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Abstract

Being able to control nature on the quantum level promises to unlock tech-
nologies far beyond capabilities of today. In the race for achieving such
technologies several avenues are being pursued, each with their benefits
and drawbacks. One of these is quantum photonics. With the possibility
of on-chip implementations, making use of already established methods of
production, and the possibility of developing on demand entangled pho-
tons, a scalable quantum photonic circuit might not seem too far away.
This report aims to facilitate the creation of a on-chip scalable photonic
platform by evaluating the di↵erent components needed to realize quan-
tum photonic integrated circuits.
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Sammanfattning

Förmågan att styra naturen p̊a den kvantmekaniska niv̊an lovar att möjlig-
göra tekniska innovationer l̊angt utanför vad som är möjligt med dagens
teknologi. Flera alternativ har förslagits för att genomföra detta däribland
kvantfotoniken. Med möjligheten att bygga att bygga dessa p̊a chipp g̊ar
det att dra nytta av tillverkningstekniker som redan är väl utvecklade.
Syftet med denna rapport är att analysera de komponenter som krävs för
att bygga en kvantfotonisk krets p̊a chipp.
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1 Introduction

1.1 Quantum Technologies

Quantum physics has already had great impact on society. The first quantum
revolution led to the understanding of physics that gave us inventions like lasers
and transistors. This allowed for the miniaturization of components, scaling
down computers from filling an entire room to fitting in a pocket. This in turn
led to a myriad of inventions, enabling the rise of the internet and the shaping
of society as we know it today. These first generation quantum technologies
work by exploiting quantum mechanical e↵ects of large systems. Though it has
been very fruitful, ever greater potential lies in our ability to control individ-
ual states of quantum mechanical systems. A control over nature on this scale
would herald a second quantum revolution opening up technologies far beyond
the capabilities of today. This is what the field of quantum technologies seeks
to accomplish [1].

One of the most promising applications of manipulating single quantum sys-
tems is quantum computing. The invention of such a computer would allow for
solving problems that are far beyond the reach of classical computers. These
problems include simulating complex physical systems where it would take a
classical computer longer than the lifetime of the universe to compute the sim-
ulation [2]. The applications of such a device would be numerous. A universal
quantum computer would for instance allow for searching databases in O(

p
N)

time and for cracking of the hash algorithms that is the basis for all modern
encryption [3, 4].

Having broken all the worlds passwords, quantum cryptography o↵ers a solu-
tion for assuring secure two party communication [5]. Having shared a message
encoded in quantum states any eavesdropper would alter the message and cre-
ate a disagreement between the data sent and received by the two parties. By
this scheme a random secret key can be shared allowing for encrypted commu-
nication that does not rely on traditional cryptography, making it safe from
eavesdroppers regardless of their computational power [6].

This is but a few of a great many applications. Furthermore, a second quantum
revolution promises to give vast improvements in our measurements techniques
allowing us to probe all the way down Heisenberg limit [7]. By using control-
lable quantum systems other non-controllable systems can be simulated, giving
a possibility of tackling problems in quantum chemistry, quantum biology and
physics that are far beyond our reach today [8].

1.2 On-Chip Quantum Photonics

In principle any two level quantum system can be used as the basis for a qubit,
which is the fundamental unit of quantum information. Several candidates have
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been suggested [9] e.g. projects like IBMQ are using tunnelling charges between
superconductors [10]. These work by having two pieces of super conducting
material in close proximity to each other. An electron can tunnel between the
two pieces making it possible to construct a qubit out of the electrons position
[11]. Another well researched implementation of a qubit is by trapping super-
cooled ions using two separate modes of lasers beams to create standing waves.
Allowing the ions to be manipulated using very weak laser pulses. The pulses
will excite the ions, but since the they are so weak only one of the modes will
be excited and this is what can be used as a qubit [12].

Using photons as a medium for implementing quantum circuits has several ad-
vantages. Many of the crucial components can already be made to a very high
level of precision. This is due to the use of fibre optics for computer networks
and communication. In addition large number of photons can, according to
predictions, be entangled at a time in cluster states [13]. These entanglements
relate to each other as clusters and not as chains. A destructive measurement
on such a state will not destroy the entanglement between all the photons, just
the measured ones [14]. If a three photon qubit can reliably be produced these
qubits can be scaled arbitrarily by entangling separate clusters linking several
qubits to perform more complex calculations [15]. Another advantage is that
the stochastic noise levels in photonic integrated circuits can be reduced to error
rates of 10�6 and possibly even lower in the future. This is much lower than
the matter based alternatives where decoherence poses a major problem [15].

Building devices of table mounted mirrors and beam splitters is a good way
to prove a concept or to test individual components. However for a large scale
circuit with thousands of components this approach will be quite cumbersome.
Taking a note from the semiconductor industry, building the structures on a
silicon based chip seems like the natural solution. As the technology of chip
manufacturing is well developed the prospect of building a quantum circuit out
of on-chip waveguides seems quite promising.

1.3 Challenges of implementation

It has been shown that, in principle, the only components that are needed for
the implementation of quantum integrated circuits using photonics are single
photon sources, detectors, phase shifters and beam splitters [16]. By using su-
per conducting nanowires as detectors we can detect single photons very fast
and with very high accuracy [17]. As for the phase shifters there are several
promising options. One is sending a current through resistors mounted on the
waveguide, generating heat and changing the refractive index of some waveguide
materials [18]. Another is to apply a voltage to directly change the refractive
index of the material. The third option is to mechanically introduce a material
with higher refractive index to one side of the waveguide changing the group
index and thus delaying the phase. The latter might be preferable as some com-
ponents require cryogenic temperatures in order to function. A beam splitter
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can be made by a simply etching out a waveguide structure on the chip. If a
controllable beam splitter is required this can be done by shifting waveguides
with electromechanical devices in order to couple between waveguides.

The scalability issue which is the problem with the matter based approaches, is
less of a problem for photonics based circuits. If we are able to design a small
functioning circuit designing a larger one is in principle not so much more di�-
cult. The real problem with creating integrated quantum photonic circuits is to
reliably produce entangled photons. The leading method today is to use para-
metric down-conversion where a non-linear crystalline material has a probability
to convert a single photon of higher energy down to a pair of entangled pho-
tons. However, due to the probabilistic nature of the down-conversion process
using this method on a large scale is not feasible as the chance of down convert-
ing a photon is quite low [19]. Although approaches integrating the crystal in
the waveguide show some promise [20]. An alternative is entangling identical
photons by using beam splitters. The di�culties in this approach consists of
producing indistinguishable single photons on demand. There are several sug-
gestions on how to achieve this. One promising method of a single photon source
is to strain a 2D flake of semi-conductor material. The strain a↵ects the band
gap in the material making the strain maximum act as a confinement potential
which is usable as a single photon source under certain circumstances [21]. One
benefit of this method is that if the strain can be mechanically controlled, so
can the single photon source. Another is the deterministic fabrication process
allowing for placement of the photon source at the desired location.

In order to make the circuits scalable the operational errors and decoherence
need to be checked. This can be done to an arbitrary accurate degree using
error correction, provided the noise per operation is below a certain value [22].
This places certain requirements on the components used such as losses in the
waveguides or the ratio of how evenly the beam splitters split.

1.4 Objectives

The main goal is to design a scalable photonic platform for quantum technology
applications and to evaluate the on-chip components in order to facilitate the
realization of quantum photonic integrated circuits.

This report aims to investigate the the applicability of silicon nitride waveg-
uides for quantum photonic integrated circuits by determining the losses as
near infrared photons propagate through the material.

By investigating ring resonators a secondary aim is to analyse the applicability
of these as filters for removing or selecting photons of a single wavelength.

Having a beam splitter integrated on a chip is a necessity for the on-chip quan-
tum circuits. The important quality of any beam splitter is the likelihood of
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a photon going in each of the outgoing waveguides being even. A final objec-
tive for this report is to determine this likelihood for on-chip multi mode beam
splitters.

2 State of the Art

2.1 Theoretical Background

Quantum technologies relies on the manipulation of qubits by utilizing proper-
ties like entanglement and superposition. In order to manipulate the states
of the qubits, di↵erent quantum logic gates can be constructed. These gates
can in turn be arranged in integrated circuits in order to preform more compli-
cated tasks such as quantum information processing.

Qubits A abstract qubit is a two level unit of quantum information analogous
to a bit in classical computing. These di↵erent states are represented by the
ket-vectors |0i and |1i. What makes a qubit di↵erent from a regular bit is its
ability to be in the two states at once. Take for instance a flipped coin. The
coin is either heads or tails and taking a look at it simply lets you know which
one it is. This is not true for a quantum system. Prior to measurement the
system is in a superposition of both states. Mathematically this is given by

| i = ↵|0i+ �|1i, (1)

where ↵ and � are complex numbers such that |↵|2 + |�|2 = 1 and gives the
likelihood of measuring a given state. That is what makes qubits so powerful.
Instead of having a classical bit being either a zero or a one, a qubit can be
both options at once.

Entanglement If two particles are entangled their states can not be described
separately. Take for example two systems with x, and y denoting all the relevant
values for each system. The two systems are described by the wave vector  
fulfilling the Schrdinger equation. A series expansion of the two systems in their
product space is given by

 (x, y) =
X

cnf(x)g(y). (2)

If any of the Fourier coe�cients cn can be written as cn 6= cfi c
g
j then the system

is entangled [23]. This means that for any observable, given by a hermitian
operator H, a measurement on the system f(x) a↵ects the measurement on the
system g(y).

Take for instance a polarisation measurement of a pair of maximally entan-
gled photons. If photon A is measured at a 45o angle there would be a 50%
chance of measuring the polarisation to be vertical. If the same measurement
where for the photon B the likelihood would be 50% as well. However if A
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where measured first, the polarisation of B would be determined with complete
certainty. It has been shown that this is not due to any prior arrangement of
the entangled photons but the states of both the photons are determined at the
measurement [24, 25].

The entanglement of qubits allows for more complicated operations. A maxi-
mally entangled Bell state of two qubits is given by

| i = 1p
2
(|00i+ |11i). (3)

Since the qubits are two physically separated systems they can be manipulated
separately. This allows for a superposition of 2N states at any given time, N
being the number of entangled particles [26, 27].

Quantum Logic Gates In order to manipulate the qubits logic gates are
needed. These processes alter the states without breaking the entanglement
or the superposition. The gates can be combined in order to create complete
quantum circuits that can implement algorithms.

One of the simplest gates is called a Hadamard gate. It is a way to create
superposition of two states by mapping |0i ! |0i+|1ip

2
and |1i ! |0i�|1ip

2
. If a

system is measured to be in any of two states prior to the Hadamard gate, a
measurement after the gate gives a 50% chance to measure any one of them
[28]. The Hadamard gate is represented by the operator

H =
1p
2


1 1
1 �1

�
. (4)

The phase gate alters the phase of one of the quantum states while leaving the
other one untouched. It maps |0i ! |0i, |1i ! ei�|1i by applying the operator

� =


1 0
0 ei�

�
. (5)

If two out of phase signals are summed the output will cancel out, this allows
for logic operation such as ”OR” and ”AND”.

Quantum Information Processing Hadamard gates and phase gates can
be used to construct multiple qubit gates such as the controlled-NOT gate [29].
With a two qubit controlled-NOT gate all logic operations needed for quantum
information processing can be made [30]. These can then be expanded upon
by building circuits for manipulating any number of entangled qubits. The
Hadamard gate puts the qubits in super position states, while the phase gate
can manipulate the phase in order to interfere constructively or destructively.
By this principle quantum algorithms can be made. The qubits are first put
in a superposition of all possible states, then the phase is manipulated in order
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to preform the given algorithm yielding an output whose measurement is more
likely to be in the computed state.

The probabilistic nature of quantum mechanics means that the output of a
logic circuit is a probability following a certain distribution. This uncertainty
can be checked by running the algorithm many times. Although this increases
the computation time the computational power scales with the 2n possible states
of entangled qubits making the output uncertainty manageable. Since the check-
ing of the output only scales linearly a su�ciently complex quantum computer
allows for the solving of problems with speeds far beyond its classical counter-
part.

2.2 Physical Implementation of Quantum Integrated Pho-

tonic Circuits

In order to actually build quantum photonic circuits several challenges need
to be overcome. These range from creating physical qubits and physical

gates to creating entanglement of multiple single photons and combating
decoherence.

Physical Qubits As qubits are implemented physically the need for error
correction arises. This means that in order to make one qubit that can be used
for computation, several photons are needed to ensure the fidelity of the infor-
mation carried. With this in view the notion of a physical qubit might be better
described in terms of operations than the underlying medium [9].

It has been shown that an error correction algorithm for photons can make
a qubit with arbitrarily low error rates, depending on the complexity of the
correction algorithm and the noise of each operation [22].

Physical Gates It has been show that a universal quantum information pro-
cessing can be made by only using beam splitters, phase shifters, detectors and
single photon sources [16].

As polarisation is an easy way to put a photon in a superposition of states
one would think this would be the natural way to create a Hadamard gate.
However since the losses in the waveguide are di↵erent for TM and TE modes
this would make for a needlessly complicated circuit. A better approach is
to use the uncertainty of position as the qubit. Sending a photon to a beam
splitter gives a fifty-fifty chance of the photons going one way or the other, pro-
vided the beam splitter splits evenly. This can then be used as a Hardeman gate.

For a phase gate, a change of refractive index in one of the beam paths is
su�cient. This can be done by having a section of waveguide physically touch-
ing a material of higher refractive index. The evanescent field would then be
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a↵ected by the change in refractive index and alter the phase of the wave. By
mechanically moving the material of higher refractive index, the gate can be
controlled.

Entanglement of Multiple Single Photons There are several ways of gen-
erating entangled photons. The most commonly used today, being parametric
down-conversion where a photon is sent on to a �(2) crystal where it is converted
to two photons of half the energy of the original [31]. The photons produced are
then in a maximally entangled bell state. The problem with this approach is the
entanglement of multiple photons. The probability of down-converting a pho-
ton is in the order if ⇠ 10�6 [19] making this process di�cult to scale, although
approaches by integrating the down-converting crystals in to the waveguides
holds a promise improvement [20]. The maximum number of entangled photons
achieved at the time of writing using this approach is 12 [32].

By using the Hong-Ou-Mandel e↵ect [33], path entanglement between photons
can be created. This is done by sending identical photons to a beam splitter
at the same time. Although the entanglement process is simple it places se-
vere demands on the photon source to create indistinguishability [34]. In order
to make the photons appear at the same time at the splitter a delay system
can be implemented allowing one photon source to create several photons for
entanglement [35].

Decoherence The phenomenon of decoherence appears as a photon entangles
it self with the surroundings, deteriorating the existing entanglement [28]. It is
not possible to completely isolate a circuit since it needs to be controlled. This
means some information is necessarily lost to the surroundings. Using error
correcting circuits the decoherence can be managed.

2.3 Components

Single Photon emitters Several types of single photon emitters have been
developed, each with certain benefits and drawbacks [36]. For integrated pho-
tonic circuits there is a need for on-demand, indistinguishable, single photon
sources at a given location. This need has not yet been met however several
methods show promise [37].

Spontaneous Parametric Down-Conversion (SPDC) works by sending laser pulses
on a crystal. The crystal has a, �(2), second order non-linearity in the suscep-
tibility to the electromagnetic field of the pump laser. This gives rise to a
probability that the incoming photon will be converted in to two photons each
with half the energy of the original. Although the emission of a photon pair
form the SPDC is a random process the pair can be split and by detecting one of
the photons the existence of the second photon can be inferred. The simplicity
of the SPDC and it’s established manufacturing techniques has led to it being
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the most commonly used single photon source today.

Quantum dots (QD) are atom like nano-structures that work by trapping an
electron in a spatially confined well where the electron has specific energy states.
By exciting the electrons to a higher energy state it they will emit photons as
they relax back down to the lower energy state. Due to the Pauli blockade only
one exciton at a specific energy recombines, emitting a single photon. There
are several ways to achieve this, one of which id self assembled structures in
semiconductors [38, 39, 40]. These work by having a potential confinement
in all three dimensions, acting as a quantum dot when pumped with a laser
of the correct frequency [41, 42]. The integration of semiconductor quantum
dots on silicon structures can be di�cult using direct growth or wafer bonding
techniques. However, pick and place methods has shown promise in determin-
istically placing QD’s on silicon structures [43].

Another promising proposal is a strain induced photon emitter on a transi-
tion metal dichalcogenide semiconductor 2D flake [21]. By straining a 2D mono
layer crystal the strain will act as a potential confinement for an electron [44].
The benefits of this approach is that it is possible to deterministic place the
quantum emitters on a chip by applying the 2D layer on protruding structures.
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(d) Finished silicon nitride waveguides
on top of a silicon oxide layer.

Figure 1: Stages of the construction process of on chip silicon nitride waveguides.

Waveguides As displayed in figure 1 the waveguides are fabricated on top of a
silicon oxide covered crystalline silicon wafer. The silicon oxide layer is generated
by directly oxidising the silicon wafer. On top of that a layer of silicon nitride is
deposited using plasma enhanced chemical vapour deposition (PECVD) or Low
pressure chemical vapor deposition (LPCVD) techniques. This deposits a very
thin film of silicon nitride on top of the oxide layer.

Using a layer of resist on top of the silicon nitride the waveguides can be written
using e-beam lithography. This will cure the resist layer in the desired location
for the waveguides. The uncured resist can then be dissolved to allow for etching
of the nitride layer in the areas which are not covered.

The finished rectangular waveguide is 250 ⇥ 450 nm. This is so small only the
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fundamental transverse electric (TE) and transverse magnetic (TM) modes will
propagate through it. Although most of the wave propagates in the waveguide
there is also an evanescent field travelling along the outside of the waveguide.
The field outside of the waveguide is subject to a di↵erent refractive index than
the wave inside of the waveguide. This means that the e↵ective refractive index
of the entire wave is a combination of the refractive index inside and outside of
the waveguide.

The transmission losses in intensity of the light travelling though the waveguide
is cumulative over the travelled distance and is given in dB/cm. As the losses in
the waveguides are cumulative the relationship between losses in decibels and
waveguide length is linear.

Figure 2: Structure of a ring resonator.

Ring Resonators Ring resonators are circular waveguides which are looped
on to themselves, as displayed in figure 2. These components can be used for
routing and filtering of optical signals. This is very useful in combination with
single photon sources, either for filtering out the pump laser or for selecting
photons of only one frequency when identical photons are needed [45].

With a single ring attached to a waveguide the ring will act as a resonator.
The light entering the ring will, after circling, return to the wave guide with a
delay in phase depending on the size of the ring as well as the refractive index
of the medium. This will create a notch filter, cancelling out the resonant fre-
quency in the output waveguide.

When the ring is bridging two di↵erent waveguides it is said to be in a add-drop
configuration. This will route light form the first waveguide to the second at
the resonating frequency. This means that light can be routed between di↵erent
waveguides depending on the frequency [46].
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Figure 3: Resonance pattern for a ring resonator with relevant parameters dis-
played.

The resonance pattern of a ring resonator can be modelled as a Lorentzian
distribution due to it being a lightly damped resonator. In order to evaluate
the e↵ectiveness of the resonator several parameters can be measured [48]. These
are displayed in figure 3. The free spectral range (FSR) is denoting the distance
between resonant frequencies, the full-width half-maximum value (FWHM) is a
measure of how wide the resonances are and the extinction ratio is given by the
una↵ected and minimum power going though the waveguide,

E =
Tmax

Tmin
. (6)

The finesse is defined as the ratio of the FSR and the FWHM and quantifies
the sharpness of the resonance,

F =
FSR

FWHM
. (7)

The quality factor describes how under coupled a system is and can be approx-
imated by the ratio,

Q =
�r

FWHM
. (8)

With these parameters the losses in the resonator can be obtained. However
at a single measurement, the losses in the resonator, t, are intertwined with
the coupling coe�cient, ↵. Where ↵ is denoting the proportion of light that
is coupled in to the resonator. In order to distinguish these two parameters
measurements over several resonances are needed. These can then be written
in to a second order equation where the roots will denote the values for ↵ and
t. The coupling coe�cient varies over a span of frequencies whereas the losses
in the resonator is more or less constant for a ring of a given size. Thus the
two roots can be distinguished [47]. Having determined ↵ and t, the total
transmission can be calculated by

T =
↵2 � 2t↵ cos�+ t2

1� 2↵t cos�+ t2↵2
, (9)
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where the resonances occurs when � is a multiple of 2⇡ [48].

By measuring the FSR the group velocity can be determined. This denotes
the group index experienced by the light as it passes to the waveguide. This
will be a combination of the refractive index of the silicon nitride in the waveg-
uide and the refractive index of the surrounding material,

ng =
�2o

FSR · L. (10)

Figure 4: Schematic sketch of a beam splitter showing two input waveguides
and two output, any input would divide evenly in to the output waveguides
from a working beam splitter.

Beam Splitters An on-chip multi-mode interference beam splitter is essen-
tially a larger box made the same materials as the waveguides, as seen in figure
4. While the waveguides are small enough for only the fundamental modes to
propagate, the box support several higher order modes. This means that di↵er-
ent intensity maxima can appear at spatially separated positions. By coupling
the output waveguides at these positions a splitter can be made. The likelihood
of a photon appearing in one or the other of the output waveguides is deter-
mined by the dimensions of the box. A well tuned beam splitter will have a
fifty-fifty chance of coupling the photon to each of the two waveguides.
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3 Method

3.1 Experimental Setup

Figure 5: Schematic sketch of experimental setup. This sketch does not display
mirrors used for aligning of the system nor for beam steering.

The experimental setup used for evaluating the di↵erent photonic components
consisted of guiding a laser through a series of mirrors to the sample. The mir-
rors where used in order to align the laser beam to hit the waveguide on the
sample at a right angle to the chip facet. In order to manipulate the polariza-
tion of the incoming laser beam a linear polariser followed by a half wave plate
mounted in a rotation stage. This was not present during all the experiments,
specific usage will be noted below.

The measured samples were designed in order to allow the laser to couple on
the facet of the cleaved chip. The waveguides then arced around in order to
have output the laser beam on the same facet as the input, see figure 6.

As displayed in figure 5 the output laser was then guided to the spectrome-
ter1 and the laser reflections from the in-coupling facet of the waveguide were
blocked. The di↵erent lasers used for the experiments was a 632.8 nm helium
neon laser and a super continuum laser2 for the broad band measurements. In
order not to saturate the spectrometer, the super continuum laser was severely
attenuated using a 60dB filter as well as two adjustable attenuation wheels in
the beam path prior to the sample.

1
Princeton Instruments Acton SpectraPro SP-2750with 150 lines/mm blazed at 800nm

setting unless stated otherwise.
2
The laser used was YSL Photonics SC-Pro at 25% Power and 5MHz pulse frequency.
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3.2 Measurements

Figure 6: Image of waveguides on a chip taken through a microscope. The
speckles on the image arises from a misaligned fibre bundled white light source.

Waveguide measurements As shown in image 6 the waveguides where
etched on the chip in varying lengths. As the chip is cleaved, in order to expose
the input and output on the facet, part of the waveguides breaks away. This
means the absolute length of the waveguides is not known. The dimensions of
the waveguides cross section was a height of 250 nm and a width of 450 nm.
This was, according to simulations, small enough for a single mode to propagate
through at near infrared frequencies.

In order to obtain losses for the waveguides as a function of length, the laser
is sent though each of the waveguides in the sample, see figure 5. Great care
is taken in order to couple with each waveguide as e�ciently as possible. This
is done by varying the position of the chip in all three dimensions. Once a
maximum value is found in one dimension the other are changed until a maxi-
mum is reached there as well. This process is repeated until any movement of
the chip causes a deterioration in the coupling of the throughput power to the
spectrometer. At this point the data is saved for future analysis.
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Two chips containing waveguides were analysed in total, the first one using
the helium neon laser. This chip was measured twice. After the first measure-
ment the chip was annealed in order to determine the e↵ects of heat treatment
on the e�ciency of the waveguides.

The second chip was measured using broadband laser in order to determine
the wavelength sensitivity. The process of measuring with the super continuum
laser was slightly di↵erent as the polariser and rotator was introduced to the
beam path. For every waveguide two sets of measurements where taken, one
with vertical and, one with horizontal polarisation. Allowing for isolation of the
TE and TM modes.

Figure 7: Image of ring resonators on a chip taken through the setup microscope.

Ring Resonator Measurements As shown in figure 7 the resonator struc-
tures had the same basic layout as the waveguides. The varying factor between
the samples was the gap between the waveguide and the resonator, ranging from
150 to 600 nm.

The measurement were made in a similar manner to the waveguide measure-
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ments, using the super continuum laser. Prior to measurement the polarisation
angle was swept and a broad interference pattern appeared. The polarization
was adjusted to ensure the only pattern visible was the spectra of the laser and
the resonances due to the resonators. In order to achieve a higher resolution the
spectrometer grating setting was increased to 1200 lines/mm allowing for a finer
resolution. The maximum span of wavelengths measurable at one time using
this setting is 25 nm. In order to compensate for this several measurements
where taken and then appended in order to get the final result.

(a) Beam splitters on chip (b) Interferometers on chip

Figure 8: Image of beam splitters on the left and interferometers on the right.
The image was taken at the measurement setup through a microscope.

Beam Splitters The chip contained two separate configurations for testing
the beam splitters. One interferometer structure and one with just the beam
splitters, see figure 8. Both were measured using the super continuum laser with
linearly polarized light.

There were variations of the beam splitter dimensions on the chip in order to
determine the optimum fabrication parameters, see table 1 for measurements.
Though the exact lengths of the waveguides is not known due to the cleaving of
the chip, the path di↵erence between the two arms after the beam splitters are
75µm.

Table 1: Beam splitter dimensions from left to right as shown in figure 8a.

a b c d
9.5µm⇥ 4µm 10µm⇥ 4µm 9µm⇥ 4µm 9.5µm⇥ 3.9µm
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The varying spacing of the output waveguides posed a problem in measuring
both the outputs. In order not to introduce measurement errors both in coupling
to the chip and to the spectrometer the coupling to the chip were not changed
between measurements made on the same beam splitter structure. Once cou-
pled the two outputs of the chip where guided to the spectrometer by sifting
the beam path using two mirrors. This was optimized to a maximum level for
both the outputs to ensure the most even measurement possible.

The interferometers consisted of two beam splitters. The first one separating
the input in two waveguides, one longer and one shorter. The second unites the
two waveguides again. In order to measure the interferometers the setup was
realigned for the wider spacing of the input and output, otherwise these mea-
surements where made in the same way as the waveguides where measured. As
seen in figure 8b the di↵erence in path length in the arms of the interferometer
was varied with a di↵erence of 25µm on the left with a 8.6µm and 12.8µm for
the following two respectively.
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4 Data Analysis and Results

4.1 Waveguides
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Figure 9: The same chip, consisting of waveguides with di↵ering lengths were
measured before and after the annealing process. A linear regression was fitted
to both of the data sets.

The measurements of the first chip before and after annealing is summarised
in figure 9. The losses can be obtained from the di↵ering slope of the linear
regressions . The unannealed waveguides had losses of roughly 24 dB/cm when
the annealed ones had losses of about 64 dB/cm.

In measuring the waveguides on the second chip using a super continuum laser
a quite significant interference pattern was discovered. An initial comparison
between the di↵erent polarizations of the incoming laser beam shows a di↵er-
ent spectra as the polarization is changed, as seen in figure 10. Although the
polarisation seems to e↵ect the interference pattern, a complete sweep of the
polarisation rotator showed that there where no angle in which the pattern
disappeared. This rules out interference between di↵erently polarized modes.
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(a) Vertical polarization
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(b) Horizontal polarisation

Figure 10: The first three waveguides with horizontal and vertical polarization.
The data is normalized with the laser spectra.

In order to rule out that the source of the interference pattern is external to
the chip, the spectra of each waveguide was transformed to the Fourier domain.
If the cause of the patterns was constant between measurements, the di↵erent
spectra would sum up to show a cumulative peaks in the Fourier domain, but
as seen in figure 11 this is not the case. In order to rule out non-linearities
in the silicon nitride itself, the input to the chip where damped by a order of
magnitude, however the pattern did not change.
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(a) The sum of the Fourier transformed
spectra
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(b) The Fourier transformed spectra plot-
ted separately

Figure 11: Di↵erent plots of the data transformed to the Fourier domain
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4.2 Ring Resonators
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Figure 12: Raw data as recorded by the spectrometer using 1200/800 grating
setting. The displayed measurements are from a resonator with a 30µm ring
radius and a coupling gap of 300 nm from the waveguide.

The measurements made with the finer grating setting of the spectrometer used
a glue function for compiling several measurements over a larger span of frequen-
cies than the grating allowed for. Upon inspection of the data it was discovered
that the spectrometer data did not overlap leaving gaps between the measure-
ments. This is displayed in figure 12 where there are regular dips almost down
to zero. In order to avoid interference with the data di↵erent segments were
analysed separately, skipping the resonances in the bordering regions.

To quantify the measurements a Lorentzian distribution curve was fitted to
each of the resonances, se figure 13. This was done by isolating every resonance,
cutting at the maxima, and running a non linear fitting in order to match the
curve to the data. As the resonance is negative cutting from the transmission
level the distribution fitting was modified to,

f(x, x0, y0, �) = y0 �
1

⇡�


1 +

⇣
x�x0

�

⌘2
� . (11)
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Figure 13: The resonance data points with the fitted curves displayed.
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(a) 400 nm coupling gap
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(b) 300 nm coupling gap

Figure 14: The coe�cients of self-coupling between the waveguide to the ring
can be identified as they show a frequency dependence.

In order to determine the transmission loss in the waveguide. The loss and cou-
pling coe�cients needed to be disentangled from equation 9, where the waveg-
uide losses ↵ and the coupling coe�cients t is not directly separable. Using the
methods described in [47] the values show up as roots of a polynomial. By plot-
ting the losses over a span of wavelengths t should vary with wavelength when
↵ would stay fairly consistent. Looking at figure 14 the losses can be identified.
By comparing 14a with a 400 nm gap between ring and the waveguide to 14b
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with a grater coupling gap of 300 nm the determination of the coe�cients can
be confirmed as the coupling coe�cient changes with the change in gap. Using
the determined coe�cients the losses of the waveguides can be calculated.
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Figure 15: The losses were calculated for waveguides in the rings of the res-
onators that showed resonances of the resonators corresponding to the gap width
of 150, 200, 250, 400, 350, 400, 450, and averaged.
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Figure 16: The average FSR from the wavelength span of 740-785nm, for each
di↵erent coupling gap between the waveguide and the ring structure.

In order to determine the FSR the minima of each resonance was found and the
distance between the resonances were counted. Due to the frequency dependence
of the FSR, the span was restricted the wavelength range of interest 740-785 nm.
As no dependence on the coupling gap is expected the results where averaged
to 1.45 nm. This value allows for calculation of the group index by equation 10
giving a value of ng = 2.07 with a relative standard deviation of 0.05.
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(a) Averaged Q-value obtained from ring
resonator measurements with coupling
gaps of 150, 200, 250, 400, 350, 400, 450.
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Figure 17: The Q and Finesse values quantifies the shape of the resonances.

Using the FWHM value obtained by the fitting in conjunction with the FSR,
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the Q and finesse values can be calculated using equation 8 and 7. These values
are displayed in figure 17 giving a measure of the sharpness of the resonances.

4.3 Beam Splitters
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(a) Splitter dimensions 9.5µm⇥ 4µm
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(b) Splitter dimensions 10µm⇥ 4µm
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(c) Splitter dimensions 9µm⇥ 4µm
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Figure 18: The graphs show the unnormalized intensity measured from the two
outputs of the multi-mode interference beam splitter as a function of wavelength.
The measurements of the longer output waveguide superimposed on the shorter
for each splitter dimension.

Of the plots in figure 18 the shorter and wider splitters in figure 18a and 18c
prefers the inner waveguide crossing over the beams splitter structure. In com-
parison with the longer and narrower splitters 18b and 18d which split the
incoming light evenly.
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(a) Interferometer with
26µm path di↵erence
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(b) Interferometer with
8.6µm path di↵erence
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(c) Interferometer with
12.6µm path di↵erence

Figure 19: The recorded spectra of the interferometers was normalized with
the laser spectra and fitted with a sinusoidal curve. At the power of the super
continuum laser decreases sharply in below 790 nm the noise in the normalized
measurements increases significantly for shorter wavelengths.

780 785 790 795 800 805 810 815 820 825 830

Wavelength [nm]

0.2

0.4

0.6

0.8

1

1.2

1.4

P
ro

p
o

rt
io

n
a

l I
n

te
n

si
ty

Proportion of light which is not cancelled out

Rescaled to 1

Figure 20: In order to determine the proportion of the laser light that was not
cancelled out the maximum value was rescaled to one.

Interferometers The three measured interferometers had varying di↵erences
in the path length between the arms. Those di↵erences gave rise to interference
patters which were fitted with sine curves. This was done to a smaller region of
the spectrum as the FSR of the interference is wavelength dependant. Figure
19 shows the di↵erent measurements along with the fittings used. The data was
normalized to the spectra of the laser spectra using a background measurement
where the laser was misaligned with the structures on the chip. The low inten-
sity and long integration time of that measurement is the cause of the noise seen
in figure 19 and 20. By rescaling the data so that the maximum of the fitted
sine wave equalled one, a percentage di↵erence of the relative power in each arm
could be determined. If the beam splitters in the interferometer were completely
even the spectra would be zero at the wavelengths with complete destructive
interference, as displayed in figure 20. In this manner the di↵erence between
the lowest point of the sine wave and zero will give an extinction quotient that
is a measure of the splitting ratio of the beam splitters used to construct the
interferometers.
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Table 2: Results from interferometer measurements

Interferometer Path Di↵erence FSR Extinction Quotient ng

a 26µm 11.7 nm 0.176 2.104
b 8.6µm 34.1 nm 0.249 2.180
c 12.6µm 23.5 nm 0.178 2.159

The results for these measurements are summed up in Table 2 with an av-
erage extinction quotient of 0.2 and the average group index of 2.1. The losses
in the waveguides over the path di↵erence in the arms of the interferometer is
in the order of 10�5 dB and is negligible for these results.

5 Discussion

5.1 Waveguides

Annealing Of Silicon Nitride Waveguides The annealing process altered
the transmission of the measured waveguides from having losses of 24 dB/cm to
64 dB/cm. This is quite a significant drop. Even if the data points in figure 9
are poorly fitted to the linear regression expected from theoretical analysis the
comparison made is between di↵erent measurements of the same waveguides.
The deterioration in the transmission through the waveguides are bad enough
to suggest that other materials should be used in applications where annealing
is necessary. Presumably these measurements would su↵er from the same in-
terference as the measurements made with the super continuum laser. Even so
the measurements are made on the same waveguides using a laser of the same
wavelength suggesting they carry some merit.

Pattern in waveguide spectra When measurements using the super con-
tinuum laser where conducted on the waveguides, a series of patterns appeared
in the spectra of the outgoing light. By a series of measurements and analy-
sis of the data, several sources of the interference pattern could be excluded.
The Fourier analysis, displayed in figure 11, did not show any cumulative peaks
meaning the patterns where di↵erent for each waveguide. In addition to this the
pattern did not appear when measuring the reflection from the facet, only the
light going through the waveguides. This suggests the cause of the pattern is
inside the chip. As the cross section of the waveguide is rectangular rather than
square one can presume the TE and TM modes are subject to di↵erent group
indexes and are travelling at di↵ering speeds allowing for interference. However
a sweep of the polarization showed that no angle existed in which the pattern
disappeared. This ruled out a simple interference between the two modes. By
varying the laser intensity any non-linearities of the material itself were excluded
as they would be a↵ected by the power of the incoming laser. As the power was
dampened ny a order of magnitude the pattern remained the same.
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There is a strong shift in pattern between di↵erent polarisations, as seen in
figure 10. Visually a polarisation sweep looked like two competing sets of pat-
terns supplanting each other as the rotation stage was twisted. This might be a
clue to the source of the mysterious pattern. A second clue is that the pattern
does not seem to appear when structures such as beam splitters or resonators
interrupt the waveguides path. Neither does the very shortest waveguides seem
to be a↵ected.

As the chip is cleaved the silicon substrate should break along the crystal struc-
ture giving a straight edge, however the silicon nitride is not a monocrystal will
not break cleanly. A jagged edge of the waveguides might be a source of pat-
tern. If so a simple solution would be to polish the edge or use grating couplers.
However, this does not explain why the pattern only e↵ects waveguides above
a certain length.

Having discovered the pattern is a quite significant result for future measure-
ments and will hopefully aid in optimizing measurement techniques of deter-
mining waveguide losses. Experiments using grating couplers might be able to
determine if an uneven facet is the cause of the pattern.

Transmission Losses in Waveguides As the measurements using the super
continuum laser displayed a quite varying pattern this method of determining
the losses for silicon nitride did not give a conclusive answer. The intensity
varied so severely between di↵erent wavelengths, and not consistently between
waveguides, the results simply depended on what range was chosen for measure-
ment. If the issue of the pattern is not resolved such a method for determining
losses will not to be very fruitful. This is in addition to the variation associated
with coupling to the chip facet. One possible way around this for future mea-
surements would be to measure a large number of identical waveguides, thus
averaging out the problem.

The losses in the waveguides was finally determined using the ring resonators.
The drawback of this approach was the fairly large errors associated with mea-
suring the losses over such a short distance, namely the circumference of the ring.
The standard deviation shown in figure 15 is simply the deviation amongst mea-
surements and do not take in to account systematic errors associated with the
processing of the data. If alternative approaches to measuring the waveguide
losses can corroborate the results they can be used for the optimization of the
waveguide manufacturing.

29



5.2 Resonators as Filters

With a Q-value of 4000 and a finesse of 8 the resonators are sharp enough to
be used as filters. When measuring the resonators, the point at which the res-
onators start to over couple was not recorded. This point is when the coupling
coe�cients and the loss coe�cients meet and a significant increase in the sharp-
ness of the resonance would be expected. The results show the feasibility of
ring resonators for filtering in silicon nitride photonic circuits. Hopefully, this
will aid in the further development of resonators to achieve over coupling at the
wavelengths relevant for quantum photonics.

With the resonances of the resonators overlapping the fitting to a pure Lorentzian
distribution might not give the correct extinction ratio as the laser spectra never
recovers to a level una↵ected by the resonances. The fittings shown in figure
13 do show a level y0 varying more than the spectra from the laser normally
would. A possible way around this would be to fit to several resonances at once
using a more complicated distribution function. Combining the resonances in
the fitting function might give a more stable result for y0 however, it would be
more computationally taxing. The fittings used does have several data points
below the FWHM value suggesting the modelled values does give an accurate
description of the resonances.

5.3 Beam Splitters

The two of the beam splitters divided the incoming laser evenly among the two
waveguides making the very applicable for photonic circuits, as seen in figure 8.
The losses in the waveguides making up the interferometer arms was calculated
to be ⇠ 10�5 dB over the length di↵erence of the arms. These calculations was
made using the results from figure 15 and shows that these losses can safely be
omitted when evaluating the splitting ratio. The interference pattern displayed
in all the measurements could be a result of a standing wave in the beam splitter
itself. A rough calculation would show such a pattern would correspond to a
structure with a dimension 15µm. This is similar in size, although slightly big-
ger then the beam splitter structure. As the beam splitter is the only structure
of that size it looks to be the cause, though further investigation is needed in
order to say anything certain. For a photons on a very narrow band of wave-
lengths it is possible to find a point at which the beam splitters split completely
evenly.

The interferometer structures contained two separate beam splitters. This
means there is a possibility of any uneven e↵ects being either cancelled out
or doubled. When compared to the beam splitter structures the beam splitters
used in the interferometers had the same dimensions as the those shown in figure
18a. The output waveguide with the shorter path length from the beam splitter
had 25 % of the power of the longer one. When that result is compared to an
average extinction quotient of 0.2 from the interferometers the discrepancy is
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quite large. One reason for this may be an error caused by realigning the laser
between measurements of the single beam splitters. Another error source might
be the noisiness of the data in at lower wavelengths. That noise is due to the
low power in the super continuum laser at those wavelengths. When the mea-
surement result is normalized with the laser spectra the noise is more prevalent
where the laser has low power. This might e↵ect the fitting somewhat but is not
enough to explain a discrepancy of a factor three. Future measurements using
the beam splitters seen in figure 18b or 18d would hopefully give a complete
extinction when the light in the di↵erent arms are out of phase.

5.4 Group Index

The derivation of the group index from the ring resonators gave a value of
2.07 with a relative standard deviation of 0.05. To determine the group index
to a higher accuracy may be achieved by using several resonators with the
coupling gap no higher than 400 nm. This would be because the coupling to
the ring deteriorates as the gap is increased. In order to confirm this result the
group index was calculated from the measurements made on the interferometer
structures as well. From these the group index was determined to be 2.1, which
seems to be consistent with previous results. This result could be improved
beyond two significant figures by measuring using a laser with more power in
the 770-840 nm wavelength range, as well as normalizing using the direct output
of the laser. This would reduce the measurement noise allowing for a closer fit
of the sine wave to the measurement data.

6 Conclusion

The results from beam splitter measurements show the feasibility of the imple-
mentation of such structures for on chip photonics. The result shows that a
beam splitter with an even split is manufacturable using simple on chip struc-
tures.

Using ring resonators as notch filters is certainly possible with clear narrow
resonances. However, over coupling of the resonators together with the com-
plete extinction of the resonating frequencies was not achieved. This result calls
for further optimisation of the components.

In measuring waveguides of varying lengths a unknown interference pattern was
discovered. This calls in to question the method of measuring waveguide losses
by coupling on the unpolished facet of a cleaved chip. Further investigation is
required to determine whether or not the cleaved facet is the cause of the pattern.

The losses as light travels through silicon nitride waveguides was determined
to be 18 dB/cm for near infrared light. These results requires confirmation
with alternative measurement techniques. Using silicon nitride to implement
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photonic circuits is a promising way forward, especially considering the losses
might be lowered by optimization of waveguide manufacturing.

Altogether implementing quantum photonic circuits using on-chip designs is
not only possible, but a very promising way forward.

7 Outlook

Beyond this report, the next step in developing quantum integrated photonic
circuits would be to apply 2D flakes on to a chip mounted with controllable
microelectromechanical systems, to determine the applicability of this approach
in creating a on chip single photon source that is coupled to photonic circuits.
Further more, using the single photon source in conjunction with ring resonators
and delay circuits to create highly indistinguishable photons on demand and
entangling them. From that point the goal would be to construct an arbitrarily
scalable quantum circuit.
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