm at 1550
nm in Eagle-2000. In contrast, in AF-45 the absorption induced losses are well below
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0.1 dB/cm for both wavelengths. This was the first time the origin of absorption loss
in both glasses had been isolated to trace element absorption.

The studies performed in this chapter, though not applied to all circuits described
in this thesis, act as a critical fundamental building block for device development. The
methods used in this chapter highlight the potential to discern the origin of loss in
waveguide circuit and, in doing so, to help reduce them. By using AF-45 rather than
Eagle-2000 an increase in overall throughput can be obtained and thus to increase the
practicality of laser written circuits for integrated quantum optics.
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4
Multiport beamsplitters

A multiport device separates an input into two or more outputs. In optics this can
be visualised as a bulk optical element such as a beamsplitter which separates a light
beam into a pair of outputs with the intensity of each given by the splitting ratio, or
reflectivity, of the beamsplitter. This can be scaled and a single input can be separated
into multiple outputs which is useful for applications in both quantum and classical
information science. In classical information such devices are routinely used as splitters
which can separate an input signal into a number of output channels. Applications
have emerged exploiting fused fibre and integrated optical multiport splitters for use
in sensing and optical coherence tomography (OCT) [225–229]. These designs exploit
either the multiple output ports of a multiport splitting device to reduce signal-to-
noise ratios, or concatenating multiports in interferometer configurations to exploit the
more diverse array of phase offsets which can be imparted on individual channels [230–
232]. Applications extend to stellar interferometry where multiport interferometers
with complex, stable and precise phase relationships are highly desirable devices for
use in nulling interferometry [233, 234].

This chapter discusses the fabrication of two distinct multiport splitters, a 3-port
and 4-port, which are formed using two different design methods. The 3-port device
is a 3 dimensional interaction region which equally distributes light in a single opera-
tion, while the 4-port device is comprised of four individual beamsplitters with phases
carefully matched to induce a resultant four mode transformation. These devices are
characterised classically and this information is used to predict the non-classical oper-
ation of the device when using pairs of single photon inputs. The experimental two-
photon measurements agree with what is predicted using the classical characterisation.
The non-classical characterisation compares well with bulk, fibre and lithographically
fabricated examples showing the potential for laser written multiports in quantum
information science.

53
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4.1 Multiport splitters: interest and motivation

Optical multiports provide the ability to produce an arbitrary unitary transformation
on a set of optical modes [34]. Multiports are therefore an extremely important com-
ponent in optical quantum information processing (QIP) and state preparation [235].
Producing and manipulating entangled states is a key process required for quantum
enabling technologies [236]. Combining unitary transformations with postselection is
the foundation of linear optic quantum computing (LOQC). Producing high quality
multiport devices is therefore critical to ultimately designing a postselected quantum
circuit such as a controlled-NOT gate. Furthermore, it has been recently proposed
and experimentally demonstrated that such unitary transformations can be used for a
unique computational process, the boson sampling problem. To determine the perma-
nent of a matrix operation is a problem of computational complexity which is referred
to as #P-complete and likely to be intractable [237]. By sampling this unitary process,
or scattering matrix, using bosons the output distribution can reconstruct the perma-
nent of the matrix in a way that does not scale exponentially as would be the case for a
method of computation which only uses classical resources [238]. While determination
of the actual computational complexity of this problem is well outside the scope of this
thesis it has been asserted to be hard [91].

Reck et al. showed that by using combinations of phase shifters and 2-port beam-
splitters it is possible to construct any arbitrary unitary operator on any number of
optical modes [34]. Proposals to probabilistically generate path entangled states by
combinations of N -port splitters combined with a 2-port beamsplitters exist [239].
In this case a maximally entangled NOON state can be produced by postselection.
Furthermore, interferometry based on such a scheme seeks to obtain a phase φ from
|N, 0〉 + eiNφ|0, N with fringe period which scales as λ/N where N is the input pho-
ton number into the multiport. Such a scheme and other similar approaches will be
discussed in the application section at the end of the chapter.

The fundamental idealised multiport device is the familiar beamsplitter which im-
plements a desired 2 × 2 unitary operation. This can be generalised to a multiport
operation on N input modes âN into N output modes b̂N described by the unitary
N ×N matrix [240]


b̂i
b̂j
...

b̂N

 =


U1,1 U1,2 · · · U1,N

U2,1 U2,2 · · · U2,N
...

...
. . .

...
UN,1 UN,2 · · · UN,N



âi
âj
...
âN

 . (4.1)

The interest in such a unitary for the purpose of state preparation is immediately
apparent, a Fock state input of a single photon such as Φin = |1, 0, ...0〉1,2,...N is trans-
formed according to Φout = U11|1, 0, ...0〉 + U21|0, 1, ...0〉 + ... + UN1|0, 0, ...1〉 which is
the so called W state encoded in path [241].
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4.2 Multiport implementations

Multiports and their applications in quantum optics were originally explored using
bulk optic beamsplitters and phase shifters [240], for which non-classical interference
was observed in both 3-port and 4-port splitters. Following from this work a study
of a 3-port fiber coupler was undertaken [242]. However neither of these approaches
provide the scalability and stability requirements needed for large scale optical quantum
circuits [243]. The extreme difficulty of working with large numbers of bulk optical
elements and fibre components has limited the development of these devices.

The challenges of scaling and stability in various quantum optical applications have
been the main drivers for the recent explosion of interest in integrated quantum devices,
such as integrated waveguide circuits [42, 244], waveguide array quantum walks [245–
247] and single photon sources [248, 249]. Desirable qualities such as reconfigurability
have been demonstrated [250], notably in lithium niobate-based devices which allow for
telecommunications wavelength photon manipulation at GHz speeds [63]. Miniaturisa-
tion using silicon-on-insulator nanowire based photonic circuits have been shown [251]
and there is also great promise to incorporate these platforms with existing on chip
detectors [74]. In addition the integration of photon pair sources and circuits have been
achieved using a nonlinear waveguide array fabricated in lithium niobate [252]. The ad-
vantages of integrated components have been applied to the construction of integrated
quantum multiports. Peruzzo et al. have demonstrated multiport functionality with
an on-chip 4-port multimode interference device [253] in the silica-on-silicon platform.

The majority of these demonstrations have relied on mature planar platforms, but
there are limitations associated with the inherently two dimensional (2D) nature of
planar quantum circuits. As circuits become more complicated, both the circuit area
and the proportion of “neutral” elements, whose only purpose is to provide transparent
waveguide crossings, will become significant. Hence techniques which allow the fabrica-
tion of structures in three dimensions could offer some specific and unique possibilities.

In this chapter the implementation of a 3-port and 4-port device using a 3D FLDW
technique is described. Each device highlights a different advantage of the 3D geome-
try. The 3-port is implemented as a single coupling region that replaces three 2-port
devices [254]. The 4-port is composed of four 2-port directional couplers, but avoids
a crossing that would require an additional coupler in 2D. Taken together these kinds
of structures could reduce the complexity and sensitivity of higher order concatenated
multiport based circuits. This fact is established by the observation of 2 photon inter-
ference in both structures. Using the laser inscription process, the compact size and
phase stability of an integrated multiport can be combined with the convenience of a
3D interaction region provided by a fused fibre device. This can be used to simplify
device designs which, for instance, may be based on overlapping interferometers which
exploit these components.
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4.3 Fabricating multiports

The integrated photonics analogue of the basic 2-port beamsplitter is the directional
coupler, in which two waveguides are brought into close proximity so that their evanes-
cent fields can overlap and exchange energy [42, 255]. The degree of coupling is deter-
mined by the waveguide separation and interaction length which can be adjusted to
produce directional couplers of any reflectivity. Using the well-known decomposition
of the N ×N unitary into a concatenation of beamsplitters and phase shifters [254], it
is possible to construct an arbitrary multiport in two dimensions in integrated optics
by designing a suitable arrangement of directional couplers and phase delays. How-
ever as the number of directional couplers scales with N2, at large N , such a device is
prohibitive to build due to fabrication errors.

Previous investigations have looked at cases of bulk optic beamsplitters [240], fiber
optic directional couplers [242], and multimode interference devices [253], to produce
multiports. This section describes the methods used to design multiports using the
laser inscription technique and the specific cases of a three and four port beamsplitter
based on an arrangement of coupled waveguides.

4.3.1 Mode evolution in the three port (tritter)

In three dimensions a 3×3 multiport or tritter can be constructed from a single coupling
element involving three waveguides (see Fig. 4.1). This single element can replace up
to three directional couplers and phase shifters [254].
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Figure 4.1: (a)The intensity along a three waveguide symmetric array as a function of
propagation distance, dotted veritcal lines show regions where the intensity in each waveguide
is equal at 33/33/33. (b) The layout of a symmetric 3D waveguide array.

Although in an idealised 3-port device the coupling between waveguides is identical
in all directions, for the laser inscription process this is not the case. It has been
shown that in laser written waveguides, due to an ellipticity of the refractive index
modifications, the inter-waveguide coupling is dependent on the orientation of the
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waveguides with respect to one another [256]. This can be understood by considering
that the coupling between waveguides is dependent on the mode overlap. Therefore,
a pair of elliptical waveguide, which exhibit elliptical modes, the coupling increases
for waveguides separated vertically rather than than horizontally. Hence, to describe
the coupling in a realistic model of a 3-port interaction a pair of coupling coefficients
are used. Coupling coefficient G(z) describes coupling between waveguides 1 and 2,
and g(z) describes the coupling between waveguides 1 and 3 and waveguides 2 and
3. In general, all three of the couplings could have different values, but the ‘isosceles’
geometry considered here is appropriate as a result of the laser writing process ( see
Fig. 4.2(a)).

(a) (b) (c)

Figure 4.2: (a) Idealised coupling region of a tritter device. Writing considerations induce
an effective isosceles geometry with two coupling strengths g(z) and G(z). (b) A schematic
of a 3D implementation of a tritter, where three waveguides taper from a planar arrangement
to a triangular interaction region, shown in the inset microscope image, and taper back to a
planar array. Note that the waveguides used in this study have not been annealed and hence
the ring surrounding the central high index core is still present. (c) the layout of the four
directional couplers and the waveguide avoided crossing in the 4-port device

Such a structure is described by a Hamiltonian of the form

Ĥ = ~vp
3∑

n,m=1

Cn,mâ
†
nâm, (4.2)

where the coupling matrix is

C =

β g G
g β g
G g β

 . (4.3)

The propagation constant β = ω/vp of the three waveguide modes is assumed to be
common (vp is the phase velocity and ω/2π the optical frequency). Explicitly including

the common phase velocity vp in Ĥ means that operator evolution with distance z
rather than time t follows naturally.

After propagation through the interaction region, photons have encountered the
mode transformation

b̂ = U â, (4.4)
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where the input and output mode vectors are â = (â1, â2, â3) and b̂ = (b̂1, b̂2, b̂3), and
the transfer matrix U is the solution of Heisenberg’s equation, dâ/dz = −iC(z)â. The
transfer matrix U completely determines the operation of the device, in particular the
classical output intensities and quantum interference between photons in the device.

4.3.2 Mode evolution in the four-port

In contrast to the single element tritter the four port (depicted in Fig. 4.2(c)) is made up
of four directional couplers. This device used the 3D advantage to cross two waveguides
without interaction, reducing the number of required directional couplers by one. As
the device is made up of four discrete elements, the device can be modelled as a product
of beam splitter operators. Assuming each directional coupler is identical, the operator
corresponding to the four port transfer matrix is

Û = B̂2,4(η)B̂1,3(η)P̂2(φ)P̂3(φ)B̂3,4(η)B̂1,2(η), (4.5)

where the directional couplers have the beam splitter action,[
b̂i
b̂j

]
= B̂i,j(η)

[
âi
âj

]
=

[ √
η −i

√
1− η

−i
√

1− η √
η

] [
âi
âj

]
, (4.6)

where η is the reflectivity of the beamsplitter and and P̂j(φ) describes the phase dif-
ference between the inner crossing arms and the outer “straight-through” arms (See
Fig. 1(c)) where P̂j(φ)âj = e−iφâj. Using these relations we find the transfer matrix
corresponding to the four port operator (4.5) is

U =


η −ieiφ

√
(1− η)η −i

√
(1− η)η eiφ(η − 1)

−i
√

(1− η)η eiφη η − 1 −ieiφ
√

(1− η)η

−ieiφ
√

(1− η)η η − 1 eiφη −i
√

(1− η)η

eiφ(η − 1) −i
√

(1− η)η −ieiφ
√

(1− η)η η

 . (4.7)

4.4 Fabrication methods and design

The devices were fabricated inside boro-aluminosilicate (Eagle 2000) using a Fem-
tosource 5.1 MHz laser and a 100× oil immersion objective (Zeiss N-Achroplan, NA = 1.25)
for focusing inside the sample. The samples were not annealed after processing and
hence the ring surrounding the waveguides (see inset in Fig. 4.2(b) ) was not removed
after processing. The sample translation was completed using Aerotech high precision
motion control stages at writing speeds of 2000 mm/min. The waveguides were written
using pulse energies of 28 nJ which created waveguides suitable for single mode opera-
tion at 800 nm. Individual waveguides displayed an insertion loss of 1.8 dB for a length
of 30 mm, which was dominated by mode mismatch between the launch/collection fibre
and the waveguide mode. Note that the waveguides used in this study had not been
annealed. The refractive index change is ellipsoidal in nature and it has been shown
that laser written waveguides display non-isotropic coupling due to waveguide asym-
metry [256]. The waveguides have a mode size of 6.9 µm in the semi-major elliptical
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axis and 6 µm in the semi-minor axis. Since the tritter is a triangular arrangement of
modes (as shown in Fig. 4.2(a)) there are two effective coupling ratios, g(z) 6= G(z).
To help reduce the impact of this effect the central waveguide in the coupling region
was fabricated slightly above the lower waveguides, with a spacing from an equilateral
position of d, to try and create a device which operated symmetrically. The waveguides
are initially separated, in a planar array, by 127 µm before an s-bend transitioning to
an interaction region, where evanescent coupling occurs with typical spacings of 15 µm
and subsequently another s-bend transition out to a 127 µm planar array spacing.
This is best illustrated in Fig. 4.2(b), which shows the waveguides tapering towards
interaction regions and returning to the original spacing at the output of the device.
An ideal tritter displays equal splitting between output ports of 33/33/33 and a 4-port
has equal splitting between output ports of 25/25/25/25. Hence a range of devices
were fabricated with different length interaction regions targeting the ideal coupling
ratios. A classical characterization is performed to determine which structure best
matched the intended constraints of the correct length coupling region which was the
most symmetrical.

4.5 Classical characterization

In order to determine the coupling ratios in the tritter and splitting ratios for the
four port a classical characterization was performed. If classical light of intensity M is
injected into port j, the output intensity N at port k can be modelled as,

Nk
j = εinj ε

out
k M |Uj,k|2, (4.8)

where the input and output losses at port l are characterized by the pre-factors, 0 <
ε
in/out
l < 1. By forming the following ratios,

F k,s
j,r ≡

Nk
j N

s
r

Nk
rN

s
j

=
|Uj,k|2|Ur,s|2

|Ur,k|2|Uj,s|2
, (4.9)

it is possible to relate the measured classical intensities directly to the unknown tritter
couplings, g(z) and G(z) or four-port splitting ratios and cancel the loss terms.

For the tritter a model is fitted to the classical measurements by assuming uniform
coupling over an interaction region of length L, i.e. g(0 ≤ z ≤ L)νp/L = ḡ and
G(0 ≤ z ≤ L)νp/L = Ḡ with zero coupling elsewhere. Using maximum likelihood
estimation [257], ḡ and Ḡ in the transfer matrix U are varied to find the best fit to the
three experimentally determined fractions F 1,2

1,2 , F 1,3
1,3 and F 2,3

2,3 . This involved minimizing
the difference between the experimentally measured left hand side and theoretical right
hand side of Eq. (4.9) for F 1,2

1,2 , F 1,3
1,3 and F 2,3

2,3 , weighted by the uncertainties in the
fractions (found from the uncertainties of the measured intensities Nk

j ) [257]. This fit
determined ḡ ≈ 0.81νp/L and Ḡ ≈ 0.51νp/L, indicating that waveguides one and two
couple more strongly than waveguides one and three. Using this fit the tritter with the
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most symmetric operation obtained had the matrix of classical output intensities

|Utritter|2 =

 0.37 0.41 0.23
0.41 0.19 0.41
0.23 0.41 0.37

 . (4.10)

The ideal symmetric tritter has |Ui,j|2 = 1/3, therefore this device has a slightly asym-
metric power splitting [240]. The device had a waveguide spacing of 7 µm, an inter-
action length of 1 mm and waveguide 3 was separated from an equilateral position
by 0.35 µm. In addition to determining this we can also determine the origin of the
asymmetry. For a 3 mode coupling region where the coupling between all modes is dif-
ferent, it can be shown that certain combinations of inputs and outputs are identical to
others. This occurs for the off diagonal terms. Hence this assumption was used in the
predictions of |Utritter|2. However, this approximation neglects coupling which occurs in
the fold in regions outside of the interaction region. Waveguides couple prior to enter-
ing the interaction region and result in power transfer between waveguides before the
coupling which occurs in the interaction region. Hence, even a small asymmetry in the
coupling in this fold in region will lead to a large change in the energy exchange within
the interaction region which is extremely difficult to deconvolve from an asymmetric
coupling due to the ellipticity of the waveguides.

Similar to the tritter, we can use a maximum likelihood approach to fit η, the
beamsplitter reflectivity, from (4.7) using the following six fractions, F 1,2

1,2 , F 1,3
1,3 , F 1,4

1,4 ,

F 2,3
2,3 , F 2,4

2,4 , and F 3,4
3,4 . This fit determined η = 0.377. Substituting this fit into Eq. (4.7)

we find the matrix of classical output intensities for the four-port

|U4port|2 =


0.14 0.23 0.23 0.39
0.23 0.14 0.39 0.23
0.23 0.39 0.14 0.23
0.39 0.23 0.23 0.14

 . (4.11)

The four-port device differs from the ideal symmetric four-port, |Ui,j|2 = 0.25 and has
a non-uniform power splitting [240]. This is due to the fact that the measured value for
η = 0.377 is not the ideal value of η = 0.5. However, this measurement also assumes
the the four beamplitters are each identical which leads to errors in the non-classical
predictions.

4.6 Quantum characterization

A two-photon characterization is performed on the devices using 804 nm photons pro-
duced using a type-I spontaneous parametric down conversion (SPDC) source, as de-
scribed in [68]. The setup used a Toptica 402 nm blue diode laser which was focused
into a 1 mm thick BiBO crystal cut to give a 6 ◦ opening cone angle. Down converted
photons were produced at 804 nm in an output cone and then coupled into polarization
maintaining single mode fibers. These were then butt-coupled to the device under test
using 127 µm spaced V-groove arrays. The outputs were then monitored using silicon
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avalanche photodiode detectors (SAPD) from Perkin Elmer. The 2-fold coincidences
across all the output modes were measured simultaneously (in a 5 ns window) using a
4 channel time tagging unit. The arrival time of the photons into the chips was varied
as a means of continuously controlling the degree of indistinguishability between the
two photons and thereby moving between classical propagation of light and quantum
interference.

Signatures of two-photon interference are detected in the devices through the Hong-
Ou-Mandel (HOM) effect [258], whereby the probability of two photon coincidences
are reduced (HOM dip) or enhanced (HOM peak) due to quantum interference in
the device. The degree of quantum interference is quantified using the visibility, V k,l

i,j ,
defined for injecting a single photon into waveguides i, j and detecting in waveguides
k, l as,

V k,l
i,j =

Ck,l
i,j −Q

k,l
i,j

Ck,l
i,j

, (4.12)

where the quantum and classical coincidence probabilities are,

Qk,l
i,j =

1

1 + δi,j
|Ui,kUj,l + Ui,lUj,k|2 (4.13)

Ck,l
i,j = |Ui,kUj,l|2 + |Ui,lUj,k|2, (4.14)

where δi,j is the Kronecker delta term satisfying δi,j = 1 if i = j and zero otherwise. We

see that the quantum two photon coincidence probability Qk,l
i,j is strongly dependent

on the relative phases of the elements of U . When these phases destructively interfere,
two photon coincidences are reduced compared to the classical case, leading to a large
positive visibility (a HOM dip). Whereas when these phases constructively interfere,
two photon coincidences are enhanced compared to the classical case, leading to a large
negative visibility (a HOM peak).

4.6.1 Visibilities in tritter

As the visibilities are strongly dependent on the relative phases of the matrix elements
of U , the tritter visibilities depend on the length and geometry of the coupling region as
defined by the coupling functions g(z) and G(z) in Eq. (4.2). To illustrate the variety
of tritter visibilities that can be observed in the 3D device, a plot of the visibilities
as a function of effective coupling ḡL is shown in Fig. 4.3 assuming uniform coupling
over the interaction region. Figure 4.3(a) shows a symmetric tritter as gL is varied.
Only at one coupling (the symmetric 33/33/33 case) do we see equal visibilities of 50%.
However Fig. 4.3(b) considers an asymmetric case, which corresponds to the value of
g(z) 6= G(z), taken from the classical characterisation in section 4.5. In this case for
input 1 and 2, due to the asymmetry, V 1,3

1,2 6= V 2,3
1,2 . The vertical line in Fig. 4.3(b)

shows what is expected from the classical characterisation.
Nine HOM dips were measured for the tritter (Fig. 4.4) by injecting two photons

into the device at different delays and observing coincidences at the output ports. The
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Figure 4.3: Tritter visibilities as a function of effective coupling, ḡL, assuming uniform
coupling over an interaction region of length L, g(0 ≤ z ≤ L)L/νp = ḡ and G(0 ≤ z ≤
L)L/νp = Ḡ with zero coupling elsewhere. a) symmetric coupling region (Ḡ = ḡ). b) Isosceles
coupling region (Ḡ = 0.6234ḡ). Vertical line corresponds to the fit to the experimental tritter
with ḡL ≈ 0.81νp.

measured visibilities (Fig. 4.4(d)) were found from the relative depth of each dip. A
clear reduction in the visibilities is observed in the cases of V 2,3

1,2 , this corresponds to

Fig. 4.4(b), we also see reductions in the visibilities for different input ports V 1,3
1,3 and

V 1,2
2,3 .

In section 4.5 a simple model was used to determine the tritter couplings g(z) and
G(z) using only classical intensity measurements of the device. As this fit uniquely
determines U the visibilities for this model can be predicted using Eq. (4.12). Therefore,
using only classical intensity measurements, the quantum correlations for the device
can be predicted. This is a convenient tool, since in order to produce a device with
the correct coupling ratios a range of devices must be fabricated around this intended
parameter. It is much more convenient to perform a range of intensity measurements
prior to any quantum measurements to confirm the device has the desired functioning.
The predicted visibilities are compared to the experimental visibilities in Fig. 4.4(d),
show there a qualitative match; issues which are causing the minor mismatch between
this prediction and the experimentally observed values are the assumptions upon which
the intensity dependent measurement is based. The model assumes a constant input
intensity which can fluctuate during the course of the measurement and input/output
facet losses which may change also. This is the dominant cause of the deviation from
the theoretical predictions. Furthermore the model assumes the interaction region
is constant in z but input and output tapering regions do contribute to the overall
coupling which was not accounted for.
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Figure 4.4: Tritter HOM dips for (a) input ports 1 and 2, (b) for input ports 2 and 3
(c) for input ports 1 and 3. (d) Comparison of measured tritter visibilities (error bars) and
theoretical predictions (columns) from the simple tritter model in section 4.5.

4.6.2 4-port

HOM interference was measured for all input and output combinations in the 4-port
device. These measurements are shown in Fig. 4.5). We see a variety of different
magnitudes and signs of the visibilities for the various input/output combinations.
This is due to the quantum term Qk,l

i,j in Eq. (4.12), which exhibits constructive or
destructive interference, depending on the relative phases of the elements of U . The
fact that all outputs had a visibility greater than 50% (or less than (−50%)) indicates
that the output states are strongly non-classical.

The experimental visibilities can be compared to those predicted from the 4-port
model in section 4.5. In contrast to the tritter the classical intensity measurements in
the 4-port are insufficient to determine the phase φ due to the additional path lengths of
waveguides two and three. Therefore after fitting η = 0.377 from the classical intensity
measurements, the visibility measurements from a single input are used, namely inputs
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two and three, to fit φ. Using maximum likelihood estimation, φ was fitted from
the six HOM dips in Fig. 4.5(d). This fit determined φ = 0.07π. It is clear that
this value, corresponding to the path length differences between the inner and outer
arms of the 4-port (see Fig. 4.2(c)), is very close to the intended value of zero. This
demonstrates the precision available when fabricating laser written circuits with specific
and stable phase relationships. After substituting the determined η and φ into the
transfer matrix Eq. (4.7) we can use (4.12) to predict the other 30 visibilities in Fig. 4.5.
The predicted visibilities are compared to the measured visibilities (see Fig. 4.5(g))
and display a qualitative match, correctly identifying the sign and magnitude of each
visibility. Using other input combinations to determine φ produced similar predictions.
However, due to the assumption that all directional couplers in the circuit had the
same reflectivity, the resultant overlap in Fig. 4.5(g) between the predicted visibility
and measured visibility is not exact. This assumption simplified numerical calculations
and is therefore still a valid method for the rapid characterisation and predictions of
non-classical performance.
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Figure 4.5: Four-port HOM dips for (a) input ports 1 and 2, (b) for input ports 1 and 3
(c) for input ports 1 and 4 (c) for input ports 2 and 3 (d) for input ports 2 and 4 (e) for input
ports 3 and 4. (f) Experimental four-port visibility matrix determined from the HOM dips.
(g) Comparison of measured four port visibilities (error bars) and theoretical predictions
(columns) from the four-port model. Note the slight offset in the minimum values in each
graph is due to photon collection arm realignments required after each measurement resulting
from thermal drift.
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4.7 Comparison with the existing literature

Two-photon correlation measurements were performed on integrated 3 and 4 port de-
vices. The visibilities observed for our tritter compare extremely well with bulk optic
demonstrations where visibilities, for only one pair of input ports, V 1,2

1,2 ∼ 50%, V 1,3
1,2 ∼

48% and V 2,3
1,2 ∼ 26% are observed [240]. In addition our tritter displays greater sym-

metry than a fiber optic based example where visibilities, observed only for a single
pair of input ports V 1,2

1,2 ∼ 50%, V 1,3
1,2 ∼ 30% and V 2,3

1,2 ∼ 25% [242]. The four port
has shown a uniform output very similar to a bulk optic example, where visibilities
of V 1,2

1,2 ∼ 75%, V 1,3
1,2 ∼ 66%, V 1,4

1,2 ∼ −66%, V 2,3
1,2 ∼ −80%, V 2,4

1,2 ∼ 75% and V 3,4
1,2 ∼ 66%

were observed [240]. Thus the analysis is both more thorough and of a similar quality
when compared to these technique, with the significant benefit of being highly compact.
Future work could seek to exploit methods of beam shaping to counteract the effect of
modification elongation which is otherwise unavoidable due to the Rayleigh range of
the objective compared to the focal spot size and the limitations on numerical aperture.
By using schemes such as those exploited by Salter et al. which use adaptive methods
to produce a highly circular spot size at any depth in a glass substrate [165, 170]. This
would mean that the coupling between waveguides would be identical in all directions
resulting in highly symmetric device operation.

Furthermore our 4-port device out performs a multimode interference device de-
scribed in [253]. The significant challenge of MMI devices is the extremely narrow
bandwidth operation [259]. This is a significant fact since it demonstrates that, as an
integrated platform, the laser writing technique offers the potential to produce high
fidelity quantum circuit components where a 3D capability is advantageous for cir-
cuit size or complexity requirements. Advances have been made since this work was
completed and a tunable waveguide array has been produced which was characterised
with 3 photons in three separate modes [260]. Furthermore, a laser written three-port
has also been fabricated and characterised with three photons showing extremely sym-
metric operation [78]. The methods used to produce a more symmetric device relied
both on the symmetry of the input waveguide s-bend prior to the interaction region
combined with offsetting the elliptical waveguides to produce a resultant symmetric
supermode.

4.8 Application of multiports

The multiports described in this chapter have a number of key applications, among
them the interlinking methods of state preparation and interferometry. Spagnolo et
al. showed that multiport interferometers, combined with Fock state inputs, can in
principle provide means of phase estimation which is more sensitive than that obtained
with the equivalent photon number injected into a two mode interferometer. Although
this interferometry scheme, which exploits the 3 dimensional geometry of the laser
writing technique, was outlined [261], the potential convenience of combining state
preparation with this process was overlooked. Pryde et al. proposed a simple scheme
which combines (we will not use the labelling scheme from that paper but continue with
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the convention used throughout this chapter) an N-port device with a 2-port device to
form a Mach Zehnder interferometer [262]. The basic example, the N=2 port results
is a Mach Zehnder where an input of |1a, 1b〉 results in the maximally path entangled
state |2, 0〉 + ei2φ|0, 2〉 and therefore a fringe visibility of λ/2 is obtained. However,
for the N=3,4 port a greater diversity of options are available. For a Fock state input
such as |1a, 1b, 1c〉 in the 3-port or |1a, 1b, 1c, 1d〉 in the 4-port it is possible to then
post select on the λ/3 or λ/4 fringe. Potential simplifications on the photon source
requirements are possible by supplementing a Fock state for one or more coherent
states. This is extremely desirable and further highlights the application of multiports
in interferometry. A further prospect would be the heralded generation of a path
entangled NOON state. This would greatly enhance the practicality of multiports as
state preparation facilities. Pryde et al. showed that injecting the state |2a, 2b, 1c, 1d〉
into a 4-port would yield an output of between modes b and d of |4, 0〉+ ei4φ|0, 4〉 and
a single photon at both modes a and c [262]. Thus by detecting photons in modes a
and c the creation of the NOON state can be confirmed (with success probability of
3/64) and does not need to be destroyed through postselection. Although, unless the
state |2a, 2b, 1c, 1d〉 is deterministically prepared then postselection of the output modes
b and d is still required to confirm operation. However, alternatively in this instance
postselection with quasi-number resolution could be used to observe the |4, 0〉+ei4φ|0, 4〉
fringe which is similar to those schemes used in [263–265].

Another interesting question is the entanglement which can be produced using
a multiport or indeed an interferometer where a pair of multiports form a multi-arm
Mach Zehnder interferometer (as shown in Fig. 4.6). Brougham et al. showed that such
multiport interferometers can produce a wide range of entangled states and a simple
condition can be used to assist in determining the range of states which can be produced
using a multiport interferometer [236]. The excitement and manipulation challenges of
these states also increases since systems composed of three qubits can be bi-separable
(only two of the three qubits are entangled with the third separable) or exhibit tri-
partite entanglement [266]. Three qubit states which are bi-separable, such as W
states, or tri-partite entangled Greenberger-Horne-Zeilinger (GHZ) states, are exciting
as they are (though complex to delineate in practice) maximally entangled [267]. Such
entangled states are interesting for fundamental tests of quantum mechanics [268–271].
A W-state can be easily produced using multiports and for a 3-port device a path
encoded state is easily produced by injecting a single photon input resulting in the
output W = 1√

3
(|100〉+ |100〉+ |100〉). Though this state is potentially useful it may

be more desirable to produce entanglement of three polarisation encoded qubits using
a 3-port. It must be noted however that this would require a polarisation insensitive
device since multiple polarisation states would need to be interacted in the structure.
This can be achieved (probabilistically with 1

9
success rate) using three photons two H

and one V each injected into separate ports of a 3-port with

U =
1√
3

 1 1 1

1 e(i
2π
3 ) e(i

4π
3 )

1 e(i
4π
3 ) e(i

2π
3 )

 (4.15)
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and a postselected output of
(
e(i

4π
3 ) + e(i

2π
3 )
)

(|V HH〉+ |HVH〉+ |HHV 〉) can be

obtained [241]. This process can be combined with different combinations of type-I,
type-II SPDC sources and three or four ports to produce three or four photon W states
with different probabilities [272]. For instance the state√

2

3
|V HH〉 − 1√

6
|HVH〉 − 1√

6
|HHV 〉 (4.16)

is used in the telecloning protocol of Buẑek et al. which seeks to examine the imper-
fect cloning of quantum encoded data and hence motivates interest for cryptography
protocols [272, 273].

Figure 4.6: A rendering of the design of a multiport interferometer where one arm of
the interferometer is brought close to the surface of the glass sample. Using this method a
resistive heater can be used to tune its relative phase.

Spagnolo et al. analysed the output of a 3-port when injecting |111〉 and observed
the resulting output states [261]. By adjusting input state polarisation configuration
the W state described above could be produced and incorporated into interferometric
measurements. Furthermore, multiport devices offer an interesting means of interact-
ing states encoded in higher-dimensional Hilbert spaces or qudits [274]. Such qudits
are exciting for both enhanced informational security and fundamental tests of nonlo-
cality [275, 276]. There are demonstrations where information is encoded onto a pair of
particles with two degrees of freedom have been combined and encoded in four degrees
of freedom of a single particle [277–279]. Such a procedure has its classical communi-
cation analogue in for instance the amplitude, frequency and spatial mode encoding of
data. Proposals to exploit multiple degrees of freedom to encode classical information
and multiplex/demultiplex it in 3D integrated photonics exist, for instance using spatial
modes of a low mode optical fibre or on-chip devices [280, 281]. These translate directly
to the “quantum joining” or “quantum splitting” of n lower dimensional Hilbert spaces
of dimension d onto a new n/d Hilbert spaces of dimension nd [275, 279]. Therefore,
higher dimensional spaces encoded onto multiple single photons could be interacted in
multiport splitter and interferometers and generate highly entangled multidimensional
outputs. Controlling such interactions could be advantageous in quantum communi-
cation where multiple degrees of freedom encoded on a single particle may be more
robust to environmental decoherence. This could form a transmission or data line



4.9 Conclusions 69

which require fewer particles on which to encode information. Obtaining multiple sin-
gle photons is challenging and therefore if more information can be encoded on the same
single photon then a reduction in resource size is possible. In a quantum computer,
exploiting atoms as the processing qubits, a multiplexer/demultiplexer could form the
backbone of a photon based bus or other short range interconnect which exploits a
photons reduced decoherence with the environment and multiple degrees of freedom
for encoding and act as a processor interface.

4.9 Conclusions

This chapter has outlined the design, fabrication and characterisation of multiport split-
ters. A laser inscription technique was used to fabricate a 3-port and 4-port device.
Both devices exploit the 3D fabrication potential of the laser inscription process. De-
vices were fabricated and characterised using both classical methods and non-classical
photon pair measurements. The non-classical operation was predicted using the classi-
cal measurements and the visibilities were found to be a function of errors in producing
the ideal reflectivity of the devices. For the 3-port device this was due to the asym-
metric coupling of the waveguides in the interaction region and the tapering region.
In the four port device, composed of four individual directional couplers, the reflec-
tivity of the individual directional couplers was below the ideal value of 0.5 and there
were minor variations in each coupler due to reproducibility constraints of the laser
writing process. Despite these inaccuracies the non-classical visibilities compared well
with previous implementations of multiports using bulk, fibre and integrated optic
components. These devices show potential in state preparation and manipulation.
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”If I called 35 degrees hot
then what the hell would I
call 45?”

Andrew White

5
Quantum circuits

At the end of the last chapter the concept of unitary design, state preparation and
post selection were introduced. This chapter builds on these concepts to produce a
specific component which enables a conditional state transformation on a qubit in a
post selected way. The theory of linear optical quantum computing (LOQC) is built
on the concept of sacrificing deterministic nonlinear transformations for the ability
to probabilistically perform these transformations on states by using linear optical
components.

Despite the rapid adoption of integrated waveguide devices for quantum computing
applications, logic gates often operate in a destructive post-selected fashion, thus not
allowing for further scaling, of a larger quantum circuit, beyond the depth of a single
gate. This chapter describes an on-chip version of a heralded controlled-phase (C-
Phase) gate known as the Knill gate. Since the gate is heralded, it is non-destructive
and in principle could permit circuit scalability. This gate produces a π phase shift
on a target qubit conditional on the state of a control qubit [282], and does so in a
heralded way without destroying the control and target qubits. It requires four photons
for operation, two of which act as the target and control path-encoded qubits and two
ancillary photons which herald a successful operation of the gate.

In this chapter the FLDW fabrication of the Knill gate is outlined. Parametric stud-
ies were performed to isolate directional coupler designs required for the fabrication of
the Knill gate. The fabrication tolerances and sources of error during fabrication are
detailed. A coherent state characterization method [283] was performed to obtain the
unitary implemented by the fabricated device. A preliminary study of the potential
to reprocess a circuit is discussed. Finally, the remaining challenges which prevent the
full characterisation of the circuit operation are discussed. This includes the appara-
tus required to perform a quantum process tomography measurement and the lack of
deterministic photon sources.

71
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5.1 Controlled-phase gate

The C-Phase gate, a two-qubit gate, is ubiquitous in quantum information, because
together with single-qubit gates, it forms a universal gate set capable of constructing
any unitary operation. In optical implementations the entangling two-qubit gate is
the most difficult component to realise since it requires excellent multi-photon indis-
tinguishability. For an arbitrary two qubit input state this gate flips the sign on one
term: α0000 + α0101 + α1010 + α1111→ α0000 + α0101 + α1010− α1111.

The heralded C-Phase gate, originally proposed by Knill [282], as shown in Fig. 5.1,
is implemented using four beamsplitter operations on four modes with two initial π
phase shifts on the input target and control arms [282]. The circuit induces an addi-
tional π phase shift if there is a photon in both the control and target modes when
conditioned on the detection of one photon in each ancilla mode. Bulk optical im-
plementations of C-Phase gates have been realized in the past using polarization and
spatial encoding [284]. However, the Knill circuit lends itself well to an on-chip design,
with the FLDW technique making circuit crossing convenient, while integration also
ensures phase stability.

Since the coupling is symmetric between modes, we can define the beam splitter
operation in a similarly symmetric way:

UBS =

[
cos θn −i sin θn
−i sin θn cos θn

]
, (5.1)

the ideal required values are θ1 = θ2 = cos−1 1√
3
, θ3 = − cos−1 1√

3
and θ4 = cos−1

√
1
2

+ 1√
6
,

corresponding to beamsplitter reflectivities of η1,2=33%, η3=− 33% and η4=90.8% as
shown in Fig. 5.1. This set of operations results in the ideal unitary
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This unitary represents the action of the gate on linear functions of the mode creation
operators U [αca

†
c, αta

†
t , αaa

†
a, αba

†
b]
T where a†c, a

†
t , a
†
a, a
†
b are the bosonic mode creation

operators in the control, target and the two ancilla modes respectively. Alternatively
it can be thought of as the unitary governing the four-dimensional space of a single
photon input and output in the device.

5.2 Device fabrication

The Femtosource 5.1 MHz repetition rate laser and 100× oil immersion objective
(Zeiss N-Achroplan, NA = 1.25) were used to fabricate the waveguide circuits in boro-
aluminosilicate samples (Corning Eagle 2000 glass substrate). The writing speed used
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(a) (b)

Figure 5.1: (a) A layout of the Knill C-Phase device using linear optic components
showing input modes, phases and outputs, (b) A rendering of the same device using 3D
waveguides where input 1 corresponds to control in, input 3 corresponds to target in and
inputs 2 and 4 correspond to ancillas. The waveguides are initially separated by 127 µm
and then taper into the four separate beamsplitter regions and waveguide crossover, before
returning to a planar output array.

was 20 mm/sec, the pulse energy was 66 nJ and a 5 to 1 telescope was used to produce
a beam sufficient to completely fill the 4.5 mm back aperture of the writing objective.
Following the writing process, the sample was subject to annealing, in order to produce
a more symmetric refractive index profile [111]. The reader is referred to chapter 3 for
more details but briefly the procedure involves heating the glass chip to above the
stress point of the material and then returning to room temperature slowly to avoid
producing any additional stress. The sample was heated to 750 ◦C over a 12 hour
period and a subsequent cooling stage of 24 hours to room temperature. The resulting
refractive index profile is significantly different from that of an un-annealed waveguide.
Figure 5.2(a) shows a transmission interference contrast (TDIC) microscope image of
a waveguide which supports an 800 nm mode. There is a bright region in the center
of the waveguide with a positive refractive index change, a dark region which indicates
a negative index change, and an additional outer region of positive index change. Af-
ter annealing however, the outer region is completely removed while the high index
core and a surrounding negative region remains the same. Figure 5.2(b) is a bright
field (BF) microscope post-annealing, of a waveguide which is single mode at 800 nm,
showing that the outer region of positive refractive index change has been completely
removed. This results in a mode field diameter of 5 µm which has excellent overlap
with a 800 nm single-mode optical fibre. Using this technique an insertion loss of 1.8 dB
was measured for straight waveguides of length 40 mm. To accommodate for variance
in the writing conditions, a total of twelve separate Knill circuits were fabricated. This
required a detailed study of the evanescent coupling relationship in directional couplers
composed of annealed waveguides.
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(a) (b)

Figure 5.2: (a) TDIC microscope image of a laser written waveguide which is single
mode at 800 nm prior to annealing. (b) A bright field microscope image of a waveguide after
annealing is shown since a TDIC image would not highlight the presence of the depressed, or
darker region surrounding the core. It is important to note that these are different waveguides,
an annealed waveguide which is single mode at 800 nm is not single mode prior to annealing.

5.2.1 Parametric study of directional coupling

Prior to fabrication of the Knill gate a scan of the evanescent coupling between a
pair of waveguides was performed to ascertain the parameters required for obtaining
three different reflectivity directional couplers using annealed waveguides. Initially a
measurement of the optimal spacing was performed. Figure 5.3 shows the relationship
between waveguide spacing, interaction length and the energy transfer between waveg-
uides. A small waveguide spacing results in a large mode overlap and it is difficult to
obtain a range of reflectivities with high precision since very small changes in length
will result in a change in the coupling between waveguides. The waveguide spacing
of 5-6 µm results in a large energy exchange at short interaction lengths. Unfortu-
nately, this is also due to the waveguide s-bend region which means there is coupling
prior to the interaction region. Hence, it is desirable select a waveguide spacing which
minimises this advanced coupling while still requiring a short interaction length. A
waveguide spacing above 7 µm was found to offer the best balance between minimis-
ing the coupling prior to the interaction region, yet still requiring a short interaction
length. It is also clear from this graph that the length of the directional coupler is the
optimal parameter to vary when seeking to tune the reflectivity since this allows much
finer control on the reflectivity compared to the waveguide spacing.

The reproducibility of these devices is critical to circuit design. The day to day re-
peatability of directional coupler reflectivity varies with laser output power and pulse
duration, resulting in changes to waveguide parameters like waveguide width and re-
fractive index, these in turn effect the coupling ratio. Therefore a parameter scan must
be performed varying the length of the interaction region to isolate the device with the
correct reflectivity. However, for this technique to be effective the reproducibility of
the devices within a fabrication run must be consistent. Hence an understanding of the
effects of minor variations which can occur during the waveguide fabrication process is
important.

The laser writing process focuses a high power laser inside a glass substrate and
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Figure 5.3: A plot showing the measured coupling between a pairs of waveguides with dif-
ferent waveguide spacings and interaction lengths. Measurements were performed for waveg-
uide spacing intervals of 0.5 mm and the inset shows the data collected for a 7 µm separation.

then translates the substrate using 3-axis stage system with respect to the laser. The
reflectivity of directional couplers will be affected by changes in waveguide spacing,
diameter, refractive index and refractive index mismatch. The waveguide spacing could
be caused by beam pointing stability issues or translation stage inaccuracy. This
is unlikely to be the origin of the reproducibility errors, the stages are specified to
provide 10 nm accuracy and has been measured by S. Gross to be be within this
range [285]. Furthermore the beam pointing stability is sufficiently stable to eliminate
it as a source of error since work by S. Gross in writing waveguide Bragg gratings
(WBG), using the same translation stages and laser, has shown resolutions below
100 nm [158, 285]. A waveguide spacing change of ±100 nm can cause an change in
waveguide coupling. Therefore, the stages and beam pointing stability, may contribute
to a change in reflectivity but are not the main contributors. Waveguide diameter
does have a significant effect on waveguide coupling but only when the mode is not
tightly confined, for V numbers below 1.5. The refractive index of the waveguides
contributes to the coupling between waveguides, in effect an increase or decrease in
refractive index (if the refractive index of the two waveguides remains the same) will
result in a change in the confining potential and thus affect the tunnelling rate between
the waveguides. However, the most significant affect on waveguide coupling ratio is due
to the refractive index mismatch between waveguides. This is illustrated in Fig. 5.4,
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where the relationship between a refractive index mismatch between waveguides is
shown. The plots also show the effect of waveguide spacing on the sensitivity of the
reflectivity to a refractive index mismatch of 1.5% and below. For larger waveguide
spacings of 8 µm the, phase mismatch caused by a refractive index difference of 0.75%,
results in a maximum energy exchange of 50%, compared with the normal value of
100%. This is also another motivation for keeping waveguide spacings as small as
reasonably possible, since the effect of index mismatch is reduced, as can be seen for
the case of a 7 µm spacing. Furthermore, the desired waveguide reflectivity also effects
the reproducibility since for splitting ratios requiring a short interaction length the
refractive index mismatch has a much smaller effect than for longer devices.

The relationship between interaction length and waveguide reflectivity can also be
exploited to produce waveguides with specific phase relationships, by increasing the
waveguide interaction length, z to complete an oscillation between waveguides a π
phase shift can be induced in the output amplitudes,

A1(z) = A1(0) cos(Cz)
A2(z) = −iA1(0) sin(Cz)

(5.3)

where C is a coupling coefficient. Extending the waveguide length through an oscillation
(meaning a full power transfer between waveguides) gives,

A2(z) = −iA1(0) sin(Cz)→ −iA1(0) sin(Cz1 + π)→ iA1(0) sin(Cz1). (5.4)

Thus mapping out the parameter space where this value is observed requires a mea-
surement of a full oscillation of a directional coupler. Figure 5.5 shows a measurement
of the coupling between two waveguides with spacings of 7 µm and 8 µm. For the
spacing of 7 µm and an interaction length between 5-6 mm a directional coupler with
a π phase shift and a reflectivity of 33% is obtained. The directional coupler errors
can also be seen, in particular the longer the interaction length the more sensitive the
directional coupler is to minor refractive index mismatches. A random, large change
can also be seen for the 7 µm spaced waveguides at 3.5 mm interaction length, which
corresponds to refractive index mismatch between the two waveguides of 2× 10−4, or
a 3% difference.

5.3 Knill gate characterization

To characterize the operation of the fabricated Knill circuits we employed a technique
demonstrated by Rahimi-Keshari et al. [283] which allows for a robust and efficient
characterization of multiport optical circuits using only single and two-mode bright
coherent states and output intensity measurements.

The technique therefore gives the matrix Umeas, which maps the input creation
operators a† to the outputs b† via the transformation bj=

∑
i Umeasijai. Each element of

Umeas comprises of a modulus rij and a phase θij, such that Uij=rije
iθij . The moduli are

obtained simply by measuring the intensity at every output j given an input intensity
at the input i, thus giving 16 individual moduli for the four-by-four mode circuit. The
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Figure 5.4: Theoretical plots showing the sinusoidal exchange of energy between a pair
of waveguides with n1 = 1.54 + 6.5× 10−3 and diameters of 4.5 µm. The differences between
the refractive indices of these waveguides are plotted, n1 − n2 is 0 (blue, solid), 5 × 10−5

(orange, dashed) and 1 × 10−4 (green, dotted). This results in a phase mismatch between
waveguides and means full power exchange between waveguides is not possible. The points
for the n1 − n2 = 0 curve, where the power exchange is 0.33 (vertical, dashed-dotted), 0.908
(vertical, dotted) and -0.33 (vertical, dashed), are highlighted with horizontal red lines. (a)
shows this for a waveguides separated by 7 µm and (b) 8 µm.
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Figure 5.5: This graph shows the measured reflectivity between two waveguides which
form a directional coupler. The spacing of the two waveguides is 7 µm (blue) and 8 µm (green)
with fits given by assuming step index waveguide refractive indices of 1.54+6.5 × 10−3 and
diameters of 4.5 µm. Reflectivity values of 33% (dotted) and 90.8% (dashed) are highlighted
with horizontal lines.

phases θij of each element are obtained via phase sensitive two-mode coherent state
inputs. Here the two-mode coherent state is injected into a pair of input ports and a
phase offset is induced in one of them. The output interference fringes are monitored
using fast photodiodes and an oscilloscope from which the phases θij can be directly
obtained. Combined with the moduli, the results are used to produce a map of the
circuit which is close to unitary, where losses are modelled as virtual beamsplitters
which are included in a larger 8 by 8 near-unitary matrix.

Using the experimentally obtained map, the unitary matrix Umeas, a measure of the
fidelity with the ideal unitary, Uideal, can be defined as

F =
|Tr{U †idealUmeas}|2

N2
, (5.5)

where N = 4 is the number of modes. Using moduli data and the reconstructed unitary
it was possible to isolate beamsplitter reflectivities, and to calculating the fidelity for
each device, this was performed for 12 different Knill gates and the results are shown in
Fig. 5.6. This shows the reflectivities and relative phase in each device and is ordered
in terms of decreasing fidelity. BS 3 was erroneously fabricated with a 60% reflectivity,
rather than the intended value of 90.8%. This was due to a coding error which meant
that the interaction length of the directional coupler was not iterated like the rest of
the directional couplers (also clearly seen in Fig. 5.7). The highest fidelity obtained
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Figure 5.6: The calculated fidelity (from Eq. 5.5) is shown for each of the twelve fabricated
Knill circuits. The phase offset from π is shown as well as the reflectivity of each beamsplitter
in the device. The ideal Knill gate with a fidelity of one is on the left of the figure with the
data ordered in terms of decreasing fidelity.

was 89% with respect to the ideal circuit and it demonstrates the proximity of the four
directional couplers to both the ideal reflectivities and relative phase relationship. This
data is further analysed in Fig. 5.7, which illustrates the relationship between the spread
of beamsplitter reflectivities and the length of the directional coupler interaction region,
for a fixed separation. Beamsplitter reflectivities, for short devices (0.25-0.75 mm) are
reproducible within ±5%. This shows the stability of the laser writing process during
a fabrication run.
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BS 1, 2 

BS 3

BS 4

Figure 5.7: Showing the same reflectivity data contained in Fig. 5.6 but showing the
mean reflectivity of directional couplers, with the error bars showing the standard deviation,
for each interaction length. This shows the increase in the spread of reflectivities as the
interaction length is increased. The dotted line shows the expected trend with an inflection
point illustrating the length at which light begins to return to the initial waveguide.

5.4 Post tuning

The device characterisations have shown that the fidelity is highly sensitive to direc-
tional reflectivity. It is therefore desirable to improve the reproducibility of the waveg-
uide circuits, or alternatively correct any errors. In fact the origin of the reproducibility
constraints, the extreme sensitivity of a directional coupler to any change in refractive
index of either arm, is what also permits adjustment of this structure. Figure. 5.4
shows the energy exchange between two waveguides separated by 7 µm. The refractive
index of the two waveguides are n1 = 1.54 + 6.5× 10−3 and n2 and it can be seen that
when |n1 − n2| > 0 full power exchange between the two waveguides is not possible.
Furthermore, it can be seen that the effect of a change in refractive index between the
two waveguides effects longer devices more than shorter devices. It is clear that a small
change in refractive index of below 3% can have a significant effect on the evanescent
coupling, changing a 90% coupler to a 60% coupler. By packaging a device, bonding
V-groove arrays to input and output facets, the circuit can be reprocessed and actively
monitored to select the correct beamsplitter reflectivity. the imaging system of the
laser inscription setup allow the imaging of waveguides forming a directional coupler.
A screenshot of the image obtained by the laser vision system is shown in Fig. 5.8 which
demonstrates the capability of locating and visualising the micron sized refractive in-
dex modifications. The location of the laser spot can be seen since it produces a white
light emission due to supercontinuum generation at the focus. The laser power used
was just high enough to produce a white light emission, of 15 nJ pulse energy, with a
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writing speed of 1.6 mm/sec. This was below the threshold for thermal accumulation
meaning that the modification size was defined by the numerical aperture (NA=1.4) of
the objective. This resulted in a very small refractive index modification estimated to
be below 1×10−4. A test sample, composed of a 70% directional coupler was modified
to ascertain the refractive index response. It was possible to adjust the reflectivity of
the device from 70±4% to 50±4% using 8 overpasses on one of the waveguides with
respect to another. This resulted in an estimated refractive index shift of 1.5 × 10−4,
producing a phase mismatch which shifted the reflectivity of the coupler. The total
loss of the structure (two facets and propagation loss) was not increased, within error,
from the original 2.3 dB.
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Figure 5.8: (a)Screenshot of the imaging system during reprocessing of a directional
coupler, the laser focus is positioned between two waveguides forming a directional coupler,
(b) the result of a postprocessing of a chip. The large error bars between 1 and 7 overpasses
is due to the large fluctuations observed during the post processing experiment while the chip
remains on the processing stage. V groove arrays are attached to the input and outputs of the
chip and small temperature variations and mechanical vibrations cause the measured output
power to fluctuate. Points 1 and 8 are taken once the chip has been measured before and
after the process and the error bars are significantly reduced since the sample is stationary.

This calibration was used to modify a directional coupler in the Knill gate device.
The 60% splitter was modified with the intention of producing a 90% splitter. This
required a different approach which is to modify the interstitial region between waveg-
uides, in effect to promote coupling. This technique produced a device with an 80±4%
splitting ratio, however the total loss of the device was increased by 20% due to the
large scattering loss from the modification located between the two waveguides. This
technique could in principle be further improved to remedy the incorrect splitting ratios
in circuits.
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5.5 Characterisation challenges

Despite progress in forming the circuits required for a heralded and potentially scalable
quantum gate, the resources required for a full characterisation are still lacking. Al-
though measurements of two photon interferences yield an insight into the interactions
occurring in the device, circuit operation still requires a pair of ancilla photons com-
bined with a target and control qubit. Furthermore, since this circuit only produces a
sign shift upon successful operation, it therefore can not be characterised by using, for
instance, a truth table as for a CNOT gate. Although this circuit could be combined
with Hadamard rotations at the input and output, it would not simplify the charac-
terisation process significantly. This is due to the fact that the Hadamard rotations
would require a pair of beamsplitters, forming an interferometer, which will need to
be phase stabilised and the circuit embedded within. The most thorough characterisa-
tion method would use what is referred to a quantum process tomography (although
a variety of other measures have been described) [286]. This would involve preparing
a combination of input states, for both the target and qubit in the presence of ancilla
photons, which are then injected in the device and the output projected to the cor-
responding combination of output states. Such a combination is typically composed
of combinations of horizontally, vertically, diagonally and left/right circularly encoded
states but can in fact be quite simple, such as described by Shabani et al. [287]. These
states could be prepared in the spatial encoding basis by using a waveplate and a
polarising beamsplitter. However, this would require a setup which embeds the waveg-
uide circuit in a phase stabilised interferometer as shown in Fig. 5.9. Furthermore, the
preparation of the ancillas and qubits require photon sources which are not currently
available, as will be discussed in the next section.

5.5.1 Challenges of SPDC

Sources of identical single photons are required for the preparation of qubits. How-
ever, the quantum characterisation of the Knill gate, specifically full quantum process
tomography, requires a minimum of four coincident single photons. Despite incredi-
ble progress in the production of multiple photon states [288], four-fold coincidences
remain a challenging obstacle. The most efficient mean of photon generation remains
spontaneous parametric downconversion, where the rate of obtaining a pair of photons
from a single crystal per second is

C = µηIηSR, (5.6)

here µ is the probability of obtaining a photon pair per pulse, ηI,S are the extraction
efficiencies for each photon and R is the repetition rate of the incident pump laser.
The probability of obtaining four single photons is C2

R
. Assuming C is 50 kHz and the

laser repetition rate is 100 MHz (typical values for a frequency doubled TiS pumped
system), a typical fourfold rate is 25 Hz. However, multi-photon production probability,
resulting in a reduced probability of obtaining a single photon in a single mode means
this approach is not appropriate for the production of four single photons as will be
described below.
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Figure 5.9: A schematic showing the layout of a quantum process tomography measure-
ment of the Knill gate. The circuit must be embedded in a larger circuit comprising the
logical 0 modes and furthermore methods for mapping input qubit states to output qubit
states are required. The whole system demands phase stability hence necessitating active
components shown here as fibre stretchers.

Recall from chapter 2 the pump beam interaction with a nonlinear medium (as-
suming a single mode approximation) is described by a Hamiltonian [94]

Ĥ = ξ~
(
iâ†1b̂

†
1 +H.c.

)
, (5.7)

Where â†1 andb̂†1 are photon creation operators in signal and idler modes a1 and b1 (H.c.
is the Hermitian conjugate). ξ is the production efficiency parameter which contains
the information about the nonlinear interaction and is linearly proportional to the
pump amplitude. The state produced by a single SPDC source is

|ΨSPDC〉 =
√

1− |λ|2
∞∑
N=1

λN |N,N〉a1,b1 , (5.8)

where λ = ξτ and τ is the interaction time in the nonlinear medium. Therefore the
probability of generating N photon pairs is

P (N) = (1− |λ|2)|λ|2N . (5.9)

For a pair of sources this becomes

P (N1, N2) = (1− |λ1|2)(1− |λ2|2)|λ1|2N1|λ2|2N2 (5.10)

where, if we assume that the source efficiencies are equal, λ2 = λ1 = λ, then we see
that the case of a single pair of photons, simultaneously generated by each source, is
an equally probable event as a pair of pairs generated by one source, i,e,

P (N1, N2) = P (0, 2) = P (2, 0) = P (1, 1) = (1− |λ|2)2|λ|4. (5.11)
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Most single photon avalanche diodes are unable to distinguish between 1 or 2 pho-
tons. Multiphoton events result in noise that can only be removed by postselection,
or post processing (assuming it is possible) to only monitor events which were due to
the P (1, 1) photon terms. In practice, when injecting states into a unitary, the goal of
which is to learn about the unitary, it becomes extremely challenging to extract events
only related to the P (1, 1) events. Hence another approach is to herald or trigger de-
tection apparatus based on detection of one photon from one of the downconverted
pairs. A method for producing a source of four single photons would be similar to that
shown in Fig. 5.10. Using this process the P (2, 0) and P (0, 2) can be removed but
an additional source is now required to obtain four photons. This then means post
selection only occurs when a P (1, 1, 1) event occurs. However, it should be noted that
other probabilities such as P (2, 1, 1), P (2, 2, 1), P (2, 2, 2) or other combinations are
not eliminated using this approach and result in noise. Furthermore the rate for such
a system, requiring 6 fold coincidences is sub-hertz meaning process tomography,which
requires the mapping of six input states to six output states for each of the control and
target channels, would take weeks or months depending on the overall system loss [287].

Figure 5.10: Typical layout for the production of a single, identical, four-fold photon
coincidences

5.6 Conclusions

The application of mode transformations, achievable using the FLDW technique, have
been applied to the design of a quantum logic gate. Integrated linear optics C-Phase
gates have been fabricated using a 3 dimensional geometry. The design and perfor-
mance of these gates have been determined and shows that it is possible to produce
complex unitary transformations using the FLDW technique. The potential to enhance
this further using a post-processing technique is described. However, these devices
could not be fully characterised due to a lack of resources, specifically single photon
sources. The next chapter will detail the potential to integrate sources with laser writ-
ten circuits and methods to enhance the intrinsic signal-to-noise ratio available from
these on-chip devices.



”We who had given up drink
had always a soft spot for
Michael’s [Collins] use of
drink.”

Ernie O’Malley

6
Hybrid integration

During this thesis work integrated devices have been fabricated and ultimately char-
acterised using a bulk spontaneous parametric downconversion (SPDC) photon pair
source, where light is coupled from free space into optical fibres. Photons are collected
and routed into a waveguide circuit to perform a characterisation. However, at the
end of the last chapter is became clear that although integrated circuit design using
FLDW methods is advancing, the resources necessary to characterise such devices are
still unavailable − specifically multiple identical single photon sources. This is a serious
impediment to the realisation of complex quantum information protocols since with no
means to characterise a circuit, there is no way to completely calibrate performance or
even consider the prospect of scalability.

This motivates the work in this chapter. Currently, due to a lack of truly single
photon sources the spontaneous production of photon pairs, where one photon triggers
the presence of the other, is the most effective means of obtaining single photons.
By using an on-chip photon source, which can then be butt coupled to a waveguide
circuit, a reduction in overall resource size is obtained and miniaturisation permits
both scalability and stability. This is the approach used in this chapter to obtain
multiple single photon sources and route them into a waveguide circuit. Using these
multiple heralded single photons, it is possible to use a spatial multiplexing technique,
to help improve both the determinism of the sources and/or reduce multi-photon pair
contributions below what is possible using a single source.

This chapter is arranged to provide the reader with an introduction to single photon
sources, clearly outlining the challenge posed by multiphoton terms and the potential
to enhance this using a spatial multiplexing scheme. The methods used to obtain
a scalable source of photons, namely hybrid integration, are discussed in detail. This
includes the fabrication of laser written components and the nonlinear waveguide source
of telecommunication band photons. A detailed characterisation of the source’s signal-
to-noise properties, both in isolation and when included in a multiplexed circuit, is

85
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completed. Finally, an outlook section describes ongoing work on a tunable source of
photon pairs, where the output state can be tuned between a product state and a path
entangled state, using an entirely integrated hybrid chip.

6.1 The search for a single photon source

One of the simplest means of producing a single photon source is to use an attenuated
laser beam. If this beam is stable temporally then this process can be described as
a coherent source with a Poissonian photon number distribution. The probability of
obtaining a single photon in a given time interval, described in terms of the average
number of photons, n̄, is

Pn = e−n̄
n̄n

n!
. (6.1)

Thus the ratio of P1/Pn>1 is high, particularly as the intensity is reduced. However,
since there is no means of heralding the presence of a photon the resultant process will
always result in a low photon production probability (See Fig. 6.1(a)).

Currently there are a range of structures that in the future promise to produce truly
single photons on demand at high rates, in other words a single photon with no higher
photon terms and a collection efficiency of unity (See Fig. 6.1(d)). These structures,
such as colour centres in diamond and more recently in silicon carbide, have signifi-
cant advantages. Diamond has a range of desirable qualities, a wide bandgap, a large
number of colour centres, bio-compatibility and is transparent from the ultraviolet to
the infrared [289]. The nitrogen-vacancy (NV−) colour centre in diamond can operate
at room temperature and MHz photon rates have been achieved [290]. Other colour
centres in diamond, including the nickel-based NE8 centre show extremely narrow
(1.6 nm FWHM) wavelength emission at 795 nm [291]. Furthermore, as material pro-
cessing techniques have matured, the extraction efficiencies from bulk diamond [292],
nanodiamonds [293], and diamond colour centres embedded in integrated devices have
improved [294]. Colour centres in silicon carbide (SiC) offer an even greater potential
for interfacing with conventional fabrication technologies and single photon emission
from an SiC defect has been demonstrated [295]. However, interacting with multiple
colour centres to show multiphoton interference has seen limited progress due to the
challenge of isolating and interfacing multiple identical colour centres [296, 297].

Quantum dots (QD) fabricated in semiconductors, such as GaAs, have a key ad-
vantage over other single photon emitters since they can be incorporated into cavities
which allow enhanced emission and directionality [298]. QDs have been incorporated in
photonic crystal waveguides [299], operating at telecommunications wavelengths [300],
and improvements in source-circuit interfaces have been achieved [301]. QDs embed-
ded in nano-pillar arrays demonstrated by Santori et al. [302], offer extremely high
probabilities of producing a single photon per pulse of >80% . However, these struc-
tures require cryogenic conditions to operate and producing multiple devices involves
precise engineering. Their effectiveness in quantum circuits is currently limited due
to reduced interference visibilities, even between photons generated from the same
quantum dot [303, 304].
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A fundamentally different approach to the generation of single photons involves the
heralded generation of a photon. Through a nonlinear process, a pair of photons are
created and one photon of the pair can be used to herald the existence of the other.
One of these processes, based on a χ(3) nonlinearity, is spontaneous four wave mixing
(SFWM) where a pair of pump photons annihilate to form a higher and lower energy
photon. This process can be performed using fibres and on-chip devices [305, 306]. The
efficiency of the interaction can be further enhanced through carefully engineering the
waveguide dispersion [48], using novel techniques such as slow light propagation [47], or
resonant devices [307]. Integrated waveguide circuits have been fabricated in silicon-on-
insulator (SOI) and multiphoton interference has been demonstrated [58, 308]. Photons
produced by SFWM can even be efficiently extracted from pure fused silica fibres and
on-chip waveguides [210, 309]. However, one of the major limiting factors of SFWM
sources are Raman scattering and multiphoton absorption which result in noise and
limits source brightness [310, 311]. Furthermore, fabricating multiple (N > 2) devices
remains challenging and has not yet been demonstrated.

Spontaneous parametric downconversion (SPDC), in crystals exhibiting a χ(2) non-
linearity, remains the workhorse for the quantum optical community for the production
of photons. This process relies on the production of two lower energy photons from a
single parent photon according to the phase matching condition. It is a flexible tech-
nique since photon energy can be chosen such that photons are degenerate and can
be used as a source of pairs of identical photons. Photons generated by SPDC have a
statistical distribution of photon pairs which is well described by thermal source. The
probability of finding n photons in a field is [95]

Pn =
n̄n

(1 + n̄)n+1
(6.2)

where n̄ is the average number of photons. By comparing P1 to Pn>1 (and excluding
P0) we see that it is actually more likely to achieve a P1/Pn>1 > 1 as the n̄ is reduced.
Setting n̄ to 1 yeilds a signal to noise ratio of P1/Pn>1 = 0.25/0.25 = 1, while n̄ = 0.1
gives P1/Pn>1 = 0.08/0.008 = 10. Hence, it is clear that simply increasing n̄ by
increasing the pump power of a laser is not a means to increasing Pn/Pn>1. The most
probable event is n = 0 photons. By heralding P0 terms are ignored. A comparison
of the heralded thermal source and a thermal source which is unheralded is shown in
Fig. 6.1. It can be seen that the heralded SPDC source approaches the case of a truly
single photon source, however the presence of higher order terms cannot be ignored.
These terms also begin to dominate as the average photon number increases, hence
limiting the extraction efficiency of the source. The actual probability of obtaining a
pair of photons from a single downconversion crystal, per second is

C = µηIηSR, (6.3)

here µ is the pair per pulse rate (or average photon number, n̄ to use the previous
notation) , ηI,S are the extraction efficiencies for each photon and R is the repetition

rate of the incident pump laser. The probability of obtaining 4 single photons is C2

R
.

This equation shows that the production rates for simultaneous heralded single photon
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generation is severely reduced by the stochastic nature of the process. Of course it is
clear that reducing loss is essential but due to multi-pair generation, µ is fundamentally
limited by the thermal emission statistics of the source. A scheme which could increase
µ is thus highly desirable.
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Figure 6.1: Showing the probability for obtaining n photons, (a) from a Poissonian light
source, (b) from a thermal source (c) from a heralded thermal source (n=0 terms eliminated)
and (d) an ideal single photon emitter, as yet unavailable. Clearly the heralded thermal
source is closest to an ideal single photon source.

6.1.1 Enhancing photon rates from SPDC

Clearly an approach for the production of high brightness, low noise, single photons is
required. Equation 6.3 shows that to increase coincidences, apart from increasing the
laser repetition rate and improving extraction efficiencies, the only means to increasing
C is to increase µ, the probability of producing a pair per pulse. However, this cannot
simply be increased by increasing laser pump power without sacrificing signal-to-noise
ratio.
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This signal-to-noise ratio can be improved by passive temporal multiplexing where
the power of the pump pulse is halved and the repetition rate is doubled. Performing
this successively yeilds a 2n−1 reduction in n > 1 photon events [312] (although this
scheme used degenerate pairs of photons). However, many single photon avalanche
detectors, such as commercially available InGaAs models (IDQ 210), have a dead time
(1-25 µs) which limits their maximum trigger rate to 100 MHz. Hence, triggering any
faster than this will not result in an increased heralding rate.

In contrast, active temporal multiplexing schemes can increase the probability of
obtaining a photon pair per pulse [313], however due to implementation challenges
there has been to date no experimental demonstration. To address this, Migdall et al.
proposed a spatial multiplexing scheme to increase photon rates while maintaining the
corresponding noise level [314] which is conceptually described as a “photon switch-
yard”. If a photon pair source fires, then the herald photon triggers a fast switch to
route the other photon to an output. Using this approach the effective µ, the proba-
bility of producing a pair per pulse, can be increased to one in theory. A bulk optic
demonstration of a multiplexed source used a pair of SPDC crystals [315].

Here a spatial multiplexing scheme is used to actively route single photons, from
spatially separated sources, to a single output [314]. This approach is ideal for increas-
ing a photon pair sources brightness while maintaining a fixed noise level or maintaining
a source brightness and reducing multi-photon pair noise. This approach has the po-
tential to enable the production of multiple, identical, single photon sources with higher
brightness and reduced noise to that available otherwise.

6.2 Multiplexed tunable photon source: Hybrid in-

tegration

The layout of the on-chip portion of the experiment is shown in Fig. 6.2(a). The
pump laser (stretched Coherent Chameleon) provides 1.2 ps-duration, time-bandwidth
limited (∆λp = 0.5 nm) pulses, at a wavelength of λp = 710 nm and a repetition rate of
76 MHz. The pulses are sent to a polarisation maintaining fiber pigtailed to an FLDW
1-4 waveguide splitter.

In the heralding arm, pairs of photons are collected using optical circulators and
apodized point-by-point laser inscribed fibre Bragg gratings (FBG) [316]. These are set
to reflect photons at 1312 nm with a bandwidth of 85 GHz. A 100 GHz filter (DiCon
MTF-08) is used to transmit energy-matched paired photons at 1548 nm, while the
pump bandwidth is 300 GHz. The heralded photons are detected by four ID210 detec-
tors, triggered by the 76 MHz pump laser, with a gate window of 5 ns and a deadtime
of 3 µs. Upon detection of a photon the output of these detectors then triggers both
the lead lanthanum zirconium titanate (PLZT) switches and an ID201 detector, with
an adjustable gate window. The arrangement of these switches is shown in Fig. 6.2(b)
where three switches can be used to combine the 1550 nm outputs from each source
to the detector. It is also possible to selectively turn switches on and off in order to
produce any combination of 4, 3 and 2 output photons. Using in-fibre polarisation con-
trollers and an analyser at the output we ensure photons are identical in polarisation,
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(a)

(b)

Figure 6.2: (a) A picosecond laser pumped array of 4 identical PPLN waveguides, where
a pair of FLDW chips couple light in and out of the device. (b) The output of the laser
written WDMs is sent to a multiplexing setup. Four single photon channels at 1300 nm,
which are filtered by fibre Bragg gratings (FBG) and circulators (Circ) herald the arrival
of 1550 nm photons through radio frequency (RF) electronics. These control fast switches,
routing 1550 nm photons appropriately. The polarisation is controlled using polarisation
controllers (PC).
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while path lengths are controlled using variable delays to ensure maximal temporal
indistinguishability of the output photons.

6.2.1 Laser written components

Interfacing between a nonlinear waveguide array and laser written components involved
design of both a 1-4 splitter and an array of identical WDMs. The 1-4 splitter uses
a 3D interaction geometry to produce equal splitting as described in chapter 4. The
WDMs were fabricated in AF-45 (See Fig. 6.3) and relies on the wavelength dependence
of the coupled mode equation described in chapter 2. This wavelength dependence
can be exploited by increasing the length of a directional coupler interaction region
until a length is achieved where in the ideal case there is a 100% coupling for one
wavelength and a 0% coupling for the other. This coarse wavelength division process
leads to a broadband (>20 nm) wavelength region where the two couplings are different,
however the extinction achieved using this technique is not as high as more advanced
techniques such as those using arrayed waveguide gratings (AWG). A range of couplers
were fabricated and extinctions of 10 dB±1 dB were obtained for an interaction length
of 3.35 mm and a waveguide spacing of 7 µm(See Fig. 6.3(b)), comparable to previous
demonstrations where a maximum of 18 dB was achieved [198].
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Figure 6.3: (a) A series of microscope images of the four laser written WDMs. The
input of the devices collects photon pairs from the four PPLN waveguide simultaneously and
spatially separates the 1310 nm and 1550 nm wavelengths to interface with a 127 µm spaced
linear array. (b) The wavelength dependent splitting ratio vs. interaction length. Each point
is an average of 2 measurements performed on each of four devices.
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6.2.2 PPLN waveguides: Overview

Lithium niobate (LiNbO3) is a crystal which exhibits a χ(2) nonlinearity. The length
over which the nonlinear interaction can efficiently occur can be increased by exploit-
ing phase-matching techniques such as birefringent phase-matching or quasi phase-
matching (QPM). Birefringent phase matching relies on the difference between ordi-
nary and extraordinary refractive indices of a crystal. A pump beam is injected along
one axis while the downconverted photons travel along the orthogonal polarization.
QPM can be induced by using electric field poling, periodically flipping the sign of the
χ(2) nonlinearity. The periodic inversion of the ferroelectric domain is achieved through
application of high voltage periodically across a 0.5 mm LiNbO3 wafer [317].

Waveguides can be formed in lithium niobate in order to further increase the length
of the nonlinear interaction while maintaining a small mode area. This can be com-
pleted using a number of methods, ion implantation and also ion beam etching to form
ridge waveguides, metal in-diffusion, lithium out diffusion from the surface and proton
exchange methods [318, 319]. In proton exchange, waveguides are formed through a
diffusion process, essentially involving a phase mask and immersion in acid, commonly
benzoic acid, for varying times at varying temperatures. In annealed proton exchange
(APE) samples are subject to repeated stages of annealing in air inside an oven, this
tends to be a repeatable process but can affect both the nonlinear coefficient and the
domain orientation [320]. Reverse proton exchange (RPE) permits the burial of the
waveguide by means of an additional annealing step in a Li rich salt melt to restore
the Li+ content to the surface thus burying the increased index produced by the initial
proton exchange step [321, 322]. This results in a more symmetric mode profile.

The waveguides used in this study were formed by soft proton exchange (SPE) [62,
323]. SPE has the advantage of being a one step process utilising a phase mask and a
single immersion step in a low concentration benzoic acid and lithium benzoate bath,
at ∼300◦C, for extended periods, up to 3 or more days [324]. It has virtually no
affect on the non-linearity or inversion domains but has the inconvenience of being
less reproducible than conventional APE due to the acidity and temperature stability
demands. For the samples described here the resulting index profile has a maximum
∆n∼10−2 and a diffusion profile with a highly elliptical mode profile (see Fig. 6.4).

Typically the poling period, waveguide dispersion and temperature are used to fine
tune the phase matching parameters for the down converted photons. Yielding, ideally,
photon pairs at 1310 and 1542 nm for a pump wavelength ∼ 710 nm. For the samples
described here, a poling period of 13-14 µm is used for sample lengths varying from
∼0.5-1.5 cm. Waveguide diameters vary between 4-8 µm and temperatures are tuned
between 80-120◦C.

6.2.3 PPLN waveguides: Characterisation

The four waveguides used in this work had a poling period of 13.8 µm and a diameter of
7 µm. The pump wavelength used was 710 nm, while the chip temperature was main-
tained at 90◦C and downconverted photons were observed at 1310 nm and 1550 nm.
It should be noted that the waveguide is multimode at the pump wavelength meaning
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(a)

(b) (c)

Figure 6.4: (a) Diffusion profile of surface waveguides in PPLN with a 1D profile showing
the refractive index vs. depth, (b) Theoretical calculations of the field profile of a surface
diffusion waveguide vs. depth and (c) vs. waveguide width.

that any small alignment variations contribute to substantial coupling to high order
modes which will have a different photon production rate. The output spectrum from
each source was ∼ 20 nm broad when pumped with a bandwidth of 0.5 nm centred
at 710 nm. The overlap of the observed downconverted photon spectrum can be seen
in Fig. 6.5 where all four sources are centred at 1550 nm. Source output wavelength
can also be tuned by adjusting either the pump wavelength or the waveguide chip
temperature (see inset Fig. 6.5).

Despite overlap between output photon spectra, the efficiency of each source varies.
This is due both to inhomogeneous waveguide diameters as well as minor damage to the
surface of the waveguide and the the waveguide facets. Since the waveguides are surface
diffused structures and lithium niobate is a relatively soft crystal it is prone to surface
and facet damage. In order to measure the intrinsic efficiency of each source, prior to
collection using laser written components or multiplexing, a measurement of the source
brightness and coincidence vs. accidental ratio (CAR) is performed. The apparatus
used for this measurement is shown in Fig. 6.6(a) where the output of each PPLN
waveguide is collected using an SMF-28 fibre and wavelength separation is performed
using a commercial wavelength de-multiplexer (WDM). The 1310 nm photon is used as
a herald and gates the second detector. The detector gate window 200 ns during which
time the 12.5 ns delay between successive laser pulses gives accidental coincidences as
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Figure 6.5: The output spectra of the individual PPLN waveguide channels. The inset
shows the change in central wavelength with temperature (courtesy of Olivier Alibart).

well as true coincidences (see Fig. 6.6(b)). The precise delay between pulses is measured
using a time interval analyser and by measuring the ratio of coincidences to accidental
coincidences the CAR can be calculated (see fig. 6.6(c)).

(a)

(b) (c)

Figure 6.6: (a) Layout of the experiment used to measure source efficiency and the
calculate the CAR (b) A conceptual image of accidental coincidences compared to true co-
incidences (c) A conceptual plot of coincidences vs. relative delay showing a peak centred at
∆t = 0 and accidental coincidence peaks spaced by the laser repetition rate.
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6.2.4 Component loss

Individual component loss is a significant contributor to both a reduction in coinci-
dences and a reduction in CAR. The losses for each channel,ηI,S, can be measured (see
Table 6.1) The singles rates NI,S and the coincidence rates C then depend on these val-
ues. The formulae NI,S = µηI,S + dI,S and C = µηIηS, where µ is the photon pair rate
per pulse describe the singles rate and coincidence rate as a function of the loss in each
channel [325]. However, due to the number of facets being interfaced in the experiment
the losses for both the signal and idler channel can vary. This results in a fluctuation
in the coincidence count rates(see fig. 6.10(a)) which is the product of the losses. The
coincidences can be rescaled by using the following equation C = (NS − dS)ηI which
gives the coincidence rate between the two detectors as a function of the singles rate
at the heralding detector (NS or 1310 nm channel).

The coincidence vs. accidental ratio (CAR) can be obtained experimentally by
measuring the ratio of coincidence to accidental rates (per pulse) and can be calculated
as the ratio of coincidence rates, C = µηIηSR, to the accidental rates, A = NSNI =
(µηI + dI)(µηS + dS):

CAR =
µηIηS

(µηI + dI)(µηS + dS)
, (6.4)

or

CAR =
C

( C
ηS

+ dI)(
C
ηI

+ dS)
. (6.5)

So using the equations above it is possible to calculate the CAR for a range of
recorded coincidence values. The loss values are obtained from table 6.1.

The multiplexing rates can then be calculated as the sum of the coincidence rates.
However, since the switches can only transmit a single mode, coincidence events from
multiple sources must be removed. The switches have a master source which will
be transmitted should multiple photon pairs be emitted simultaneously from separate
sources. Hence the coincidence rates are CMUX = C1+C2(1−NS,1)+C3(1−NS,1−NS,2)
and the accidental rates are AMUX = A1 + A2(1−NS,1) + A3(1−NS,1 −NS,2).

6.2.5 Spectral filtering

Pump suppression is important limiting factor to CARs since it results directly in
noise at the detector. This can be seen in Fig. 6.7(a), where in order to reduce pump
leakage, additional filters were employed yielding a factor of two increase in the CAR
demonstrating that the extinction was doubled. The CAR for each individual source,
when using two filters, is shown in Fig. 6.7(b) when only a commercial WDM and
single collection fibre are used for collection.

This experiment utilised laser written WDMs with extinctions ranging from 10-
18dB. This means that there is up to 10% of the idler photons in the signal channel
and vice versa. Once the laser written WDMs are used in the experiment it can be seen
that the CAR for channel 1 drops considerably (see Fig. 6.8), this is due the loss of the
FLDW component, 3.5 dB average, and the non-optimal extinction ratio due to the
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Figure 6.7: (a)Showing the increase in CAR when using two filters for channel 1 and (b)
shows the CAR vs. coincidences for all four sources.

filter transmitting 1310 nm photons (see Fig. 6.3). To show this a measurement was
performed using only the laser written WDM and another after a 27 dB commercial
1310/1550 WDM was inserted in the 1550 nm channel (see Fig. 6.8). This yielded a
factor of two increase in the CAR. A measurement was repeated on the 1310 channel
but no improvement in the CAR was observed. This implies that the rejection of the
1310 nm FBGs was sufficient to remove the majority of 1550 nm photons.
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Figure 6.8: A comparison of the CAR for channel 1 when using firstly a laser written
WDM and then including an additional WDM (27 dB extinction) in the 1550 channel.

Initially a point-by-point laser inscribed fibre Bragg grating (FBG), FWHM∼
0.4 nm was used in the idler channel and a santec FWHM∼ 0.3 nm was used in
the signal arm. Typically a wider filter is used on the idler channel since the photons
that arrive there are time gated, i,e, discriminated by the heralding photon, so only a
coarse filter is required to suppress pump photons or leaked signal photons. A narrow
filter results both in a reduction of the number of heralded photons arriving at the
detector but also it results in additional noise since once the herald photon is detected
the 1550 nm detector is opened and thus produces additional dark counts. Therefore
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Table 6.1: The maximum measured CAR and maximum calculated photon pair pro-
duction rate, µ, from each PPLN channel, the losses for the idler and signal arms (ηI,S),
the efficiency of the heralding detectors (ηDetector) and the corresponding dark count rate
(dHerald) for the detection arrangement used during multiplexing is shown. The detector loss
is a quoted value from the manufacturer and the loss in each channel is calculated from the
fits to the experimental data.

Single channel 1 2 3 4
µ (×10−3) 12.8 23.1 1.9 10.8
Max. CAR 21 15 7 25
ηI (dB incl detector) 19 21 26 20.5
ηS (dB incl detector) 33 33.5 32 33.1
ηDetector (%) 17.5 17.5 7.5 12.5
dHerald (KHz) 1.8 1.5 2 1

the filter mismatch was a significant limiting factor to experimental performance. By
removing the Santec filter and using a 0.8 nm FWHM DiCon filter the CAR and count
rate were improved by a factor of 5 (see Fig. 6.9).
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Figure 6.9: A comparison of the CAR for channel 1 when using a laser written WDM
and including all variable delays, polarisation controllers and switches. In blue is the CAR
for a Santec 0.3 nm FWHM and black shows a DiCon 0.8 nm FWHM.

6.2.6 Results

Figure 6.10(a) shows heralded single photon rates, for individual channels and multi-
plexed outputs. Single channel 1 (black) and channel 2 (green) have maximum coinci-
dence rates, for pump powers of 4.25 mW, of 27 Hz each. Single channels 4 (blue) and
3 (orange) show rates of 17 Hz and 6 Hz. By actively multiplexing, the source bright-
ness is increased. First channel 1 and 4 (MUX-2-1) are combined using a single switch
and then subsequently channels 1, 2 and 4 (MUX-3-1) are routed to a single output
(See Fig. 6.10(a)). This results in coincidence rates, for all pump powers, above those
obtained from any individual channel. However, when multiplexing 4 channels (MUX-
4-1) the coincidence rate is approximately the same as that observed for 3 channels
(MUX-3-1). This is due to the lower overall efficiency for channel 3, combined with a
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Figure 6.10: (a) Heralded photon rate vs. pump power for single channels and a 4-1
multiplexing scheme (b) CAR vs. coincidence rate for each single PPLN waveguide channel.
(c) CAR vs. coincidences for multiplexing 2, 3 and 4 channels. Single channel 1 is shown for
comparison.

heralding detector with a low efficiency and a high dark count rate. Table 6.1 shows the
individual photon production efficiency for each individual channel and the detector
performance, efficiency (ηd) and dark count rates (dHerald). Detectors which display
a lower, more uniform, dark count rate and collection efficiency would improve the
uniformity of heralding rates. It can be seen in Fig. 6.10 that in the range of pump
powers from 2.2 mW to 3.2 mW, there is a deviation from a linear trend, observed for
all channels, in the source brightness. This was caused by a change in the coupling
between the fibre pigtail and the 1-4 waveguide splitter. The index matching adhesive
used to bind these facets can expand with temperature, due to the high laser intensity



6.2 Multiplexed tunable photon source: Hybrid integration 99

resulting in a consistent change in output power from the 1-4 splitter. Furthermore,
this adhesive has a damage threshold of approximately 20 mW meaning that individual
channels could not be pumped beyond a pump power of 4.5 mW.

It can be seen in Fig. 6.10(b) that the CAR values for a range of coincidences are
different for each channel. Table 6.1 shows that this is due to differences in detec-
tor performance and intrinsic waveguide performance. Channel 3 has a low photon
production efficiency, combined with a low detection efficiency and high dark count
rate resulting in a CAR substantially below other channels. The CAR can also be
considered to be a measure of the ratio of the multi-photon induced noise rate from a
χ(2) source, since additional nonlinear processes are not as significant as in χ(3) mate-
rials [310]. It can be seen that for a fixed CAR value of >10 that, when multiplexing,
the photon rate is increased above the single channel values while the noise remains
fixed (see Fig. 6.10(c)). This is the key feature of the spatially multiplexed source as
it demonstrates an increase in the heralded single photon rate while maintaining the
corresponding signal-to-noise ratio. However, the effect of the dark count rates and
low efficiency of single channel 3 reduces the CAR for the MUX-4-1, since the coinci-
dence contribution from single channel 3 is low but its dark counts are added. When
multiplexing 3 sources (excluding single channel 3) a clear increase in single photon
rates can be seen over a range of CARs from 10-20. We note the CAR values for lower
coincidence rates do not show an enhancement due to dark count rates >1 KHz in the
single channel heralding detectors (see Table 6.1).

The loss in each channel also varies due to differences in individual component losses
required for interfacing and multiplexing: PPLN facet extraction efficiency (3 dB),
laser written WDMs (3 dB), circulators and FBGs (3 dB), pump suppression filters
(1 dB), polarisation controllers (1 dB), variable delays (1.5 dB), PLZT switch (1 dB)
and bandpass filter (3.5 dB). Increasing the uniformity of these individual component
losses and reducing them can significantly increase the overall source brightness and
CAR. The stability of the system can be improved by using index matching adhesives
which have a reduced sensitivity to thermal fluctuations which we observe to be the
limiting factor to the temporal stability. Ideally, the 1548 nm filter bandwidth should
equate to the sum of the pump and the 1312 nm filter bandwidth, corrected by the
phase-matching acceptance of the nonlinear waveguide. Any deviation from this results
in a loss and reduction of the overall CAR and this factor has been estimated to be 0.5
in our case. By using a 200 GHz filter for the 1548 nm photons that factor could be
improved to one. It is also possible to produce waveguide tapers in the laser written
circuits to enhance the collection efficiencies from the highly elliptical PPLN waveguide
mode [165]. Furthermore, by increasing photon rates the indistinguishability of the
multiplexed outputs could be observed, as it has been previously demonstrated that by
using narrow filtering it is possible to achieve extremely high interference visibility [323].
In the future as manufacturing techniques mature it is also possible to further integrate
components onto a single chip, components such as edge filters to suppress the pump
laser [326].

This experiment has interfaced PPLN waveguide based sources of photons with
laser written waveguide circuits to produce four spatially separated heralded photons,
tunable across the communications band of 1520-1580 nm. We show the feasibility of
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actively routing photons to pairs of outputs and a single output using electronically
controlled switches. Our output photon rates are an order of magnitude higher than
a previous integrated spatial multiplexing demonstration [325] and almost double the
rate of a previous demonstration of integrated bidirectional multiplexing [327]. We
have interfaced, simultaneously, the largest number of SPDC sources on a single chip
which is comparable to bulk optic demonstrations [288]. This shows the practicality
of hybrid integration for the preparation of single and multiple photon states. Increas-
ing photon rates, while maintaining a fixed signal-to-noise ratio through multiplexing,
demonstrates the scalability of the hybrid multiplexing scheme.

6.2.7 Further measurements

Photons are only useful for quantum information if they are indistinguishable. Showing
this would require a Hong-Ou-Mandel interference experiment as has been described
in previous chapters. By performing non-classical interference between single channels
but also multiplexed channels it will be possible to show that the photons from all
separated channels are indistinguishable in every degree of freedom. It is anticipated
that since the temporal delay is carefully controllable, the wavelength is defined by
the narrow filter bandwidths and well overlapped, the polarisations are identical that
the interference visibility will be high. This would demonstrate spatial multiplexing as
a truly valuable tool in photon source development for quantum information applica-
tions. Finally if the interference between multiple sources could be controlled using the
switches in this experiment as variable beamsplitters then it would show this technique
as useful not just for the development of single photons but also multi-photon states
which are electronically tunable.

6.3 Outlook: Integrated, tunable, NOON state

generator.

As numerous research groups continue to push for integrating additional functionality
into on-chip devices. It is likely that in the short term the flexibility of the femtosec-
ond laser direct-write (FLDW) technique will prove useful. It is a process which can
produce low loss waveguide circuits without the use of a phase mask, meaning low cost
prototyping can be performed quickly. Furthermore, since the process can produce
three dimensional geometries, not possible using other fabrication methods, it also has
the potential to produce unique structures exploiting this capability.

The ideal integrated photonic structure could be based on a similar structure to
what is described by Silverstone et al. [58]. This is a silicon-on-insulator (SOI) waveg-
uide source of photons produced through χ(3) spontaneous four wave mixing (SFWM).
It operates in the telecommunications band and is potentially compatible with CMOS
electronic manufacturing methods (although not using existing foundries [59–61]) mak-
ing it a very practical for large scale fabrication and integration. Furthermore the high
refractive index contrast of the SOI waveguides leads to an extremely well confined
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mode meaning very tight bends can be produced enabling optical delay lines and cir-
cuit compactness. However, due to the low photon production and extraction efficiency
the resulting count rates are low, this is despite the use of high efficiency superconduct-
ing detectors. Furthermore, the wavelength separation must be performed off chip due
to the narrow wavelength separation between signal and idler pairs. Recently a source,
which is almost identical to the source described by Silverstone et al. [58], has been
demonstrated by Jin et al. using a lithium niobate monolithic integrated circuit [64].
However, neither of these technique provide heralded pairs which, as described sec-
tion 6.1 of this chapter, are crucial for approaching an effective deterministic photon
source.

This is an area where, in the short term, the FLDW technique has some distinct
advantages. The Interfacing of PPLN with FLDW waveguides means that a very high
efficiency nonlinear source can be used for the production of photon pairs, while a low
loss linear circuit can separate and manipulate those photons (see Fig. 6.11). This could
prove an extremely efficient means of on-chip photon state preparation. Enhancements
could also be made to this setup by providing a dielectric coating on the facets of the
PPLN chip to reduce Fresnel reflections [328]. Laser written waveguides could use
a tapered region to increase the collection efficiency from the PPLN chip. Another
useful application of the wavelength separation would be to include long pass filters
in the circuit to reject the 710 nm pump [326]. The wavelength splitting could also
be narrowed by exploiting techniques used by Ng et al. in fabricating high extinction
WDMs [329]. Their technique exploits a series of cascaded unbalanced Mach Zehnders
and achieves a channel spacing of 3 nm across 30 nm with 15 dB extinction. It would
be possible to modify this arrangement to separate narrow wavelengths from a broad
photon spectrum on-chip.

In this section a description of a preliminary result which uses photon pairs that
are produced in PPLN waveguides and collected by a laser written waveguide chip (See
fig. 6.11). The 1550/1310 photons are separated by a pair of laser written WDMs. The
1310 nm photons travel to the end of the waveguide chip and are collected by heralding
detectors while the 1550 nm photons enter a Mach Zehnder interferometer with a
tunable phase on one arm. The Mach Zehnder interferometer thus acts as a tunable
beamsplitter. Phase tuning is achieved using a thin film resistive heater, deposited on
the surface of the waveguide chip, which heats one arm of the interferometer inducing
a change in refractive index. The design is similar to the Si based source used by
Silverstone et al. [58]. However, it is anticipated that the rates will be much higher
and crucially the wavelength separation will be completed on chip.

6.3.1 Chip design and operation

In order to produce the desired device operation, a Mach Zehnder (MZ) interferometer
is used as a tunable beamsplitter. The arms are separated vertically permitting phase
tuning by producing a temperature gradient between the top and bottom surface of
the waveguide chip (See Fig. 6.11(b)). In order to produce this temperature gradient a
thin film resistive heater is deposited on the surface of the chip. This is the first time
to the authors knowledge that such a technique has been applied to a laser written
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(a)

(b)

Figure 6.11: (a) The layout of a hybrid tunable fully integrated NOON state generator.
(b) A stitched image of a series of microscope images of a hybrid tunable fully integrated
NOON state generator. The Mach Zehnder interferometer arms are separated vertically (into
the page) and hence cannot be seen in this image.

circuit. A nichrome (NiCr 80/20) alloy was chosen due to its high resistivity and good
adhesion to glass. This was first deposited on the surface of the glass in a 10 mm
wide strip above the MZ interferometer arms (see Fig. 6.12(a)). Once this was applied
it permitted a characterisation of the MZ interference visibilities. Once a device was
chosen which had a good overlap between WDM operation and interferometer operation
a patterning step was applied to the metal layer to increase the resistivity and localise
the heat dissipation.

6.3.2 Interferometer design

The change in refractive index (n) per unit shit of temperature (T ), dn
dT

= 1.2×10−5/◦C,
for fused silica. This means, for a π phase shift, an optical path length difference in one
of the waveguides in the interferometer arm of λ/2 = 7.5 × 10−7 m is required. Thus
for the interferometer arms in this experiment of length l = 5 mm, the dn

dT
l = (0.5 ×

10−2)(1.2×10−5) = 0.6×10−7 m/◦C, hence a temperature differential of ∆T = 12.5◦C
is required to produce a π phase shift. A steady state 1D heat flow model describes
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(a) (b)
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Figure 6.12: (a) A side view of the laser written chip with a surface deposited resistive
heater shown on top of a Mach Zhender whose arms are displaced vertically. A temperature
gradient allows for thermally tuning. (b) Position of waveguides in Mach Zehnder interfer-
ometer arm with respect to the surface of the sample. (c) UV laser patterning of a surface
resister.

the variation of temperature as a function of depth in the sample of thickness L,

T (x) = THeater + (TBase − THeater)
x

L
, (6.6)

where THeater is the temperature of the heating element, TBase is the temperature of a
water cooled base plate (we assume this is fixed), L is the thickness of the glass sample
and x is the distance from the surface. The position of the waveguides in the glass
is shown in Fig. 6.12(b). Since we are interested in knowing what THeater is required
achieve a ∆T = T (x1−x2) = 12.5◦C between x1 and x2, we can rearrange equation 6.7
to

THeater =
TBase(x1 − x2)−∆TL

(x1 − x2)
, (6.7)

and if we insert values from Fig. 6.12(b) we obtain a heater temperature of THeater =
89◦C.
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6.3.3 Resistive heater design

In order to produce a NiCr strip across the surface of the chip Kapton tape was applied
to the sample as a simple mask. Using a vacuum deposition system a sample of NiCr
is heated to a high vapour pressure by resistive heating. The deposited film is 100 nm.
The resistance can be calculated from R = ρ s

A
, where ρ is the resistivity of the material

(1 − 1.5 × 10−6 Ωm), s is the length of the resister and A is the cross sectional area.
For a surface area of 3× 10−4 m2 a resistance, R = 10 Ω was obtained which required
a voltage, V = 14 V to obtain a temperature of 90◦C. T the current, I, is calculated
from V = IR, giving I = 1.4 A and a power dissipation P = 19.6 W. This is a large
amount of dissipated heat and means the baseplate must be actively cooled. To do so
a laser chiller was used to chill a copper baseplate. The sample was then placed on
the surface of this baseplate with a layer of thermally conductive paste to maintain
thermal contact. A thermistor placed on the surface of the metal monitored the NiCr
layer temperature (see Fig. 6.13(a)).

This method was sufficient to characterise a large number of interferometers before
an optimal device was found. To produce a heater which can give a temperature
of 88 degrees without dissipating excessive heat a reduction in the surface area was
performed. This was done by UV picosecond laser patterning the NiCr layer. The
ablation threshold for NiCr is below that of glass and the short pulse duration produces
a localised energy deposition. This results in removal of the metal surface with a limited
affect to the glass surface. The UV laser removed material in 5 µm raster periods and
“S” bend was produced with a narrow central strip of 250 µm and 8 mm in length (see
Fig. 6.12(c)). This strip is centred above the interferometer arm. This has a twofold
advantage: an increase in resistance by a factor of 10 and a reduction of surface area
by a factor of 600 meaning low voltage operation can now be achieved. A voltage of
1.8 V is sufficient to produce a localised 90◦C temperature shift. Although in fact the
voltage required for a π phase shift was 12 V due to the fact that the simply 1D heat
flow model did not account for the substantial amount of heat conduction occurring in
all areas surrounding the resistor.

6.3.4 Optical characterisation

As previously outlined the chip features both WDMs, which separate 1310/1550 nm
light, and MZ interferometers which act as tunable beamsplitters. Since ultimately
the interference visibility both classical and non classical depends on the quality of
the MZs, the characterisation centred on these. The device which had the best overlap
between WDM extiction ratio and MZ interference visibility. The WDM splitting ratio
(how much light is transmitted from on waveguide to another) 1310:0.5 dB 1550 7dB
and the corresponding MZ had an interference visibility of 90% (See Fig. 6.13(b)). The
loss (including non-optimal extinction) for the 1550 nm channel was 5 dB and 3.5 dB
on the 1310 nm channel.
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Figure 6.13: (a) A layout of the characterisation procedure. The waveguide chip is placed
in a baseplate and an optical fibre (left) couples light into the circuits and the outputs are
collected using an objective and monitored by a power meter. The surface of the chip is
heated by applying a voltage across the resistive heater which has been patterned across it.
(b) The result of the tuning of the MZI once the resistive heater has been patterned on the
surface.

6.4 Conclusion

By interfacing laser written components with PPLN waveguides it has been possible to
demonstrate device operation which is challenging or impossible using other integrated
architectures. In doing so a demonstration of more sources produced simultaneously
using a single chip has been achieved. These sources have been combined to produce
a single, multiplexed output which can produce photon statistics unobtainable using
any other means. Furthermore the interfacing of nonlinear waveguides with more
advanced circuits has been completed and is an important step toward all integrated
circuits. This work is important for the development of one of the key ingredients
in optical quantum information science, a source of optically encoded qubits. This
could be combined with two qubit gates, such as the controlled-phase gate described
in chapter 5, to enable on-chip scalable quantum computing.
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”My existence led by confu-
sion ships, mutiny from stern
to bow, ah but I was so much
older then, I’m younger than
that now.”

Bob Dylan

7
Conclusion

This thesis outlined the fabrication of integrated optic circuits for use in quantum
information science experiments. The fabrication of circuits was achieved using a laser
inscription technique, the femtosecond laser direct-write (FLDW) technique. This
method has evolved as an alternative, fabrication process, in contrast to other “bottom-
up” processes, such as self assembly, or “top-down” fabrication schemes ,such as photo-
lithography. It could reasonably be called an “inside-out” process and this makes the
FLDW technique unique. It requires no complex preparation procedure or clean room
environment. It has the potential to produce waveguides at multiple depths inside
a material, something which no other platform is designed to do. The technique is
flexible, it requires no photo-mask, but merely a code to direct a sample through a
laser focus. This means a code can be adjusted and changed rapidly. In fact, this
author has often tested fabrication code and writing parameters by simply fabricating
multiple test structures in a microscope slide or a sacrificial glass substrate, analysing
under a microscope and then modifying the codes and parameters accordingly. Further-
more, waveguides are not the only device which can be fabricated using this technique.
microfluidic circuits have been produced in glass samples, along with self organised
sub micro structures. It is these unique features, flexibility and simplicity, that have
motivated the commercialisation of the laser inscription technique. However, the fab-
rication process is by no means perfect and that has meant that the bulk of this thesis
was focused on the fabrication of reproducible optical elements, waveguides and beam-
splitters.

Chapter 3 detailed the methods used for the production of low loss waveguides,
which were single mode at 800 nm, in various glass substrates. Both fused silica
(Suprasil) and borosilicate glass (Corning Eagle-2000 and Schott AF-45) were used as
substrates. These glasses were modified using two laser systems whose main difference
was their repetition rate. This defined waveguide writing parameters such as trans-
lation speed, laser intensity and focusing. It was found that only a small parameter
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regime produced low loss waveguides in fused silica, using the low (1 kHz) laser. The
high repetition rate laser could successfully modify borosilicate and produce waveg-
uides more than 100 times faster than the low repetition rate laser. In addition high
throughput waveguides, with transmission above 70% were found in both Eagle-2000
and AF-45 which were ideally suited to integrated quantum optics applications. It was
found that waveguides fabricated in AF-45 exibited substantially lower propagation
loss than those in Eagle-2000. This was found to be due to trace impurities notably
Fe3+ and substantially limits the lower bound of transmission loss in Eagle-2000 due
to absorption. Prior to this study a detailed loss characterisation for waveguides sin-
gle mode at 800 nm had not been reported. Finally, a study of the formation of
nano-gratings, periodic self-assembled sub micron structures in borosilicate glass was
performed. Nano-gratings were observed for the first time in Eagle-2000 opening up
possibilities for high birefringence optical elements. However, this work was not pur-
sued due to the high loss of the structures.

Chapter 4 studied the application of waveguides as 3D circuit elements. Waveguides
were used to form mode transformations on three and four modes. The three mode
device was a 3D interaction region which simplified the implementation of the three
mode transformation to a single component. Such a structure is only possible using the
3 dimensional fabrication capability afforded by the laser inscription technique. The
four mode device used four individual directional couplers which then attested to the
reproducibility of the procedure during an individual run since these four beamsplitters
were close to their target range. Both devices were characterised using photon pairs
from a spontaneous downconversion source. This was the first time that a non-classical
measurement had been performed on a laser inscribed multiport. The devices operated
as well as fibre based structures [242] and showed more consistent visibilities that on-
chip devices using multimode interference devices (MMI) [330]. These results show
that laser written circuits do have the potential to act as circuit elements and motivate
the further studies of quantum circuits in a subsequent chapter.

Chapter 5 detailed the development of a quantum circuit, the controlled-phase gate,
or Knill gate. It is circuit which applies a phase shift to a target qubit conditional on
the state of a control qubit and is heralded by two photons in a pair of ancilla modes.
This circuit is inherently non-destructive, in principle could be scalable and combined
with single qubit rotations could be used for universal quantum computing. For these
reasons is an exciting device design and the challenge of experimentally producing the
individual components of the circuit was achieved. Three different beamsplitter reflec-
tivities were required necessitating a rigorous study of the evanescent coupling between
waveguides. Furthermore, the potential to reprocess a circuit, correcting beamsplitter
reflectivities which were erroneous was explored. This is the first time such a circuit
had been fabricated and its design was enabled by the high precision of the laser in-
scription technique both in the individual beamsplitter reflectivities and in the relative
phases between these beamsplitters. The full characterisation of this circuit using four
single photons could not be completed since the resources required for characterisation
were not available. This lack of single photon sources motivated the studies contained
in the final chapter.
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Chapter 6 seeks to address the shortcomings of chapter 5 by exploring the integra-
tion of on-chip sources of heralded single photons at telecommunications wavelengths,
with laser inscribed circuits. This led to the interfacing of four nonlinear waveguide
sources with laser written multiport splitting elements and wavelength de-multiplexers.
Prior to this no hybrid source circuit element had been demonstrated and this was the
most heralded sources simultaneously pumped on a single chip ever demonstrated.
These sources were then used to create a multiplexed single photon source, where fast
switches combine individual channels in an effort to produce a higher brightness, lower
noise source than would be otherwise achievable. Finally the outlook section of this
chapter describes ongoing work in the design, fabrication and characterisation of an
entirely integrated photon source generator and manipulator.

7.1 outlook

The final section of each chapter individually addresses the possible routes for advance-
ment of the studies contained in that chapter and here a brief summary of those will
be discussed in a broader context. The overall goal of this work was to advance the
study of quantum information science by using uniquely 3D waveguide chips. The
efficiency of light transmission through a chip plays a crucial role in determining the
feasibility of quantum experiments and hence any methods which can improve this
are crucial to advancing the field. Many of the methods for adapting beam profiles
to reduce spherical aberration as described for instance by De la Cruz et al. [177], or
Salter et al. [165, 165, 170]could be used to produce waveguide tapers. These tapers
could be used to more efficiently collect light from a nonlinear waveguide chip when
forming a hybrid circuit as described in chapter 6. Furthermore, such adaptive schemes
would be extremely well suited to forming circuits within nonlinear substrates them-
selves, such as chalcogenide [217]. Additionally a second order nonlinearity could be
produced in waveguide circuits by using a thermal poling technique [215, 216]. These
methods would begin to reduce circuit size by incorporating additional functionalities
into devices and in doing so eliminates loss that occurs in transmission between devices.

Building on the work contained in chapter 4 a waveguide circuit comprising of con-
catenated three port devices could be used to produce a three port interferometer which
could not easily be reproduced using a lithographic approach. Furthermore provided
the polarisation independence of circuits could be maintained it would be desirable to
scale up the number of modes in the interaction region to produce compact multimode
transformations. Furthermore, an alternative encoding schemes for qubits which uses
the transverse spatial mode of a single photon is also a method for exploiting the 3D
capability of the fabrication technique to allow greater circuit density in a similar chip
area. Components such as photonic lanterns allow one to transition from a multimode
to an equivalent number of single mode components with high efficiency [331].

An exciting goal in the development of on chip quantum circuits is the potential
to produce a monolithic circuit containing photon sources, a routing capability and
detectors. Sources of single photons from laser written waveguides have already been
demonstrated by Spring et al. [210], who have shown that the high extraction efficiency
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of laser written waveguides in silica is sufficient to balance the substantially lower
intrinsic nonlinearity of the material. Furthermore the same group has demonstrated
waveguide based detectors using laser written waveguides [74]. This makes the FLDW
technique one of the few fabrications methods to have shown the individual components
on a monolithic circuit. In the future combining all of these individual elements should
be a goal of the community.
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Appendix I: Waveguide theory

A brief overview of the background theory of optical waveguides is contained here.
However this is by no means an exhaustive review as a detailed background in optical
waveguide theory can be found in the two source textbooks [332, 333].

A conventional optical waveguide guides light by total internal reflection and has
only a few free parameters: the refractive index of the higher index core nco, the
refractive index of the cladding ncl, the radius a of the nco region and the wavelength
of light, λ which is propagating. Using this information the properties of the waveguide
such as the number of modes it supports and the size of those modes can be calculated.
The properties of a waveguide can be found, starting with the harmonic time form of
the scalar wave equation,

∇2E + k2
0ε(~x, k0)E = 0, (A.1)

where the free space wavenumber is k0 = 2π
λ

and the dielectric constant is ε(~x, k0). A
solution for the electric field E(x) of the form,

~E(x) =
1

2

(
ax̂eiβzf(x, y) + c.c.

)
(A.2)

can be inserted leading to the eigenvalue equation,[
∇2
t + k2

0ε(x, y)
]
f = β2f. (A.3)

Here, ∇2
t = ∂2f

∂x2
+ ∂2f

∂y2
is the transverse Laplacian, f(x, y) the transverse mode profile

and β is the eigenvalue which is referred to as the propagation constant. This is an
important parameter which we can now use to define a dimensionless parameter called
the effective index neff = β

k
, which is convenient to use when discussing waveguide

properties. By rewriting Eq. A.3 in terms of neff we can see the convenience of this
definition:

∇2
tf = k2

0(n2
eff − ε(xt))f, (A.4)
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results in modes with an exponentially decaying relationship if n2
eff − ε(x, y) > 0 (with

normalisation 〈f |f〉 = 1) and localised within the waveguide core (provided neff > ncl).
These are referred to as bound modes and propagate within the waveguide. Other
solutions for which neff < ncl are oscillatory and are referred to as radiation modes.
The wave equation can be solved for a circularly symmetric step index fibre by using
symmetry arguments to simplify complex equations composed of Bessel and Hankel
functions. The scalar wave equation can be written in cylindrical coordinates ( with
radius ρ, azimuthal angle φ and propagation direction z):

∂2Ez
∂ρ2

+
1

ρ

∂Ez
∂ρ

+
1

ρ2

∂2Ez
∂φ2

+ k2
0(ε(ρ, φ)− n2

eff )Ez = 0. (A.5)

A solution for Ez is given by

Ez =

{
AJ0(κρ) 0 ≤ ρ ≤ a
BK0(σρ) ρ > a

, (A.6)

where J0 and K0 are zeroth order bessel functions with constants A and B, while

κ = k0

√
n2
co − n2

eff and σ = k0

√
n2
eff − n2

cl. By applying a separation of variables and

requiring the fields to vanish at an infinite radius and be continuous at the core-cladding
interface while the scalar approximation imposes the weakly guiding approximation
nco/ncl ∼= 1, the dispersion relation for the linear polarised (LP) modes can be written
as:

J
′(κa)
m

κaJm(κa)
+

K
′(σa)
m

σaKm(σa)
= ±m

(
1

(κa)2
+

1

(σa)2

)
. (A.7)

We can define the refractive index contrast which is the relative index difference,

∆ =
n2
co − n2

cl

2n2
co

(A.8)

and we can use this and Eq. A.7 to define the normalised frequency V ≡
√

(κa+ σa) =

k0a
√

2∆. These equations can be used to determine the properties of a waveguide, such
as the single mode cutoff which occurs for V = 2.405 in a step index waveguide. The
resultant optical intensity distribution of the mode, or mode field diameter (MFD), can
be calculated using the Gaussian approximation (valid to within 90% for V > 1) [180],

MFD = 2a

(
.65 +

1.619

V
3
2

+
2.879

V 6

)
(A.9)

as shown in Fig. A.1. This figure shows the MFD for the typical range of refractive
index contrasts and waveguide diameters obtained using the laser inscription technique.

Waveguides brought in close proximity can exchange energy through the evanescent
coupling which occurs from the exponential decaying portion of the field outside the
waveguide. The field can be expressed as a linear combination of the normal modes of
the system,

Ẽ =
∑
m

Am(z)Em(x, y)e(i(βmz)) + c.c., (A.10)
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Figure A.1: Mode field diameter (MFD) plotted for the range of index contrasts (∆n)
and waveguide diameters attainable using the FLDW fabrication method (using Eq.3.14).
The top right shaded region shows the single mode cutoff, while the bottom shaded region is
where the majority of the mode is no longer confined in the waveguide region.

where the amplitude coefficients are defined by Am. This equation is inserted into
Eq. A.3. For a pair of waveguides in the case of co-directional coupling (β1 > 0,β2 > 0),
coupled mode equations can be formed:

dA1

dz
+ iCA2e

i(β1−β2)z = 0
dA2

dz
+ iCA1e

i(β2−β1)z = 0
(A.11)

where the coupling coefficient,

C =
k0

2neff
(n2

co − n2
cl)

∫
2

E1(x, y)E2(x, y)dxdy. (A.12)

A solution of Eq. A.11 is:

A1(z) = A1(0)cos(Cz)
A2(z) = −iA1(0)sin(Cz)

(A.13)
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when light is launched in waveguide 1. The light oscillates sinusoidally between waveg-
uides and the propagation length required for a full oscillation is called the beat length
lB = π/C. It is also important to note that the coupling coefficient contains a wave-
length dependence and therefore the beat length is also a function of wavelength. This
fact is exploited in chapter 6 to form a coarse wavelength division multiplexer (WDM).



”The Light of Death [in ref-
erence to a laser]: get some
people to devote entirely to
this. Feed them and don’t let
them do anything else.”

Mao Tse Tung

B
Experimental methods

In this appendix the methods used to produce waveguides and waveguide circuits in
glass substrates will be outlined. Throughout this thesis an iterative approach as
shown in Fig. B.1 has been used. Devices are fabricated and ultimately characterised
to measure and calibrate their performance. At each step new methods or approaches
unique to that specific device are often applied necessitating many trips through the
iterative cycle to produce a desired performance. One of the true advantages of the
FLDW technique is the flexibility to adjust the fabrication process quickly and to
apply new methods or test procedures between production cycles. Hence, there is no
simple fabrication recipe but rather an approach. Furthermore, many of the techniques
described here have only been applied to a device which was designed and fabricated
for a single experiment.

B.1 Waveguide fabrication

Recall from chapter 2 that two modification regimes were identified. These relate to
the repetition rate of the laser and result in thermally induced modifications or an
athermal response. These material responses are explored using two laser systems, a
repetition rate and low repetition rate system.

B.1.1 Low repetition rate laser: Hurricane

The Hurricane laser system is a regeneratively amplified Ti:sapphire with a 1 kHz
pulse train, up to µJ range pulse energy and 120 fs pulse duration. The system is
composed of four interlinking sections: an oscillator, a regenerative amplifier, a pump
laser and a pulse stretcher/compressor (arrangement shown in Fig. B.2). An oscillator
(Mai-Tai), composed of a Ti:Sapphire crystal which is pumped by a frequency doubled
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Figure B.1: Schematic of the device prototyping cycle. This cycle can take from 1 day
to several months depending on device requirements and resource availability.

Nd:YVO4, provides a seed pulse of 120 fs with a repetition rate of 80 MHz to an
amplifier. A regenerative amplifier (RA), using chirped pulse amplification (CPA), is
used to increase the pulse energy. The RA is composed of a cavity with a Ti:sapphire
crystal, pumped using a 5 W 532 nm frequency doubled Nd:YAG, with the output
coupling achieved using a Pockels cell. A pair of diffraction gratings are used to stretch
the pulse before entering the RA to allow amplification of the pulse to occur without
resulting in excessively high peak powers which would damage the gain medium. After
the seed pulse has been stretched and amplified in the RA it is switched out using a
Pockels cell which is triggered at 1 kHz. These pulses are then recompressed using a
second pair of diffraction gratings and exit the laser.

The output power of the laser system is controlled externally using a polarising
beamsplitter (PBS) and halfwave (HW) plate (800 nm zero-order). The HW plate
is mounted on a motorized stage (Aerotech ADR75 direct drive rotary stage) which
is then computer controlled (U-axis). The beam then passes through an optional
set of increasing optical density filters to provide an additional control over the output
intensity. Laser polarisation is controlled using a Berek compensator (New Focus model
5540). Finally the beam passes through a slit which produces an elliptical beam cross
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section in order to increase the symmetry of the waveguides [169]. The beam passes
through an objective and onto the sample which is mounted on a vacuum chuck fixed
to a three axis translation stage (Aerotech).

Figure B.2: Schematic of the Hurricane laser internal components (above) and an image
which shows the actual layout of the corresponding components in the laser (below)(images
courtesy of Spectra physics).

B.1.2 High repetition rate laser: Femtosource XL

This laser system was the main laser used during this thesis. The laser (Femtosource
XL 500, Femtolasers) is a Ti:Sapphire chirped pulse oscillator with no additional ampli-
fication stage. The key advantage of this system is that it provides a balance between
high pulse energy and moderately high repetition rates. The advantage when compared
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to Ti:Sapphire amplifiers (kHz repetition rate and mJ pulse energy) is that it permits
operation in the cumulative heating regime, where multiple pulses arrive successively
before the characteristic thermal diffusion time of the material. However, it provides
a higher per-pulse energy than conventional mode locked amplifiers (<100 MHz and
several nJ pulse energy), meaning that higher bandgap materials can be successfully
modified.

The laser system layout is shown in Fig. B.3. A cavity length of 30 m, which in-
cludes a multipass Heriott cell [334], defines the repetition rate of the laser of 5.1 MHz.
This long cavity length enables pulse energy scaling but requires careful intracavity
dispersion management [335, 336]. The intracavity dispersion is controlled using dis-
persive optics providing a positive group delay dispersion (GDD) meaning a long pulse
circulates in the cavity experiencing gain but avoiding excessive peak power which
would destroy optical components [337]. A semiconductor saturable absorber mirror
(SESAM) provides an intensity dependent loss in the cavity assisting in stabilized
mode locked operation [338]. The Ti:sapphire crystal is cooled to 240 K in a dry flow
air chamber and pumped with a continuous wave, frequency doubled (1064-532 nm)
Nd:YVO4 laser (Millennia XV, Spectra Physics). After the output coupler the pulses
are compressed using a tunable prism pair compressor providing a negative GDD and
the resulting compressed pulses are <50 fs duration. The pulse energy is up to 550 nJ
giving an average power of 2.7 W at a central wavelength of 800 nm.

Figure B.3: Schematic of the Femtosource XL cavity layout (images courtesy of Spectra
Physics).

As in the low repetition rate system, the output power of the laser system is con-
trolled externally using a polarising beamsplitter (PBS) and halfwave (HW) plate. The
beam is expanded and passes through a Pockels cell which can be used to adjust the
repetition rate of the laser. It then passes through a HW plate and PBS which can be
tuned manually. This step allows the selection of maximum transmission when using
the 5.1 MHz pulse train or can be operated for maximum extinction. In the case where
the HW plate and PBS are aligned for maximum extinction, the Pockels cell applies a
halfwave rotation when triggered which means only the pulses selected by the Pockels
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cell can be transmitted. The beam is then directed through a final quarter wave (QW)
plate. When aligned at 45◦ to the incoming linear polarisation, the QW produces a
circularly polarised beam or at 0◦ produces no change to the input polarisation. The
beam is then directed vertically, using a periscope, and directed toward the translation
stages used for translating samples with respect to the beam. A transparent vacuum
chuck, with LED illumination from below, is mounted on top of the translation stages
(Aerotech) to hold samples in place during fabrication. A vision system is mounted
above the translation stage, permitting alignment and active monitoring of the sample
fabrication. The vision system is a combination of a lens (Raptar, Wollensak) and
CCTV camera (DH745 colour, Sony).

B.1.3 Translation stages

Waveguides in this thesis were all fabricated by translating glass samples with respect
to a laser focus. To effectively, efficiently and reproducibly perform this process a set of
three-axis Aerotech linear translation stages were used. The stages used for each axis
are chosen according to their function. The Z axis which moves a sample parallel to the
laser focus is an Aerotech WaferMax Z lift stage with 5 mm of travel and a maximum
translation speed of 240 mm/min. The Y axis uses an ABL1000 linear motor air
bearing stage as this is the stage that moves in the direction of the waveguides. The
final stage, at the base of the setup, is an ABL2000 which moves the stage laterally
perpendicular to the direction of the waveguide writing direction. Both the X and Y
stages feature a maximum of 3000 mm/min translation speed and 100 mm of travel.

B.1.4 Glass selection and preparation

Glass selection must be appropriate both to the device being designed but also the
laser parameters being used, since the two laser systems used are so different it meant
that glass selection was driven by this feature. The low repetition rate system can
offer short pulse duration (< 200 fs), high pulse energy (> 1 µJ) but a low repetition
rate (max 1 kHz). This is sufficient to initiate nonlinear absorption in most materials
including fused silica. Fused silica such as Lithosil is extremely pure and ideal for
low loss structures for telecommunications applications. Furthermore, Suprasil, con-
tains an OH− impurity, which fluoresces at 650 nm, allowing waveguide circuits to be
imaged from the surface and intensity distributions in waveguide arrays to be moni-
tored [339]. However, the low repetition rate system, which operates almost exclusively
in the athermal modification regime [109], has the limitation of requiring extremely low
sample translation speeds of 1-10 mm/min and multiple overpasses (2-8) to produce a
practical index change. This means a typical circuit, consisting of four waveguides each
30 mm in length would take between 0.5-16 hrs. Since typically multiple circuits must
be fabricated, varying parameters such as laser power, translation speed and circuit
designs, it can take several days to produce a single sample. During this period tem-
perature fluctuations in the surrounding environment become a significant contributor
to the uniformity of structures and ultimately limits the flexibility of design.
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The high repetition rate laser has a short pulse duration (∼ 50 fs), a low pulse
energy (< 600 nJ) and a high repetition rate of 5.1 MHz. The low pulse energy and
high repetition rate originate from the 30 m long cavity (Herriot cell) used in the laser
oscillator which is subsequently unamplified. The high repetition rate is advantageous
for producing devices rapidly and translation speeds of 500-2000 mm/min are suffi-
cient to produce waveguides. Furthermore, a Pockels cell in the beam path allows the
repetition rate to be changed. This is advantageous for instance if there is a need to
switch rapidly between a thermal or athermal modification regime. However, due to
the low pulse energy it is not possible to efficiently modify fused silica to produce low
loss waveguides. It has been observed that high repetition rate modifications in fused
silica lead to a pearl chaining (repeated chains of refractive index chains resembling
a pearl chain necklace) effect due to its high bandgap. Hence, borosilicates includ-
ing Schott AF-45 and Corning Eagle 2000 were the optimal candidates for producing
smooth, thermally induced refractive index change.

Preparing glass samples which come as unprocessed ingots requires a substantial
investment in time and energy. This process involves dicing an ingot using a diamond
blade and polishing the two faces of the sample to achieve a high quality optical surface
for producing a laser focus in the material. This was not required since the author
purchased samples (or used already prepared samples from S. Gross, M. Ams and G.
D. Marshall) for laser inscription experiments. Typically the only procedure required
was to take a polished glass sample and cut to the appropriate size using a diamond
blade CNC dicing saw (SYJ-400, MTI Corp.).

B.2 Postprocessing methods

B.2.1 Thermal treatment

Eaton et al. first thermally annealed laser written waveguide structures in glass, show-
ing that refractive index modifications can be altered [110]. Arriola et al. have shown
that by thermally annealing waveguides, written using a high repetition rate laser in
the thermal regime, it is possible to modify the induced refractive index change of
a waveguide and increase coupling efficiency and reduce bend losses [111]. This has
enabled the fabrication of advanced photonic circuitry, low loss waveguides and waveg-
uiding structures in borosilicate and doped borosilicate glasses [111, 340–342]. Thermal
annealing has also been applied to other glasses including chalcogenide glass [343]. The
procedure involves heating the glass above the annealing point of the material before
slowly cooling below the strain point in order to avoid inducing any stress fields. Fig-
ure B.4 shows the refractive index distribution of a laser written waveguide both before
and after thermal annealing. In this image, before annealing, a core region of high re-
fractive index with a surrounding region of low refractive index and another ring of
high refractive index can be seen. After the thermal treatment the refractive index
distribution has been altered and the outer region of high refractive index has been
removed.

The origin of the laser induced refractive index distribution (for high repetition
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Table B.1: Thermal characteristics of Schott AF-45 and Corning Eagle-2000 [196, 197].

Material AF-45 Eagle-2000

Strain point 627◦C 666◦C
Annealing point 663◦C 722◦C
Softening point 883◦C 985◦C

rates >100 kHz) change is suggested to be due to ion exchange occurring in the focal
region and electron probe microanalyzer (EPMA) measurements of materials before
and after laser irradiation support this hypothesis [344, 345]. Furthermore, studies
of the temperature changes occurring during laser processing further elucidate the
required temperatures for elemental migration to occur [346]. This helps to shed light
on why, after the thermal annealing of laser written waveguides, the outer positive
refractive index region is removed while the core is preserved. Elemental migration
requires temperatures above those which occur in annealing and it is postulated that
molar refractive index change is the origin of this outer refractive index region and can
therefore be eliminated by thermal annealing [111, 126].

In order to reproducibly modify a refractive index distribution of a laser written
structure, some knowledge of the material properties is essential. The thermal proper-
ties of the two borosilicate glasses used in this thesis, Eagle-2000 and Schott AF45, are
summarised in Table B.1. In annealing experiments, Eagle-2000 sample was heated to
a maximum 750◦C, while the AF-45 was heated to a maximum 690◦C. The heating
and cooling profile involved two steps each. The heating cycle involved heating quickly
(10 minutes) to the stress point of the material and subsequently heating very slowly
to the maximum temperature (2 hours). The cooling cycle involved a very slow cooling
time (10 hours) from the maximum temperature to the stress point and subsequently
a faster cooling speed (5 hours). The maximum temperatures correspond to a slight
excess over the material annealing point (as shown in Tab. 3.1) but below the softening
point of the material [196, 197]. To avoid inducing any addition stress in the material,
a consistent and slow temperature profile was used. This was achieved using a com-
mercial heat treatment furnace composed of a ceramic chamber surrounded by heating
elements and thermally isolated from the environment using thermal insulation materi-
als. This system is capable of reaching temperatures of 1100◦C. A temperature profile
can be programmed by using the integrated Shimaden FP21 (Shimaden Co. Ltd.) con-
troller which permits multiple (up to 9) temperature settings in a single profile. Care
is taken to minimise large temperature fluctuations when approaching temperatures
close to or above the stress point of the material.

B.2.2 Grinding, polishing and etching

Once waveguide structures have been formed in glass samples they then need to be
exposed to facilitate characterisation. For the majority of devices in this thesis the
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Figure B.4: A measurement of the refractive index profile of a laser written waveguide
before thermal annealing (left) and after (right) [111].

edges of a sample must be ground and polished. This is for two reasons. Firstly, when
a laser reaches the edge of a glass sample waveguide tapering occurs over a distance
of approximately 200 µm, which must then be removed to improve coupling to an
optical fibre. Secondly, polishing the waveguide facets of a sample reduces scattering
losses when coupling to an optical fibre and also allows free space coupling as seen in
Fig. B.13.

Grinding and polishing of sample facets is achieved using a Logitech PM4 and PM5.
The grinding process uses a large cast iron plate which is then coated continuously in
a slurry containing suspended grit (Al2O3) of maximum sizes of 25 µm, 5 µm and
1 µm (Micro Abrasives Corporation, MA). The plate is then dressed in order to ensure
uniform coating and surface flatness. Then a sample is placed on the plate using a
PP5 jig, which uses a custom made adaptor (the star designed by Simon Gross) to
suspend samples perpendicular to the grinding wheel. Samples can be attached to
the star using UV curing adhesive (Norland Blocking adhesive). The PP5 jig permits
angular adjustment to ensure the sample is perpendicular to the grinding wheel and
an adjustable, spring loaded, mount to fix the pressure between the sample and the
grinding wheel. This is chosen to be sufficient to remove material quickly while avoiding
excessive pressure which would cause cracks and damage to the sample. The conceptual
approach of the lapping procedure is to remove material gradually (∼ 5× grit size) and
at each stage decrease the grit size. The amount of material removed from the sample
is monitored using a micrometer attached to the PP5. Material is removed from the
sample at a rate determined by the hardness of the sample, the size of the particle size in
the lapping compound and the sample pressure on the lapping wheel. Once the sample
has been ground and a visual inspection confirms no chips or scratches are present,
the polishing process can begin. This procedure uses a polyurethane foam surface
wheel and an aqueous slurry of colloidal silica (80 nm mean particle size) suspended in
an alkaline solution to prevent aggregation (Ultra-solTM 500S, Eminess Technologies
Inc., AZ). To prevent this solution from drying and solidifying a low alkalinity (pH∼
9) NaOH solution is also applied to the polishing wheel during processing. Once
this procedure is complete the star holder and sample are removed from the PP5
jig, immersed in a beaker of acetone to remove the bonding adhesive and the process
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is hastened by placing the acetone in an ultrasonic bath.

In addition to polishing glass samples to reveal waveguide facets, it is also desirable
to polish the surface of glass chips to expose waveguides for additional characterisation
procedures such as scanning electron microscopy (SEM). This can be competed using
the PP5 jig and Logitech polisher. Subsequently, in order to study sub-micron struc-
tures within the waveguides, a selective etching procedure was required to increase the
contrast necessary for imaging using SEM. This was completed using a hydroflouric
(HF) acid etch. A glass sample, with an exposed waveguide, was submerged in a HF
acid bath of varying concentrations and durations. The etching procedure used iden-
tical samples with immersion durations of 60 and 90 seconds in a HF concentration of
5% (5%=15 mL H2O and 1.5 mL of 50% HF acid). The results of the etching process
are displayed in Fig. B.5 and further information is contained in chapter 3. It was
revealed by SEM analysis that the optimum etch duration was not reached and even
the 60 second etch was too long resulting in significant degradation of the contrast of
sub micron structures in the waveguide.

Alternatively, etching can be performed using focused ion-beam mills (Leica EM
TIC 3X triple ion-beam cutter). This has the advantage of removing very small quan-
tities of material very slowly leading to a very smooth cut with feature roughness
below 100 nm. Furthermore, this could be maintained over depths of several mm (see
Fig. B.6).

Figure B.5: A waveguide from a top down view shows the result of HF etching durations
on the contrast available in SEM images. An identical sample has been exposed to 90 s of
etching in the left SEM image and 60 s in the right image.
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Figure B.6: Showing the result of the triple beam Leica cutter. The inset shows the SEM
image of the edge of a waveguide chip after irradiation for 3 hours.

B.2.3 Deposition techniques

Deposition of materials on the surface of glass samples is important for two processes,
firstly a conductive coating must be applied when imaging using an SEM to prevent
charge buildup. Secondly, it is desirable for post-processing and tuning applications to
use a metallic surface deposited layer as a resistive element.

The deposition system used was thermal evaporator (Leybold) which was modified
in house to include a turbo molecular pump enabling pumping to high vacuum (<
10−7 mbar) quickly. A sample is placed in a vacuum chamber and an electrical current
is passed through a tungsten boat containing a metal (See Fig. B.7). This causes the
metal to heat and vaporise thus coating the sample. The thickness of the coating on the
surface of the metal can be monitored using a quartz piezo crystal thickness monitor
(STM 100, Sycom) capable of monitoring average film thickness down to Angstrom
resolution. The metal in the boat is heated by a current which is gradually increased
to achieve a deposition rate of 2.5 Å/s, this gives a balance between efficient deposition
and uniform thickness across the sample. This was especially crucial in the case of the
deposition of a nickel-chromium alloy (NiCr concentration: Ni-80%, Cr-20%) which, at
the vaporisation temperature of 1100 ◦C and a vacuum of 10−7 mbar, has a tendency
to form an alloy with tungsten and therefore destroy the evaporation boat if operated
for long durations. A film thickness of 100±1 nm was achieved for the NiCr metallic
film. To produce a 10 mm wide strip across the sample a simple mask of Kapton tape
was used since it does not out-gas in high vacuum.

The NiCr alloy showed excellent adhesion to the glass surface and was not removed
by the application of mechanical pressure or from immersion in solvents such as ethanol
or acetone. This makes it a robust material for the production of metallic thin films
on glass surfaces and its high resistivity makes it useful for the production of resistive
heaters. However, conventional solder does not adhere well to NiCr making it difficult
to bond wires to the surface of a sample. Hence a layer of gold was chosen to produce
an additional intermediate layer between the solder and NiCr to form contacts. Once
the NiCr coating was removed from the vacuum chamber it began to oxidise and the
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gold adhesion was poor. Unfortunately gold does not adhere well to oxidised samples
meaning when coating either glass or oxidised chromium, it is easily removed by very
minor mechanical force and immersion in liquids. However, it was later found that the
best means of attaching a wire to the NiCr surface was using a conductive adhesive.

Figure B.7: An image showing the the thermal deposition system, the inset shows the
bottom of the sample holder (c) and piezo crystal monitor (b) which is directly facing the
boat containing the metal to be deposited (a). The Kapton tape (yellow coating) which acts
as a crude mask can be seen on the surface, bases and facets of the sample (Schott AF45
30 mm×30 mm) to be coated.

B.2.4 Laser reprocessing and post-processing

Modifying a photonic chip, after it has been fabricated, is a highly desirable technique
due to challenges in improving the reproducibility of the laser processing technique.
This can be achieved by either reprocessing a circuit, where the parameters of a circuit
are changed after it has been fabricated by tuning it permanently, or by post-processing,
where an additional functionality can be employed such as a tunable circuit element.
In this thesis both approaches were employed to improve the operation of circuits.

A reprocessing step was employed to adjust the splitting ratio of directional couplers
used in a laser written circuit and its application is discussed in detail in chapter 5.
A laser written chip was fabricated, characterised and subsequently packaged (see sec-
tion B.3.3). The chip was then placed on the vacuum chuck fixed to the motion control
stages of the Femtosource XL laser. Light from a diode laser was coupled into the
input of the device and the intensity at both output ports monitored using two power
meters. Using the vision system the laser focus can be aligned to the waveguide splitter
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which is to be modified. This means that the chip can now be tuned by writing over
one arm of a directional coupler with respect to another until the correct beamsplitter
ratio is reached. Using this process the beamsplitter reflectivity could be tuned to
within ±5% which could be improved by modifying the structures using an athermal
processing regime. This method, although effective, was extremely inefficient since
minor misalignment can also cause large amounts of scattering loss as can be seen in
Fig. B.8.

Figure B.8: A microscope image of a highly lossy modification located between two
waveguides forming a directional coupler. The scattering from a 635 helium-neon laser is
visible and resulted in a loss of 12 dB.

Post-processing was used to produce a low voltage operation resistive heater on the
surface of a waveguide chip (See chapter 6). This permits the temperature tuning of
one arm of a Mach Zehnder interferometer to create a tunable beamsplitter. This was
achieved by ablating a NiCr surface deposited thin film forming a narrow strip which
acted as a localised heater (See Fig. B.9). A UV laser can ablate NiCr films enabling
the removal of NiCr from the surface of a chip with very little effect to the glass surface.
This process took a 10 mm wide strip of NiCr with an initial resistance of 10 Ω and by
producing a 250 µm wide strip in the NiCr layer the resistance was increased to 200 Ω.

B.3 Characterisation processes

B.3.1 Microscopy

One of the primary characterisation processes used for analysing waveguide structures
is microscopy. Both longitudinal and cross sectional images of buried structures in
transparent substrates can be collected by using a transmission differential interference
contrast (TDIC) microscope. This instrument is capable of imaging structures which
display a minor variation in refractive index and hence is ideal for imaging buried
waveguides in glass.
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Figure B.9: Schematic of the surface patterning applied to a laser written chip to fabricate
a low voltage operation resistive heating element.

The TDIC microscope (Olympus IX81) is an interferometric beam-shearing tech-
nique. This method increases the contrast of minor path length variations caused by
small variations in refractive index. This allows the imaging of waveguides, buried in
glass substrates, with small variation of refractive index (∆n < 10−2) compared to the
surrounding bulk. The beam-shearing method uses a pair of birefringent components
(Wollaston prism) which separates the light, polarised at 45◦ to the optical axis, into
spatially separated orthogonal components. These are transmitted through the sample
by the condenser, collected by the objective and the second Wollaston prism and pass
through an analyser (See Fig. B.10). Upon passing through the sample the orthogonal
polarisations may experience a different optical path if they pass through regions of
different refractive indices and this results in a phase difference which, upon passing
through an analyser, is translated into an intensity change. Thus the TDIC method
increases the contrast available from minor refractive index change. This is a suitable,
non-destructive, method for viewing the shape and cross section of waveguides at mi-
cron resolution. However to image sub-micron formations within the waveguides an
SEM is required.
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(a) (b)

Figure B.10: (a) The Olympus IX81 microscope and (b) the operational principle of the
differential interference contrast imaging technique (Images courtesy of Olympus America).

Scanning electron microscopy (SEM) is an imaging technique which uses a beam
of focused electrons for imaging structures at a scale of nanometres. Electrons can
be produced by the thermionic emission from a material and an accelerating voltage
can be used to direct and translate the beam across a sample. The accelerating volt-
age can be from 0-40 keV and when electrons strike a sample they can then scatter
elastically, inelastically or emit electromagnetic radiation which can be detected. The
SEM used for imaging waveguides in this thesis (JOEL 6480LV) incorporated detec-
tion methods for backscattered electrons (BSE), secondary electron imaging (SEI)and
energy dispersive spectroscopy (EDS) to image structures. A sample is mounted on a
carbon stubbed post, coated in gold if not conductive and then inserted into the SEM
vacuum chamber. Once the system is evacuated samples can be imaged. Accelerating
voltage has the most significant effect on image quality. At low accelerating voltages
the BSE can be imaged however it is essential to use high accelerating voltage to image
secondary electron emission.
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(a) (b) (c)

Figure B.11: (a) The JOEL 6480LV and (b) the operational principle of scanning elec-
tron beam microscopy (Images courtesy of JOEL and Debra Birch), (c) gold coated sample
mounted on carbon tipped post.

B.3.2 Waveguide characterisation

Assessment of the operation of waveguides and circuits centres on the guidance prop-
erties of a device. Light is coupled into and out of waveguide circuits using optical
fibres or arrays of optical fibres (V-groove arrays). These are typically mounted onto
a holder and fixed to 6-axis flexure stages (Thorlabs NanoMax600 series). Two stages
(right and left handed) are located on either side of a vacuum chuck which holds the
device-under-test (DUT) (see layout in Fig. B.12). The vacuum chuck is placed on a
3-axis (Newport XYZ) stage to allow coarse alignment of the DUT. The 6-axis stages
are fitted with piezo-controllers and drivers for fine alignment control. The sample
and fibres could be imaged and roughly aligned using a vision system consisting of an
adjustable lens tube (Navatar) and CCTV camera (SH745, Samsung). The imaging
system was mounted directly above the DUT on a 3-axis translation stage along with
a fibre optic illumination system (Navatar) coupled to the base of the lens tube.

A variety of fibre coupled laser diodes were used for characterisation of devices.
Typically a 658 diode was used for coarse alignment as it is easily seen by eye. How-
ever, 808 nm, 1310 nm and 1550 nm diodes (4-channel diode, Thorlabs) were used for
characterisation of device propagation properties at specific wavelengths. In addition
a fibre coupling setup was also used to couple light from a tunable (700-1100 nm)
femtosecond (∼100 fs) laser (Chameleon, Coherent Inc.) into waveguide devices.

Fibres can be interfaced with either side of a waveguide device but it is also practical
to couple light into one port of a waveguide device and image the near field output of
the other. This allows one to perform characterisations of the shape of the mode of
a waveguide. The output of a multiport device is shown in Fig. B.13 where a single
fibre couples red light (658 nm) into the input of a waveguide chip while an objective
captures the output distribution which can be seen on the white screen behind. More
details on the methods used to characterise near field waveguide profiles is contained
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in chapter 3.

Figure B.12: Schematic of the characterisation setup for coupling light in and out of
waveguide samples.

Figure B.13: Image taken of the characterisation procedure used to determine the split-
ting ratio of a four-port waveguide splitter. Here light is taken from a single input fibre
coupled into the circuit and collected at the output by an objective and four illuminated
ouputs can be seen at 700 nm. Here a power meter was replaced with a white background
screen for demonstration purposes.

B.3.3 Photonic chip packaging

As manufacturing processes advance the efficient interfacing of multiple optical compo-
nents with other photonic circuitry becomes crucial. A range of structures and fabrica-
tion procedures exist which can produce photonic interconnects [347, 348]. Much of this
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has been driven by the advances in silicon-on-insulator waveguide technologies where
mode sizes are substantially smaller than those of a single mode fibre such as SMF-28.
Advanced approaches currently exploit mode tapers or grating couplers [349, 350]. In
this thesis the mode field diameters of the waveguides closely match those of a standard
single mode fibre so novel techniques are not essential. Most commonly a V-groove
array is used which is a planar array of waveguides equally spaced by 125/127/250 µm.
These are commercially available and offer fibre arrays from 2 to 64 channels. The spac-
ings are defined by the etch rate of the crystalline silicon substrate, although custom
spacings are obtainable.

Typically when performing extended characterisation procedures, using chips in an
environment where multiple 6 axis stages are not available or for active monitoring of
reprocessing it is desirable to package chips using UV curing adhesive and V-groove
arrays. This requires aligning the V-groove facets with the waveguide chip and opti-
mising input and output coupling using a multiaxis alignment system (see Fig. B.12).
Once the coupling has been optimised a UV curing adhesive (initially a viscous liquid)
is applied to the location requiring bonding. Then a low intensity UV torch is used to
cure and polymerise the adhesive, during this time minor adjustments to coupling are
performed to compensate for the expansion/contraction of the adhesive during curing.
Finally a high intensity UV dosage is applied, ideally for a long period of time, to the
bonding area. Figure B.14 shows a packaged chip which displays the bonding regions
and V-groove facets.

The UV curing adhesives used for the experiments described in this thesis are from
Norland and adhesives 61, 65 and blocking adhesives were used and no significant dif-
ference in performance noted. The disadvantage of the UV curing adhesives is their
susceptibility to temperature fluctuations and damage thresholds. The UV adhesives
experienced fluctuations in bond position due to heating from input laser intensity, from
the fibre, and surrounding environmental temperature changes (>10 K). A threshold
of ∼20 mW average power was observed to damage the adhesive resulting in coupling
changes and ultimately irreversible photo-darkening. Alternatives to UV curing do
exist and novel approaches such as silicone rubber bonding show excellent adhesion
and temperature stability [351]. Furthermore companies routinely use UV curing ad-
hesives for high power applications and therefore it is possible a more effective means
of photonic chip bonding is available.

B.3.4 Temperature stabilisation

In chapter 6, a periodically poled lithium niobate (PPLN) chip is used to produce cor-
related photon pairs. To fine tune the phase-matching wavelengths of downconverted
photon pairs and prevent photorefractive effects the PPLN chip must be heated [320,
324]. The temperature must be tunable and also be maintained stable since the
phase-matching condition is temperature sensitive. A 1 K temperature shift results
in a 4 nm central wavelength shift of downconverted photons. To produce photons
at 1310/1550 nm a temperature of 363.0 K is required and this is maintained to
within 0.1 K. The layout of the control system for maintaining the oven tempera-
ture is shown in Fig. B.15(a) and the layout of the actual oven in the experiment is
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Figure B.14: Layout of the V-grooves bonded to the facets of a waveguide chip. Inset
shows the facet of a V-groove array where waveguides are spaced equally in an etched silicon
substrate. Image of a packaged chip with blue fibres, polarisation maintaining (PM) single
mode (SM) fibres at the input to the chip and SM at the output. The inset shows a close up
image of the V-groove arrays bonded to the input and output facets of the waveguide chip.

shown in Fig. B.15(b). By using a feedback from the baseplate to monitor the tem-
perature change a thermoelectric cooler (TEC) controller was capable of providing a
driving voltage to a resistive heater to stabilise the temperature of the baseplate to a
selected value. An external power supply was used to provide the voltage required to
coarsely set the temperature at a particular value meaning the TEC was only required
to provide very small current changes.

B.4 Photon pair source

B.4.1 Spontaneous parametric downconversion

One of the crucial components required to perform a non-classical characterisation of
a waveguide circuit is a source of multiple, indistinguisable, single photons. Unfortu-
nately, an on-demand source of single photons has yet to be demonstrated. Currently
the best available means of producing identical photons is to use spontaneous paramet-
ric downconversion (SPDC) [352]. This process uses a material which exhibits a χ(2)

nonlinearity to produce a pair of lower energy photons from a single parent photon.
Non-centrosymmetric materials, anisotropic crystalline structures with no center of in-
version, exhibit a χ(2) nonlinearity [168, 353]. Many crystals have been used for SPDC
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(a) (b)

Figure B.15: Design of oven for heating and temperature stabilized operation of a PPLN
chip. In the image to the left the PPLN is not bonded to the waveguide chip but is brought
into close contact.

such as uniaxial crystals Beta-Barium Borate, BaB2O4 (BBO) [354], and Lithium nio-
bate, LiNbO3 (LN) [355], or biaxial crystals Potassium Titanyl Phosphate, KTiOPO4

(KTP) [356], and Bismuth Borate BiB3O6 (BiBO) [68].
Energy and momentum are conserved in the downconversion process and the down-

converted pairs, are referred to as signal and idler. For both uniaxial and biaxial crystals
the geometry of the optical axes(s) with respect to the incoming and outgoing photons
must be selected carefully to produce the desired combination of pump, signal and idler
wavelength and propagation directions [8, 357].

B.4.2 Photon pair source design

A bulk SPDC source was used to produce photon pairs and consisted of a nonlinear
crystal (a BiBO biaxial crystal) cut to achieve degenerate (ωs = ωi = ωp

2
) downcon-

verted photons in a non-collinear arrangement with an opening angle of 6 degrees (See
Fig. B.16). The input pump wavelength was 402 nm and the output pairs were gen-
erated at 804 nm. The BiBO crystal (Newlight Photonics) was 5×5 mm2 in area and
2 mm thick. The input and outputs were antireflection coated for the wavelengths of
402 nm and 804 nm.

The laser, a blue 402 nm CW laser diode at an output power of 100 mW (iBeam
smart, Toptica), was focused inside the crystal using a 1 inch uncoated lens with a
focal length of 175 mm and waist of 100±5 µm. The blue laser showed excellent beam
quality, with an M2 of 1.1 (see Fig. B.17) This was selected to give a slightly smaller
beam waist than the pair of aspheric lenses used for the collection of the down converted
photons (anitreflection coated at 800 nm).

The down converted photons were filtered using 3 nm FWHM interference filters
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Figure B.16: Spontaneous parametric downconversion (SPDC) produces a pair of lower
energy photons from a single parent photon.
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Figure B.17: (a) An M2 measurement to assess the beam quality of the laser diode and
(b) a measurement of the beam waist produced by both aspheric (black) and 1 inch lenses
(blue).

(Semrock) before being coupled into fibres using the aspheric lenses. A characterisation
of the interference visibility when two photons are directed to different ports of a
beamsplitter gives an assessment of the indistinguishability of the photons and resulted
in an interference visibility of 96 % (see Fig. B.18.

B.4.3 Detection

Measuring photons is an essential component of any optical experiment. However, in
quantum optics, where photon numbers are low, specialised detection equipment must
be used. One common apparatus for photon detection is the photomultiplier tube
(PMT). PMTs exploit vacuum tubes where a photon, upon impinging on a photocath-
ode material, produces an electron which through a series of high voltage electrodes
then produces and accelerates secondary electrons which are then detected as a pulse at
the anode. These devices are still actively used in a number of fields including quantum
optics. However, since the advent and advances of semiconductor technologies, the use
of solid state avalanche photo diodes (APD) is widespread. APDs replace the PMT
with a small diode (p-n junction) which upon absorbing a photon releases an electron.
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Figure B.18: Hong Ou mandel dip performed in a bulk optic, fused fibre beamsplitter
showing a visibility of 96 % (when corrected for accidental coincidences).

Similar to the PMT, electrons in the APD are accelerated by a large bias voltage, VBias,
and create secondary electrons forming an avalanche of electrons which can then be
detected as a current. This VBias is crucial to the operation of the device as a single
photon detector (geiger-mode) since when APDs are used for quantum optics the VBias
is high enough to allow a single photo-generated electron to produce a self sustaining
avalanche. The complexity of detector design then begins when attempting to build
a circuit which can detect the current, quench the avalanche and return the APD to
its initial state. This is also complicated by the challenges of detector noise which
occurs from thermal photons produced as a result of the high bias current. Detectors
also require a semiconductor with an appropriate response to the wavelength of light
which is to be detected. Silicon is absorbing for wavelengths of light from 600-900 nm
with typical efficiencies of 60-80 %. For experiments which were conducted at 800 nm,
corresponding to the wavelength of the downconversion source describe in the previous
section, a four channel array of fibre coupled detectors were used (Excelitas). InGaAs
has a spectral response from 1100-1800 nm but also has the additional challenge of
requiring thermal cooling to reduce the much larger dark count rates which occur in
the detectors. Hence InGaAs detectors have a lower efficiency of 10-25 %, to reduce
the noise associated with spontaneous recombination events. The InGaAs detectors
used were IDQ201 and IDQ210 gated photon detectors (ID Quantique).
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[82] M. C. Rechtsman, J. M. Zeuner, A. Tünnermann, S. Nolte, M. Segev, and A. Sza-
meit, “Strain-induced pseudomagnetic field and photonic Landau levels in dielec-
tric structures,” Nature Photonics 7, 153–158 (2012).

[83] R. Keil, A. Szameit, F. Dreisow, M. Heinrich, S. Nolte, and A. Tünnermann,
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of photons in simple networks,” Quantum Information Processing 12, 1915–1945
(2012).

[244] Y. Zhang, L. McKnight, E. Engin, I. M. Watson, M. J. Cryan, E. Gu, M. G.
Thompson, S. Calvez, J. L. O’Brien, and M. D. Dawson, “GaN directional cou-
plers for integrated quantum photonics,” Applied Physics Letters 99, 161119
(2011).

[245] H. B. Perets, Y. Lahini, F. Pozzi, M. Sorel, R. Morandotti, and Y. Silberberg,
“Realization of quantum walks with negligible decoherence in waveguide lattices,”
Phys. Rev. Lett. 100, 170506 (2008).

[246] Y. Bromberg, Y. Lahini, R. Morandotti, and Y. Silberberg, “Quantum and clas-
sical correlations in waveguide lattices,” Phys. Rev. Lett. 102, 253904 (2009).

[247] A. Peruzzo, M. Lobino, J. C. F. Matthews, N. Matsuda, A. Politi, K. Poulios,
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[277] L. Bart̊ušková, A. Černoch, and R. Filip, “Encoding two qubits into a single
qutrit: An experiment,” Acta Phys. Hung. B 26, 269–276 (2006).
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[336] S. H. Cho, F. X. Kärtner, U. Morgner, E. P. Ippen, J. G. Fujimoto, J. Cunning-
ham, and W. H. Knox, “Generation of 90-nJ pulses with a 4-MHz repetition-rate
Kerr-lens mode-locked Ti:Al 2O 3 laser operating with net positive and negative
intracavity dispersion,” Optics Letters 26, 560 (2001).



164 Bibliography

[337] A. Fernandez, T. Fuji, A. Poppe, A. Frbach, F. Krausz, and A. Apolonski,
“Chirped-pulse oscillators: a route to high-power femtosecond pulses without
external amplification,” Optics Letters 29, 1366 (2004).

[338] S. Tsuda, W. H. Knox, E. A. de Souza, W. Y. Jan, and J. E. Cunningham,
“Low-loss intracavity AlAs/AlGaAs saturable Bragg reflector for femtosecond
mode locking in solid-state lasers,” Optics Letters 20, 1406 (1995).

[339] A. Szameit, F. Dreisow, H. Hartung, S. Nolte, A. Tunnermann, and F. Lederer,
“Quasi-incoherent propagation in waveguide arrays,” Applied Physics Letters 90,
241113 (2007).

[340] T. Meany, S. Gross, N. Jovanovic, A. Arriola, M. J. Steel, and M. J. Withford,
“Towards low-loss lightwave circuits for non-classical optics at 800 and 1,550
nm,” Applied Physics A 114, 113–118 (2013).

[341] S. Gross, M. Alberich, A. Arriola, M. J. Withford, and A. Fuerbach, “Fabrication
of fully integrated antiresonant reflecting optical waveguides using the femtosec-
ond laser direct-write technique,” Optics Letters 38, 1872 (2013).

[342] Q. Liu, B. F. Johnston, S. Gross, M. J. Withford, and M. J. Steel, “A parametric
study of laser induced-effects in terbium-doped borosilicate glasses: prospects for
compact magneto-optic devices,” Optical Materials Express 3, 2096 (2013).

[343] M. Li, S. Huang, Q. Wang, H. Petek, and K. P. Chen, “Nonlinear lightwave
circuits in chalcogenide glasses fabricated by ultrafast laser.” Optics letters 39,
693–6 (2014).

[344] S. Kanehira, K. Miura, and K. Hirao, “Ion exchange in glass using femtosecond
laser irradiation,” Applied Physics Letters 93, 023112 (2008).

[345] M. Sakakura, T. Kurita, M. Shimizu, K. Yoshimura, Y. Shimotsuma, N. Fukuda,
K. Hirao, and K. Miura, “Shape control of elemental distributions inside a glass
by simultaneous femtosecond laser irradiation at multiple spots.” Optics letters
38, 4939–42 (2013).

[346] M. Shimizu, M. Sakakura, M. Ohnishi, M. Yamaji, Y. Shimotsuma, K. Hirao,
and K. Miura, “Three-dimensional temperature distribution and modification
mechanism in glass during ultrafast laser irradiation at high repetition rates.”
Optics express 20, 934–40 (2012).

[347] J. Mireles, M. Gomez, and M. Garcia, “Packaging Investigation and Study for
Optical Interfacing of Micro Components with Optical Fibers, part I,” Revista
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