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Abstract

Optical gyroscopes are being employed for navigational purposes for decades now and
have achieved comparable or better reliability and performance than rotor-based
gyroscopes. Mechanical gyros are however generally bulky, heavy and consume more
power which make them unsuitable for miniaturized applications such as cube satellites
and drones etc. Therefore, much effort is being expended worldwide to fabricate optical
gyros having tactical grade robustness and reliability, small size, weight, cost and power
consumption with minimal sacrifice of sensitivity. Integrated optics is an obvious

approach to achieving this.

This work comprises detailed comparative analysis of different types and structures of
integrated optical gyroscopes to find out the suitable option for applications which
require a resolution of <10 °/h. Based on the numerical analysis, Add-drop ring
resonator-based gyro is found to be a suitable structure for integration which has a
predicted shot noise limited resolution of 27 °/h and 2.71 °/h for propagation losses of
0.1 dB/cm and 0.01 dB/cm respectively.

An integrated gyro is composed of several optical components which include a laser,
3dB couplers, phase/frequency modulators, sensing cavity and photodetectors. This
requires hybrid integration of multiple materials technologies and so choices about
which component should be implemented in which technology. This project also
undertakes theoretical optimization of few of the above-mentioned optical components
in materials systems that might offer the most convenient/tolerant option, this including
3dB coupler, thermo-optic phase modulator and sensing cavity (resonator and
waveguide loop). In particular, the sensing element requires very low propagation loss
waveguides which can best be realised from SizN4 or Ta2Os. The optimised SisN4 or
Ta,Os waveguides however are not optimal for other functions and this is shown and

alternatives explored where the SisN4 or Ta>Os can easily be co-integrated.

The fabrication process of low loss SisN4 and Ta>Os waveguides are also reported in this

thesis. SisNs films were grown by using low pressure chemical vapor deposition

(LPCVD) technique. Dry etching of SisN4 films have been optimized to produce smooth

and vertical sidewalls. Experimental results predicted that the propagation loss of

0.009 dB/cm is achievable by using optimum waveguide dimensions and silica cladding

with the relatively standard processes available within the Laser Physics Centre at the
iii



Australian National University. A CMOS back end of line compatible method was
developed to deposit good quality Ta2Os films and silica claddings through ion beam
sputtering (IBS) method.

Plasma etching of Ta>Os waveguides has been demonstrated by using a gas combination
of CHF3/SFe/Ar/O2. Oxygen was introduced into the chamber to produce non-vertical
sidewalls, so the waveguides could be cladded without voids with IBS silica. Average
propagation losses of 0.17 dB/cm were achieved from Ta>Os waveguides which
appeared after extensive investigation to be limited by the spatial inhomogeneity of the
processing. Lastly, a detailed theoretical and experimental analysis was performed to find
out the possible causes of the higher average propagation loss in Ta,Os waveguides, some
sections being observed with 0.02 dB/cm or lower losses.



Table of contents

ADSTFACT. ... ettt nne s ii
CRhapter 1 ... e s 1
I A Y o 1S{ol ] oL PP 1
1.1.1 TYPES OF GYFOSCOPES .....viuvireenrenreseetesiestesst st st ss ettt sbesb bbbt b e b b nnenn e 4
1.1.2 MeChaniCal gYrOSCOPE .....coviiveiie ettt ettt ettt s te ettt besbe et ste e eneenre e 4
1.1.3 ViIDrating QYFOSCOPE. ... .ccvieereuieiietieit st stt sttt sttt sb bbbt sb et nn s n e 6
1.1.4 Nuclear magnetiC reSONANCE GYFOS ........uiueruerreeeieeaiesiesresreseesrereseeessesressesressessesneeas 9
1.1.5 Cold atom interferomMEer QYI0.......ccoveiiiiiiie ettt 11
1.1.6 SUPEITIUIA QYIO .o 13
1.1.7 OPUCAl GYTOSCOPES ...ecuiiiiictieie it eteite st ste et s re et esre et este s e e s e besaeestesbeenaesbesteenresres 15
1.2 Gyro Comparison for Modern ApPPlCAtiONS..........ccovviiiiiirenerereeee s 27
1.3 INTEPrated OPLICS .....iciiiiiii et e st s be e re e be s reeseesbe e e e sbeeraenbesre s 29
1.4 CONCIUSION ...ttt ettt bbb 35
1.5 OULIINE OF TS TRESIS ... vttt 36
Chapter 2 Comparative study of integrated optics gyroscope implementations .38
2.1 Interferometric Integrated Optical GYrO........ccccceiiciiiiiicce e 38
2.2 Resonant Integrated OPLICAl GYIO........cooiiiiiiiiiiiiiiese e 43
2.3 Brillouin RING LaSEr GYF0.....cccicviiiiiieiiie ettt sttt e te e sreane 51
2.4 Performance Limiting EFfECTS ........ccooiiiiiiiiiee e 52
2.4.1 Backscattering induCed NOISE..........ccveiiiieiiie it ne 53
2.4.2 KEIT BTFECT ...ttt bbb 53
2.4.3 Polarisation iNAUCE NOISE .......cviueiiiiiiieiiiieie e 54
BT O] 1ol 1173 o o SRS 57
Chapter 3 Design and fabrication of Low Lo0ss SisNa waveguides.............c.cccu.... 58
3.1 Theory Behind the WavegUITE ..o 58
3.2 Waveguide Simulation and Geometry Optimisation.............ccocveveviveenienieeneneee e 59
3.2.1 Waveguide width and thiCKNESS ............ccoiiiiiiii s 61
3.2.2 L0OSS OPLIMISALION ..ottt sttt s ne et e enee e e 64
3.3 Waveguide FabriCation PrOCESS .........ccciiiiiiiiieieiiisese st 66
3.3.1 Silicon Nitride depPOSITION ........ccveiiiiiieeee e 66
3.3.2 Techniques used for the measurement of refractive index and thickness of films
.............................................................................................................................................. 68
3.4 Photolithography .......cooo e 69
3.5 PlasMa ELCNING: .....oviiiec e nn 69
3.5.1 Available gases and their selection for etching ..o 71
3.5.2 ELCNING SYSTEIM ..ot sttt re et sre et 72
3.6 Sample Imaging by Scanning Electron Microscopy (SEM)........cccoceeiviiieieniciieinne 73

\Y



3.7.1 CHF; and SFg based plasma etChing: .......c.cccccoviieieii e 74
3.7.2 CHF3/Ar based etching Of SiaNa........ccoiiiiiiiiieei e 75
3.7.3 CHF3/O; based etching Of SiaNa.......cccooiiririiiiiiieeeee e 77
3.8 Silica Cladding Optimization: .........ccceviiiiiieieieece e ns 78
3.9 Thermal ANNEALING ........ooiii e 80
3.10 Fourier Transform Infrared Spectroscopy (FTIR) .....cccccevviiviveiieciiie e 80
I8 I oo g o I Vo) PR 83
3.12 Waveguide L0SS MEASUFEMENT..........cc.eiiiiieiieieeiiesieeeeseseesre e eesre e e sre e aesreeeesreenis 84
3.12.1 Theoretical estimation Of the 10SS ........cccccviviiiiiei e 86
3.12.2 Experimental propagation 10SS reSUILS...........ccccveieiiciiiiiie e 90
KT8 @0 o 11T ] o RS 91
Chapter 4 Fabrication of Tantalum Pentoxide (Ta20s) waveguides and
theoretical optimization of gyro COMpPONENtS ............ccceeviiieieeie s 92
o A 1 oo [ od i To] o OSSPSR PP 92
4.2 Deposition Of TazOs FIIMS......ccooiiiii e 93
4.3 Optimization of Ta;Os Waveguide DImMENSIONS .........cccccviieieeieiese e 96
4.4 30B COUPIET ...ttt 100
4.5 Bus Waveguide RiNG RESONALON ..........cociciiiiiiiciciecie et 105
4.6 Waveguide CroSSING ATTAY.......cccieieiiiiierieate ettt sse st sne e neenes 109
4.7 Waveguide Dimensions Re-Optimization...........cccccooiiiiieii i 112
4.8 TazOs Waveguide ETCNING: .....cooiiiei s 114
4.9 Ta,0s Waveguides Propagation Loss Measurement...........ccccooveveveeveseeveesecviesiesneas 117
o 0 O] o] 111 o o OSSP 125
Chapter 5 Design optimisation and performance prediction for an integratable
thermo-optic phase MOodUIAtOr.............cooi i 126
o T8 A 1 014 oo 11 od i [ o SR 126
5.2 Theoretical OPtiMISATION ..........ccuiiiiiiriiie e 131
5.2.1 Junction 10SS OPTIMIZATION. ........ooiiiiiieie et 137
5.2.2 AbsSorption 10SS OPtIMIZATION .......ocviiiiiiiicce s 143
5.2.3 Phase shift CalCUlatioN ............ccccveiiiiiiie e 144
5.2.4 Frequency Response CalCUlation ............coovoeireieniiie e 147
ESTRC I O] o] [17] o] o TSP 149
Chapter 6 Conclusions and recommendations...........ccoccvvvevivereiiiesieene e 151
G T A O] o Tod 1157 o] o SR 151
6.2 Recommendations for FUtUre WOIK ...........cooooiiiiiiii e 153
RETEIEINCES ...ttt s b et e beebe st nre s 155

Vi



Chapter 1
Introduction

1.1 Gyroscope

Inertial navigation systems (INS) are being extensively employed to measure acceleration and
rotation rate in a wide range of applications including the rapidly growing and increasingly
important autonomous vehicle sector. An INS is a combination of two functional units, an
Inertial Measurement Unit (IMU) and a navigation computer. The IMU provides the
measurement of the rotation rate and acceleration respectively, whereas the navigation
computer uses these measurements to calculate the relative position, orientation and velocity.
Gyroscopes are used to measure the rotation rate of an object, whereas accelerometers measure
the change in the velocity in one linear direction. Improvement in the performance of these
sensors along with size reduction is increasingly important for modern applications (e.g.
fabrication of high performance gyros for mini-satellites) [1].

The first gyroscope was essentially a rotating wheel. In early times, spinning top was used as
a toy due to its unique ability of balancing itself while rotating. At the start of the 19" century,

scientists and sailors began attempting to use spinning gyros for scientific purposes.

Prior to the commercial use of spinning gyros, sextants were the default navigational
instrument, these measuring the angle between specific stars and horizon and observational star
charts to derive latitude. Once the latitude is determined, the longitude was measured by
comparing the time with Greenwich time. However, this method was entirely dependent on the

weather as clouds could cover the stars and fog could obscure the horizon.

By the mid 19" century, a French scientist Foucacult used the gyroscopic effect (conservation
of angular momentum) to measure the earth’s rotation and named the instrument as a
“gyroscope”. The name originated from two Greek words; gyro meaning “revolution” and
skopein meaning “to see”. With the invention of the laser and new microfabrication techniques,
a number of highly sensitive non-rotational gyroscopes based on different working principles
were fabricated to meet the modern era applications. These are discussed in the coming

sections. A gyro is specified by a number of key performance parameters:



Resolution: It determines the ability of a gyro to detect the minimum angular velocity and is

described in units of deg/h.

Angular random walk: Sometimes gyro output is obtained as the absolute change in the angle
rather than the angular rate which is done by simply integrating the output over time. Angular
random walk (ARW) represents/specifies the rms noise (broadband and random noise) in the
output with a unit of deg/h*2. The variation in the output due to this noise element is described
by the ARW and can be measured by the Allan Variance [2]. The smaller the ARW, the better
the quality of a gyro.

Constant bias: Constant bias is defined as the nonzero reading per unit time for a non-rotating
gyro. This error is estimated by taking the mean of the output over a long duration measurement

of a non-rotating gyro. Once the constant bias is known, it can be offset from the measurement.

Bias stability: Bias stability is the determination of gyros output stability over a time period.
It is thus the AC equivalent of the Constant bias. It describes the drift in the output over time
and is reported in units of deg/sec or deg/h. It is one of the most important performance metrics
and is obtained through Allan Variance plot [2]. The smaller the value of bias stability, the

better the quality of a gyro.

In-run bias stability: This is defined as minimum drift in the output during the operation. The

minima of the Allan Variance curve is the in-run bias stability.

Bias repeatability: It indicates the average change in the bias while turning on and off the gyro
multiple times. It is also described in units of deg/h.

Environmental sensitivity: Variations in the temperature can greatly degrade the gyro
performance. Therefore, it is necessary to characterize the gyros parameters over temperature
variation to confirm their compatibility with the intended application. Vibration, humidity and
shock can also degrade gyro performance and are especially important in military applications

where gyros routinely encounter harsh operating environments.

Today, gyros are being employed for numerous applications starting from general electronic
products through to the aerospace & defence industry. In 2018, the estimated market size for
gyros used in mobile phones was USD 1.5 billion to 1.7 billion that is projected to go up with
a compound annual growth rate of four to five percent during 2019-2025 and will reach
around a record value of USD 2.4 billion [3]. The main growth drivers for this industry
include high military spending, increase in the number of vehicles worldwide and sharp rise

in demand for consumer electronics.



As per the data reported by Global System for Mobile communication (GSM), there are
currently 5 billion mobile users in the world and this number will grow to 6 billion in 2025.
Almost all smart phones now manufactured have built-in gyros that measure the angular rate
of the device [3].

Gyros are also used in vehicles to maintain their orientation and angular velocity. Gyro is the
part of electronic stability program (ESP) of a vehicle and help avoiding the roll of the body
during cornering and travelling uneven paths. The rapid increase in the demand of the
automobiles around the world has positively impacted the gyro market. According to the
numbers reported by the Organisation Internationale des Constructeurs d'Automobiles
(OICA), 97 million vehicles were manufactured in 2017 with an expected growth in the
future [3].

The emergence of cube satellites, small drones, and unmanned aerial vehicles (UVAS)
attracted a lot of attention and funds recently. Increasing investments and technological

innovation are paving the way for the lower cost high performance gyros [4].

All applications require different sensitivity as can be seen in figure 1.1. For example, the
automotive industry needs a sensitivity of around 60-1000 °/h whereas space and defence

applications require 0.01-10 °/h [5-7]. For this work a readout rate of 1 Hz will be assumed.
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Figure 1.1: Showing the performance comparison between different types of gyros and their
applications [5].

The stringent sensitivity requirements in space and defence applications are extremely
important to reduce the chances of any disastrous incidents. For instance, NASA sent an

exploration craft to MARS on 30" July 2020, which landed on the red planet on 18" February



2021 [8]. Considering the amount of flight time, these craft could potentially diverge from their
original path by unacceptable margins even with an error of 0.05 °/h. Therefore, keeping the

consequences in mind, the highest performance gyros are required for these applications.

Since the turn of the century, the world has moved rapidly towards the miniaturization of
instrumentation anticipating the increasing demands of smart devices and rapidly developing
space technology as well as recognizing the intensity of the energy resources being consumed.
All these factors demand the development of small footprint, reliable, robust and low power
consuming devices. With the progress in integrated optics (a technology used to fabricate
various photonic devices on the same chip to perform different functions), the

fabrication/development of such types of optical instruments and devices is becoming reality.

1.1.1 Types of gyroscopes

There are number of different types of gyros based on various operating principles that have
been reported to date. These gyros include mechanical gyros, vibrating gyros, nuclear magnetic
resonance gyros, cold atom gyros and superfluid gyros. Optical gyros, cold atom gyros and
superfluid gyros work on the principle of Sagnac effect [9]. The nuclear Magnetic resonance
gyros determine the angular rate by determining the shift in the Larmor precession frequency
of the nuclear spin [10], whereas mechanical and vibrating gyros working mechanism is
conservation of angular momentum (COAM) [11] and Coriolis effect [12] respectively. These

will now be examined briefly.

1.1.2 Mechanical gyroscope

The first mechanical gyroscope was built by a physicist from Germany named
G. C. Bohnenberger [13] at the start of the 19" century (1817). Thirty-five years after its
invention (1851), a French scientist (Leon Foucault) took a step forward and showed that this
sensor could detect the rotation of the earth [14, 15]. Mechanical gyros work on the principle
of COAM in a spinning disc (rotor). A driving motor is used to rotate the disc continuously

around its axis. The basic structure of a mechanical gyro is shown in figure 1.2.
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Figure 1.2: lllustrating the structure of a mechanical gyro [16].
A disc that can be rotated around an axis is the fundamental part of a mechanical gyro. Angular
momentum generated by this spinning disc resists any change in the orientation of its spin axis.
If the gyro is mounted into a 3 axis gimble (as shown in figure 1.2) using low friction bearings
which allow the spinning disc to move freely in all three directions, the orientation of the spin
axis will remain unchanged, this property is called gyro inertia. When the rotor is spinning and
torque is applied perpendicular to the spin axis, the rotor experiences a precession motion
which is normal to the input torque. The rotation rate of a gyro is measured using this effect.

The precession rate corresponds to the input torque and written as:

T = InQ (1.1)
Here, T is the applied torque, | is rotational inertia of the spinning disc, w is rotor angular

frequency and Q is the precession rate.

For angular position measurement, the gimbaled structure is mounted on the vehicle and
allowed to move freely, whereas the rotor’s spin axis holds its angular position throughout the
vehicle’s movement. Total change in the angular position is correlated to the relative change
of the angle between the fixed direction on the gyro frame and spin axis of the disc [17] and
measured by an angle pick-off device mounted on the gimbals.

Since their discovery, mechanical gyros were the only rotation rate sensors used in civilian and
military applications until the inception of optical gyros. The rapidly evolving and stringent

requirements of military systems have pushed spinning disc based gyros to the limits, as their



sensitivity to gravitational fields become an issue in the increasingly high-g environment of the
modern military applications. These gyros are also sensitive to external shocks as well which
sometimes act as an applied torque to the rotating disc causing the deviation in the spin axis
direction and inducing precession error [18]. A small imbalance in the spinning disc due to
fabrication tolerance inaccuracies can also act as an external torque and cause a gyro to
drift with time even when the vehicle is not having high transient acceleration. Due to the
gimbaled structure requirement, they are quite large in size, costly and have high mechanical
complexity [19].

Despite the issues mentioned above, mechanical gyros are still employed for high performance
applications. Mechanical gyros used in commercial aircraft are quite sensitive and drift only
0.1°in 6 hours of flight [20].

1.1.3 Vibrating gyroscope

All vibrating gyros work on the principle of Coriolis effect in which two resonant modes of the
vibrating mass exchange energy due to Coriolis acceleration. Coriolis effect is defined as “a
moving proof mass in a rotating frame of reference experiences a force acting orthogonal to
the rotation axis as well as the direction of motion” [21]. Vibrating gyros use this effect to
measure the angular velocity. This can be better understood by a mass spring system (see figure
1.3). The proof mass (m) can move along the two axes, say sense axis (x) and drive axis (y).
By using an electrostatic comb driver for example, the proof mass is driven into linear
oscillations along the drive axis. If the system rotates around an axis which is orthogonal to the
drive axis, a Coriolis acceleration is induced and results in a periodic displacement at a
particular amplitude along the sense axis in proportion to the angular velocity [22]. Rotation
induced displacement in the sense axis is mostly detected by using a capacitive sensor which
is integrated with the gyro. The displacement induced by the rotation is extremely small for
practical applications which results in a capacitance change of the order of 10?! F. Due to this,
it is important to minimise the sensitivity to noise sources such as environmental variations,
package stress and electronics noise which is partially achieved by integrating the electronics

on the same chip as the sensor.



Figure 1.3: Showing a mass spring system having dual movement axis.

The amplitude of the displacement along the sense axis is represented by equation (1.2) [17]:

_ 20F,Q, 1 (1.2)
my 2 (w2
2 2
(w?, + w?,) +( 0. )

Here, m is the proof mass, F, is the Coriolis force along the sense axis,  is the rotation rate,

Ax

Qy/x and wy,/ represent the quality factor and resonant frequency of the driving (y) and sensing

mode (X) respectively.

Passaro et al. [17] reported that the sensitivity of the vibratory gyro can be enhanced by
improving the mechanical quality factor as well as by matching the resonant frequencies of
both the modes. It is important to note that resonant frequencies of both the modes cannot
remain matched over long periods due to temperature variations and structure fatigue.

Therefore, electrostatic tunning is employed to match the resonant frequencies [23].

As far as Q factor is concerned, the limiting effects in mechanical Q in vibrating gyros include:
energy dissipation due to the surrounding environment, surface loss, clamping loss and
thermoelastic dissipation [24]. Environment related loss is caused by the resistive force of the
ambient air or gas and is usually reduced by operating the gyro in vacuum. Surface loss is
related to the loss of mechanical energy due to surface defects such as crystal termination
defects and dangling bonds. Surface loss is most influential in nano scale devices and almost

negligible for micro scale structures. Clamping loss is related to the energy lost through the



substrate which is reduced by isolating the beam vibrations from the bulk substrate. However,
thermoelastic dissipation is a fundamental limit on the Q factor of a vibrating structure. It arises
due to the temperature variation of the vibrating springs/beams. When a beam is flexed, it
induces compression and tension at one and the other side, respectively. The compressed side
experiences a tiny increase in the temperature which is related to its thermal expansion
coefficient and vice versa. This tiny thermal gradient results in a heat flow to attain thermal
equilibrium which causes irreversible energy loss [25]. The maximum achievable Q factor is
limited by the current microfabrication technologies because they are restricted to only a few
materials. The currently used materials such as silicon have relatively high thermoelastic
damping. The value of the thermoelastic dissipation is maximum when the vibrating frequency

of the structure is close to thermal relaxation frequency.

The proof mass/vibrating element can have number of shapes such as a hemi-spherical dome,
hollow cylinder, tuning fork and rod. These gyros do not require a rotating body and bearings
to operate, therefore can easily be miniaturized. Several gyros have been fabricated and tested
based on the Coriolis effect such as the hemispherical resonator gyro [26], tuning-fork gyros
[27] and cylindrical resonator gyros [28].

Furthermore, microfabrication techniques (electron beam lithography and photo lithography)
allowed the co-integration of electronic circuits and micromechanical elements for high-
volume fabrication of miniaturised, and low-cost versions of these gyros, leading to the now
well-known terminology of Micro Electro-Mechanical systems (MEMS) gyros. However, the
miniaturisation of the sensing elements has its own drawbacks in terms of getting good
performance and high resolution. The sensitivity of the MEMS sensors is affected by thermally
induced noise which is usually negligible for macro systems but cannot be ignored for micro
devices. As the size of the sensor goes down, signal from the device weakens, and noise goes
up which limits the sensitivity. In addition, these gyros are known to have high bias drifts due
to their sensitivity to thermal variations and external vibrations. As mentioned above, the
rotation detection depends on the vibration of an element and any external vibration could
induce undesired drift in the output. Another source of drift is the unwanted coupling between
both axes due to asymmetries in the mechanical transducer [29]. A lot of efforts are being made
to reduce the noise level in MEMS gyro by employing different structures. Recently, Li et al.
[30] reported a disk resonator based MEMS gyro which gave a bias stability of only 0.04 °/h at
room temperature. However, it still needs to be tested in the harsh operating environments.

MEMS gyros have certain advantages over conventional spinning gyros which include low



power consumption, small size and weight and relatively low cost due to batch fabrication
ability. These sensors are well suited for applications requiring low performance such as in
automotive industry and mobile devices (smartphones and smartwatches) due to their compact
size and low cost fabrication [31]. These gyros are still at the development stage for high

performance applications.

1.1.4 Nuclear magnetic resonance gyros

Nuclear magnetic resonance gyros (NMRGs) detect the angular rate by measuring the shift in
the frequency of Larmor precession of the nuclear spin. It is well established now that nuclear
spin is exhibited by many elements and it represents the total angular momentum of an atomic
nucleus. Nuclear spin originates from the net quantum spin of the nucleons (protons and
neutrons). Both constituents of the nucleus have a spin quantum number of 1/2. Nuclear spin
is not exhibited by elements with even mass number because the quantum spin of both protons
and neutrons pairs up and cancel each other. However, atoms with an odd mass number exhibit
nuclear spin due to the incomplete coupling/pairing of the nucleon quantum spins. All such

atoms can experience nuclear magnetic resonance (NMR) [32].

To understand the process of how nuclear spin is used to measure the rotation rate, starting
with a cell that contains atoms with certain magnetic moments is useful. The atomic magnetic
moments have no alignment in the absence of an external magnetic field (see figure 1.4(a)).
However, in the presence of a constant magnetic field Bo, the atomic magnetic moments
become more ordered and align themselves along the magnetic field lines, but their spin states
are still misaligned as seen in figure 1.4(b). Atoms with spin states along the direction of
applied magnetic field (up in the given diagram) have low ground state energy and vice versa.

The difference in the ground state energies contributes to this misalignment.



(a) (b) Bo (¢) By + EM radiations
Figure 1.4: Showing the step-by-step process of NMR gyro working principle. Arrows in the

figure represent the spin states. When the atoms as well as their spin states are aligned along the
direction of magnetic field lines, the gas cell has higher degree of magnetic moment.

The undesired nuclear spin states are switched through optical pumping. This phenomenon can

be understood by defining the spin states; setting the spin states for the ground state energies
asL = —% &+ % then upon irradiation with circularly polarized light that has a quantum spin

number of +1, only atoms that have -1/2 state will absorb photons and thus switch to the other
state. The L = +1/2 state cannot absorb photons as it will not conserve energy and angular
momentum of the system [33]. The atoms that are absorbing photons will undergo spontaneous
emission and end up in either of the spin states. This process will keep going on until the atom
attain the L = +1/2 state. This is how an atomic system is polarized via optical pumping and
the net magnetic moment is aligned as shown in figure 1.4(c). Even after the optical irradiation,
the magnetic moments of the atoms are not perfectly aligned to the field lines due to the nuclear
spin associated with them. This tiny misalignment causes the atoms to keep rotating around the
magnetic field lines. Therefore, it can be concluded that the spin polarized atoms undergo
precession at a certain frequency in the presence of the magnetic field. This is called the Larmor
precession frequency and is represented by the following equation [34]:

wy, =yByg (1.3)

Here, wy represents the Larmor frequency, By, is the strength of applied magnetic field sand y

is the gyromagnetic ratio.

The rotation of a cell containing spin polarized atoms causes a shift in the frequency of Larmor
precession which is proportional to the rotation rate. The method used to sense the rotation rate
employs a circularly polarized beam for optical pumping and a linearly polarized beam for
probing. The vapor cell contains a mixture of an alkali metal atom and two noble gas isotopes.
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Alkali metal atoms help to enhance the spin polarisation of the whole system by transferring
their electronic spin polarisation to the noble gas isotopes through collision. The precession
rate of the noble gas isotopes relative to the fluctuation in the magnetic field is deduced from
the precession frequency of the alkali metal atom as its precession rate is 1000 times greater.
Noble gas isotopes are selected in a way that their gyromagnetic ratios are opposite to each
other and consequently precess in opposite directions. Upon gyro rotation, the precession
frequency of both isotopes is combined and the resultant precession rate is independent of the
rotation of the gyro due to the opposite gyromagnetic ratios and depends only on the net
magnetic field. The combined frequency signal is phase locked to an external stable frequency
source through feedback to the coils generating the main magnetic field. With the main
magnetic field held constant relative to the external frequency source, signal from any of the
noble gas isotopes is employed to measure the gyro rotation by comparing it with a second
stable frequency signal from the same external frequency source. The relative phase angle
between the measured noble gas isotope signal and reference signal change with a 1 to 1
correspondence as the gyro is rotated. As a result, the NMR gyro provides the absolute angle
instead of rotation rate. [35].

The lack of moving parts means these gyros can be miniaturized as well as show no sensitivity
to shock and vibrations. However, their performance is highly sensitive to external magnetic
fields and is limited by the attainable frequency shifts due to the magnetic dipolar interactions
between the spins. A lot of work has been done in the past two decades to improve their
performance and an ARW of 0.002 °/h*? and bias stability of 0.04 °h has been achieved [36].

1.1.5 Cold atom interferometer gyro

As suggested by the name, this type of gyro relies on the cooling of the atoms induced by
monochromatic laser light. Laser cooling has been a studied phenomenon for more than two
decades now. If the frequency of the laser is close to an electronic resonance of the interacting
material, the atoms of the material can get trapped and loose their kinetic energy which results
in the reduction of their temperatures down to the micro kelvin level [37]. The state of the
trapped atoms can be modified through controlling laser pulses and allowing the atomic
wavefunctions travel on an identified spatial path (path 1 & 2. See figure 1.5). These gyros are
also based on the Sagnac effect and the counter propagating atomic wavefunctions accumulate

phase difference under rotation. Figure 1.5 shows the basic setup of a cold atom interferometer

gyro.
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Figure 1.5: General description of a cold atom interferometer gyro setup. The cold atoms are
launched to a parabolic trajectory and manipulated with the laser pulses for the gyroscopic
puUrposes.

Before launching, the atoms are cooled down to micro kelvin level in order to reduce the
interference error that could originate from the atom position error and velocity distribution.
Secondly, the cooled atoms are easy to manipulate. Like an optical signal, the atomic
wavefunctions can also split and interfere to form a fringe pattern. Therefore, during the
travelling trajectory, atomic wavefunctions are altered with the laser pulses equivalent to beam
splitters (n/2 pulses) and reflectors (r pulses) to realise an atomic interferometer [38]. When an
atom having a certain quantum state interacts with the photons of a counter-propagating laser
pulse, it goes to an excited state by absorbing the momentum from the pulse. The interaction
with a second laser pulse results in stimulated emission and the atom comes down to the
hyperfine ground state. With the change in the quantum state, the initial trajectory of the atom
is changed. It is well known that the transition probability of atoms depends on the laser
intensity and interaction duration. With an appropriate selection of laser intensity and duration,
optical beam splitters and reflector/mirrors can be formed.

The working of an atomic interferometer for rotation sensing is shown in figure 1.6. The atoms
having |0) quantum state enter the interferometer from the left side where they interact with an

optical beam splitter formed by the counter propagating laser pulses. The beam splitter
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interaction with the atoms results in a quantum superposition state for each atom in a way that
it can be in any of the two states (J0) and |1)). Laser pulses also transfer some momentum

to the wavefunction in state |1).

" ' 4 > [

0 T 2T
Figure 1.6: Showing the atomic interferometer which can be used for rotation sensing [39].
After a certain time interval T, the wavefunctions interact with the optical mirrors, again
formed by counterpropagating laser pulses that simultaneously transfer momentum to both the
wavefunctions which cause the change in their quantum states. Both the wavefunctions
interfere at the second beam splitter after another time interval T. The number of atoms coming
out of the interferometer in state |0) and |1) depends on their phase difference which is a

function of rotation rate as well as laser phases during the interaction time [39].

In terms of theoretical sensitivity, cold atom gyros have a fundamental edge over optical gyros
which arises from the fact that de Broglie wavelength is much smaller than the optical
wavelength. An identical area atomic interferometer will induce a much larger phase shift for
a given rotation rate as compared to an optical interferometer. However, atomic interferometers
are sensitive to gravitational acceleration as well. The phase difference induced by gravitational
acceleration is around 6 orders of magnitude larger than that from typical angular rate signals
which results in a low signal to noise (SNR) ratio for rotation rate measurements [40]. Due to
these technological limitations, these sensors are mostly used for constant/very low frequency

measurements such as local gravity [41].

1.1.6 Superfluid gyro
Superfluid gyros also work on the principle of Sagnac effect and use superfluids as suggested

by the name to measure the rotation rate. Superfluids are characterized as “fluids having
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extremely low viscosity and flow without dissipation below transition temperatures” [42] . *He
(Helium 3) whose transition temperature is 10 K was used initially and later replaced by *He

due to its relatively high transition temperature of 2 K and lower cost.

A quantum mechanical wavefunction | = r,e'® is used to characterize a superfluid system,
whose amplitude s, describes the superfluid density and complex phase @ describes the
kinematic behaviour of the system. The change in the phase is related to the fluid velocity field
and is expressed by equation [43]:

2mm (1.4)

phase gradient = [T \%

Here, v is the superfluid velocity field, m is the He atomic mass and h is Plank’s constant.

For the rotation rate measurement, the superfluid is injected into a ring which is separated by a

flow restrictor as shown in figure 1.7:

() ]]

D)

Figure 1.7: Hlustrating superfluid cavity use to measure the rotation. The flow restrictor in the
cavity has an orifice.

Where, R is the radius of the cavity.

In the absence of rotation, the velocity of the superfluid ground state must be zero and the phase
is constant throughout the liquid as per the equation. However, when the cavity rotates, the
velocity state of the superfluid is non-zero and a phase difference (A® = ®,-®4) is induced
across the flow restrictor. This phase difference implies a very large fluid velocity across the
flow restrictor and by measuring that velocity, rotation rate can be estimated [43]. The velocity
of the fluid around the orifice is significantly higher relative to the rest of the cavity. It depends
on the size of the orifice.

A diaphragm pump (shown in figure 1.8) is added to the apparatus to measure the increased
velocity of the flow through the flow restrictor. The function of this pump is to provide an
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additional flow on top of the rotation induced flow. The magnitude of the additional flow is
monitored by an extremely sensitive displacement sensor in the diaphragm. The property of
superfluids to flow without friction exists up to a certain critical velocity. For example, for “He,
the critical velocity through an orifice is around few a meters per second [44]. When a
superfluid passing through an orifice attains critical velocity, a vortex line may be created that
will cross all the streamlines of the flow while passing through the orifice causes a reduction
in the flow energy and the phase difference across the orifice changes by 2. This concept is
known as phase slip and was proposed by Anderson et al. [45].

/ P
0 I N

X

Figure 1.8: lllustrating a schematic of superfluid gyro [44].

Upon rotation of the gyro, the flow in the orifice changes and pump flow modulation is required

to reach the critical velocity. This makes it possible to determine the rotation via superfluids.

Hoskinson et al. [46] achieved a resolution of 0.04 °/h from a *He superfluid gyro operating at
near 2K temperature. Despite demonstrating good sensitivity, maintaining such a low operating
temperature for long operations becomes a limit for most applications. Mechanical vibrations
of the apparatus also degrade the gyro sensitivity by acting as another rotation input to the

sensor which cannot be distinguished.

1.1.7 Optical gyroscopes

In comparison with other gyros, optical rotation rate sensors are insensitive to high-g
environments, vibration and external magnetic fields, highly linear over a wide dynamic range,
and do not need gimbaled mountings or vibrating elements. On top of that, they are almost
maintenance free due to lack of moving parts and so have a longer lifetime. Rotation of the
light beams instead of metal wheel circulation or vibrating elements results in a fast response

rate in optical gyros.

15



The operating principle of optical gyros is the Sagnac effect discovered by a French scientist
George Sagnac in 1913 [47]. He stated that when an interferometer, confining two counter
propagating beams, is rotated around an axis perpendicular to the plane of the interferometer it
induces a phase shift between the two counter-rotating beams which is proportional to the
angular velocity. By using a partially reflective mirror and a prism; a fraction of both beams is
extracted for the readout system from the interferometer, these being interfered in the prism to
form a fringe pattern on a photodetector array [48]. By counting the intensity maxima in the
fringe pattern the angular velocity can be calculated. The sign of the angular rate is determined
by observing the movement of the fringe pattern on the surface of photodetector array which

moves with the direction of the rotation [49].

Optical gyros can be classified as active or passive depending on whether the gain medium
generating the light is inside or outside of the rotation sensing element, respectively. In active
gyros, a ring cavity generates counter-rotating laser modes by pumping the gain medium. He-
Ne ring laser gyros are the most widely used angular velocity sensor in applications requiring
very high performance [17]. In passive gyroscopes an external laser source is split by a beam
splitter before being coupled/injected into the sensing element (resonant ring or spiral) in both
directions. For rotation rate measurement, more detection components are needed in the passive
gyros as compared to the active ones. A Resonant Micro Optic Gyro and an loop gyro are

examples of passive systems [50, 51] and are discussed in greater detail in chapter 2.
1.1.7.1 Sagnac Effect

The Sagnac effect induces a path length difference between the counter propagating (clockwise
and counter-clockwise) beams inside the rotating element. The schematic diagram of the

Sagnac effect is shown in figure 1.9.
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Figure 1.9: Showing optical cavities with and without rotation. When the rotation is zero, both
the beams travel the same path as seen in figure 1.9(a). Whereas beams experience path length
difference due to the rotation as seen in figure 1.9(b).

As mentioned earlier, the beams can be generated inside the element or can be coupled into the
element. In the absence of rotation, both oppositely travelling beams cover equal distance to
reach the entry/exit point as shown by figure 1.9(a). After one round trip their time (t) is

represented by equation (1.5):

_ 2nR (1.5)

c
where, R is the element radius and c is the speed of light in vacuum. When the element is

rotating at a certain angular velocity, the beam which is travelling along the direction of rotation
covers a longer path to arrive at the entry/exit point as compared to oppositely travelling beam
as shown by figure 1.9(b). Therefore, the beam in the direction of rotation takes a time to reach

the output given by:

t, Xc=2nmR + As (1.6)
Here As represents the optical path length change due to the rotation along the direction of the

rotation and calculated by using the arc-length formula:

As = RQt, .7
By putting As into equation (1.6) it becomes:

t, X ¢ = 2mR + RQt, (1.8)
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Likewise, the beam propagating against the rotation takes relatively less time to reach its

starting point which is described as:

t_ X c=2nR - RQt_ (1.9
Thus, the time difference between the counter propagating beams to reach their starting point

upon rotation can be derived as:

4mR% Q 4mR? 4A (1.10)
At=t, —t_= TR0 S &2 Q= P Q

where ¢ — R%Q% ~ c% as c2 » R2(2 for any reasonable values of R and Q. A represents the

area enclosed by the sensing element presuming it is circular. The path length difference can

thus be calculated as:

4A
AL = cAt = Tﬂ (111)

It can be seen in equation (1.11), the path length difference between the CW and CCW beams
inside the rotating element is proportional to the angular velocity. However, the magnitude of
the differential path length/time delays are extremely small for devices compatible with chip
scale integration. For instance, with a circular cavity of 15mm diameter, an angular velocity of
1 %h results in a path length difference of 4.5x101" m (about one tenth the diameter of a proton)
and corresponding time difference of 2x102 sec. These values are small enough that a direct
measurement of the delay cannot realistically be used for practical measurements. However,
their relative shift in phase (in the case of interferometer/loop) or frequency (in case of a
resonator) is significantly larger. Therefore, the frequency shift or phase shift between the CW
and CCW beams is generally used to measure the rotation rate. For an interferometric optical
gyro, the Sagnac phase shift is calculated as:

AD = wAt (1.12)
w is the angular frequency of the beams. Inserting equation (1.10) into (1.12) gives:

8mA 4mNLR (1.13)
—Q = Q

Ac Ac
Here, A is the wavelength of the probe light, L is the cavity length and N represents the

AD =

number of turns in the loop.

As can be seen in equation (1.13), the scale factor of an interferometric/loop gyro, which relates
the input rotation to the output phase shift, mainly depends on the length and radius of the loop.
In other words, the phase shift is dependent on the size and number of turns in the loop. For an
angular velocity of 1 °/h, a cavity having a radius of 15mm induces a phase shift of 1.83x101°
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degrees. To measure the frequency shift between the oppositely travelling beams, resonant

cavities are used in passive gyros, and the ring laser gyro is a successful type of active gyro.
1.1.7.2 Ring Laser Gyro

A bulk optic ring laser gyro (RLG) was the first optical sensor to measure angular velocity. It
is an active frequency sensitive device, where the oppositely travelling beams are generated by
pumping a gain medium contained inside a ring cavity [52]. Figure 1.10 illustrates the

schematic of a RLG.
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Figure 1.10: Conventional triangular symmetry of RLG [17].
Two conditions need to be satisfied for lasing: (1) the total optical loss of the cavity must be
compensated by the gain of the active medium and (2) the length of the cavity must be an
integer multiple of the wavelength. Condition (1) can be met by ensuring a low loss cavity and
choosing an appropriate active medium and then pumping it effectively to get a sufficient gain.
Condition (2) is written as [53]:

Lo ¥ (1.14)

Here, n is an integer (1, 2, 3....). When the cavity is at rest, both the beams have same resonant
frequency and cover identical paths. When rotating, the resonant frequencies of the two counter
propagating beams change due to the unequal paths covered by them induced by the Sagnac

effect. Therefore equation (1.14) is written as:
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[ _nc (1.15)
+ L,

g e (1.16)

L_
The relative shift in the resonant frequencies between the two beams is written as:

AL
Af =f, —f_=—f (1.17)
L
Putting the value of AL from Eq. (1.11):
4A 2R (1.18)
Af = EQ = TQ

This is called the beat frequency. Due to resonant nature of the cavity, the beat frequency only
depends on the radius/size of the cavity and is independent of the length of the cavity. With the
same cavity radius (15mm) and rotation rate (1 °/h) mentioned above, a beat frequency of
0.093 Hz is induced. Whilst low, this is feasible to measure directly, though this is not the usual
readout method. This shows that the beat frequency measurement is relatively more sensitive
than the phase shift measurement. Based on the gain medium used inside the cavity, RLGs are
divided into two categories: (1) Gaseous RLG and (2) Solid state RLG.

1.1.7.2.1 Gaseous RLG

After the invention of the laser in the 1960’s, gaseous RLGs were the first to be developed
commercially and used for high-tech applications e.g. aeroplanes. The gain medium of these
RLGs is a mixture of Helium and Neon gases, hence they are called He-Ne RLGs [54]. This
type of gyro has two geometries (square and triangular) and the resonator cavity is usually
made of a material called Zerodur [55, 56]. This material has a low diffusion coefficient for He
and Ne gases as well as a very low thermal expansion coefficient. At each corner of the tube,
a highly polished and reflective mirror (to minimize the backscattering from the surface) is
used for directing the beams along the closed cavity path. The RLG is a very sensitive device
and capable of measuring the rotation rate with a resolution of less than 1 °/h [57] and a bias
drift of 0.01 °/h [58].

At a rotation rate lower than a certain critical value, the beat frequency between the CW and
CCW beams is suppressed due to mutual coupling between them. This coupling arises from
backscatter effects that injection-lock the laser modes due to the gain in the cavity, this being
termed the Lock-in effect [59] and it severely limits the sensitivity of the gyro. The Lock-
in effect occurs primarily due to the backscattering of the light from the mirrors inside the

cavity. This is the dominant mechanism in He-Ne gyros. Backscattering can only be reduced
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by improving the mirror fabrication (both surface roughness and coating quality), this however
makes them much more expensive and the devices are already close to the state of the art. The
most widely used method to get rid of the Lock-in effect is mechanical dithering [60, 61]. In
this method, the gyroscope is mounted on a dither motor which rotates back and forth at an
accurately known rate. It acts to keep the gyro beyond the dead band zone and the dither signal
can be removed from the output electronically. Dithering makes the whole packing heavier,

larger and produces higher power consumption.

A lifetime limiting issue in RLGs is helium out-diffusion from the tube. Helium, being a small
atom, diffuses out of the lasing cavity through the seals or glass body and needs to be refilled
after a certain amount of time. Despite of having limitations such as Lock-in effect, lifetime,
high power requirements, large cavity size and high cost, RLGs have emerged as suitable
angular velocity sensors for high grade applications [17] and have attained a published
resolution of 0.15x10°2 °/h [48]. Due to the military applications for high precision gyros, it is

extremely difficult to determine the highest sensitivity ever attained.

Because of the gaseous gain medium and the size, this type of gyro cannot be used for
integrated applications. However, the gaseous gain medium can be replaced with a
semiconductor or rare earth gain medium to achieve longer lifetime and minimize the overall

size, cost and power consumption.
1.1.7.2.2 Solid state RLG

Semiconductor RLGs (SRLGs) have been proposed in different geometries such as circular,
racetrack, square and triangular. However, circular and racetrack geometries have been used
extensively for their ease of fabrication and lower bending losses. Generally, AlGaAs or
InGaAsP are used as semiconductor gain medium due to their superior lattice matching
properties and operation in the most widely used 1550nm wavelength range.

As mentioned earlier, coupling between the counter propagating beams severely limits the gyro
sensitivity. In SRL gyros, the presence of counterpropagating beams of different resonant
frequencies inside the semiconductor gain medium (i.e. rotation) results in the formation of a
spatial population inversion grating due to the increased carrier depletion from higher intensity
nodes in the summed intensity. This also leads to the formation of a refractive index grating as
index depends on the charge carrier density. This index grating reflects/backscatters the
counterpropagating beams which results in a non-linear coupling between them. This type of

coupling is totally different compared to the one that occurs due to the back reflection from the
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mirrors or scattering from the sidewall roughness, and rather more serious. As a consequence
of this non-linear coupling, the phase and field distribution of the beams inside the ring laser
get spatially and temporally modulated. If the modulation frequency is less than the inter-band
carrier relaxation time (typically ~1ns), gain medium parameters also get modulated. Sidebands
are produced as a result of this modulation and exchange energies causing the suppression of
the beat signal [62].

The replacement of the gaseous gain medium with a solid state one allows the fabrication of a
complete single chip gyro system, but the performance is badly degraded by the numerous
nonlinearities (homogeneous gain saturation, spatial hole burning effect and carrier induced
index change) present in semiconductor gain media. Arpit et al. [63] calculated the sensitivity
SRLGs and found them to be no better than 120 °/h and with a lock-in threshold of 10 °/h [62],
which overshadows the beat frequency detection issues. Their analysis is consistent with
experimental values (10° °/h) observed by Peter et al. [64]. Therefore, the viability of the

semiconductor gain media is yet to be proven.

Cao et al. [65] reported a novel way of measuring the beat frequency without having lock-in
issues for SRLG. An optoelectronic Integrated Circuit (OEIC) containing two optically
independent SRLs, directional couplers, waveguides, and Y-junction couplers are fabricated as
seen in figure 1.11. Both the lasers are coupled with spirals inside and outside for R1 and R2
respectively. These asymmetric spirals supposedly made lasing in one direction (counter-
clockwise for R1 and clockwise for R2) more favourable under certain drive conditions.
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Figure 1.11: Showing redrawn block diagram of two semiconductor ring lasers which can
potentially avoid lock-in effect [65].

From figure 1.11, PD1 and PD2 are the detectors for CW and CCW travelling beams in the
rings. The output of the counter propagating lasers was combined in a directional coupler prior
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to detection. A resistive heater was incorporated to thermally control the laser wavelengths to
enable the zero rotation rate beat frequency to be tuned for heterodyne detection or nulled for
baseband detection. The frequency difference between the counter propagating beams was
measured as a function of the tuning current and data from Cao et al. is replotted in figure 1.12.
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Figure 1.12: Exhibiting the redrawn graph of the beat frequency dependence on heating current
[65].

As can be seen in figure 1.12, at 14 mA of heating current, the beat frequency passed through
zero and showed no sign of lock-in effects which makes this configuration a suitable option for
RLGs. However, the tuning slope is approximately 15 MHz/mA, so very small amounts of
current noise leads to large frequency deviations. The beat frequency vs rotation rate for a ring
resonator having diameter of 30mm was calculated by using equation (1.18) and can be seen

in figure 1.13:
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Figure 1.13: Depicting beat frequency vs rotation rate theoretically calculated for ring resonator
of 30mm in diameter.

For a rotation rate of 1 °h, beat frequency of 0.093 Hz is found, so the frequency tuning

sensitivity in this device is a major challenge as femto amp current stability/noise is required.

Replacing the semiconductor gain medium with rare earth doped materials was another option
to materialize integrated RLG’s. However, it also doesn’t help to realize a sensor which can be
used for high performance applications, again due to a large lock-in effect. Nonlinearities
associated with solid state gain media restrict this realization. Ideal operation of an Er doped
RLG depends on single longitudinal modal propagation in both directions with equal
intensities. But practically, it is affected by the spatial hole burning present in the gain media
which results the formation of multiple longitudinal modes and strong coupling between CW
and CCW beams due to the scattering from the gain grating. This coupling leads to strong mode

competition and lock-in phenomena [66, 67]

Therefore, it can be concluded that active RLGs are not suitable for integration because whilst
gaseous RLGs are very effective, they are not solid-state devices. On the other hand, solid state
RLGs gyros meet the requirements of an integratable device, but their sensitivity is badly
affected by the lock-in effect. Passive optical gyros seem to be the only choice which can be
realized/used as an integrated option. Fibre optic gyros are the most successful type of passive

optical gyros.
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1.1.7.3 Fibre Optic Gyroscope

A Fibre Optic Gyro (FOG) is a passive optical gyro meaning an external laser source is used
to measure the angular velocity and has two implementations: (1) Interferometric Fibre Optic
Gyro and (2) Resonant Fibre Optic Gyro.

1.1.7.3.1 Interferometric Fibre Optic Gyro

In Interferometric Fibre Optic Gyros (IFOGs), the phase difference between the oppositely
travelling beams inside a fibre loop is used to measure the angular velocity (phase-sensitive
sensor) [68]. The basic architecture of an IFOG is shown in figure 1.14:

CW
Laser —
Coupler
Photodiode

Figure 1.14: Typical configuration of an open loop IFOG.
Here, PM represents phase modulator.

A fibre coupler is used to couple the light in and out of the fibre coil. A photodetector captures
the output light and converts it into a measurable electrical signal (the detection
scheme/mechanism of a loop gyro is explained in the next chapter). As seen in equation (1.13),
sensitivity of this device strongly depends on the length and radius of the fibre loop because
the phase shift keeps accumulating as beams travel further through the fibre. Therefore,

Kilometres of fibre is typically used to increase the length and diameter of the loop.

The performance of IFOG has been significantly improved with the development of ultra-low
loss and speciality fibres (polarisation maintaining fibres) as well as sophisticated integrated
optical components (phase modulator and coupler) [69]. A resolution of less than 0.1 °/h and
bias stability of less than 0.01 °/h has been achieved by IFOG and reported in the literature [57,
70].
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On the other side, IFOG sensitivity is limited by a number of undesired error sources [71-73].
Fibre cable encounters time dependent variations in reciprocity due to temperature, stress,
shock or vibration. Thermally induced non-reciprocity arises due to the presence of time
varying thermal gradients in the fibre loop. When counter-propagating beams traverse a loop
having a time dependent thermal gradient, a non-reciprocal phase shift is induced because the

beams experience different propagation constant along the loop [74].

Shock and vibration can also mechanically degrade the fibre with time [75]. However, these
non-linear noise sources can be minimised by isolating the fibre loop from disturbances with
the help of special coil winding methods and cautious thermal design [76-79]. This type of gyro
cannot be used in compact applications due to the use of kilometre long fibres as the sensing

element which cannot be integrated or miniaturised to a similar degree.
1.1.7.3.2 Resonant Fibre Optic Gyro

The Resonant Fibre Optic Gyro (RFOG) is also a passive sensor, in which rotation induced
shifts in the resonant frequencies of an optical cavity between the counter propagating beams
is used to measure the rotation rate [80]. A typical configuration of RFOG is seen in figure
1.15.
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Figure 1.15: Schematic diagram of fibre resonator based optical gyro [81].

The abbreviations shown in the figure 1.15 are:

ISO = Isolator, C = Coupler, PM = Phase modulator, FRR = Fibre ring resonator, PD =
Photodiode, LIA = Lock-in amplifier, Pl = Proportional integrator

To measure the shift in the resonant frequencies, light from an external laser source is split and
launched into the fibre resonator in CW and CCW directions. The laser source should be
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linearly polarized, highly coherent and thermally stable. To avoid the lock-in effect, each beam
is phase modulated at a different frequency before entering the resonator. Two photo detectors
are used to detect the CW and CCW beams coming out of the resonator. A feedback loop is
used to lock the laser frequency in one propagation direction meaning the laser frequency is
locked to the resonant frequency of one direction. The synchronous demodulation of the
detected signal of the other direction then gives the resonant frequency difference (Sagnac

frequency).

The fundamental edge of this device over an IFOG is the significant reduction in the fibre
length which results in a much smaller device. Rather more signal processing components are
however required to measure the angular rate and all of these components add extra noise in
the output. Despite having a shorter length cavity, this type of gyros also cannot be used for
miniaturized application due to their large cavity radius to avoid bending loss. However,
waveguide resonators can be fabricated with relatively smaller radii and seem a viable option

for integrated gyros.

1.2 Gyro Comparison for Modern Applications

The first gyro employed for the navigation purposes was a mechanical gyro which was found
to be a reliable rotation rate sensor and served for number of years in civil and military
applications. However, due to their bulky gimbled structure and rotating parts, these gyros do
not match the requirements of size, weight and power consumption imposed by rapidly
evolving modern applications. Their sensitivity to high-g environments as well as external

vibration were other factors which encouraged the search for alternatives.

With advancements in microfabrication technology, compact mechanical Coriolis effect gyros
using Micro-Electro Mechanical Systems (MEMS) came into the market and became known
as MEMS gyros. These sensors meet the size, weight and power consumption demands for
many current applications and are widely used in low performance requirement applications.
Due to their mechanical structures, these gyros are sensitive to harsh environmental

fluctuations and are still under development for advanced applications.

After the invention of the laser, RLGs and FOGs emerged and were found to be suitable sensors
for applications requiring high performance. In comparison with mechanical gyros, optical
gyros are insensitive to high-g environments and vibrations, highly linear over a wide dynamic
range and eliminate the need for gimbaled mounting or vibrating elements. On top of that, they

are almost maintenance free due to no moving parts. Rotation of the light beams instead of
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metal wheel circulation results a fast response rate in optical gyros At the same time, current
RLGs and FOGs are quite large in size and expensive to manufacture. Therefore, multiple
optical gyro configurations are studied to find an integrateable option that meets the
performance demands as well as size, weight and power consumption requirements.
Waveguide type passive optical gyro and stimulated Brillouin ring laser gyro are found to meet
the requirements of miniaturized applications. Both options also offer the monolithic
integration of different gyros components which makes them more compact, robust and reliable
(Whilst both options address the problem under study, SBS gyros emerged recently after the

decision was made to pursue resonant devices).

The achievable performance from the above mentioned gyro types are summarized in table 1.1.
The best reported performance of waveguide type passive optical gyro [82] is significantly
below the other options and needs to be improved in order to be used in any application.

Table 1.1: Showing different type of gyros along with their state of the art performances [20, 34,
36, 43, 46, 57, 58, 83-91].

Gyroscope Resolution  Bias stability ARW Fundamental limit
(°/h) (°/n) (°/hY/2)

Mechanical gyro — 0.016 — —
MEMS gyro 20 0.8 0.09 Thermal noise
NMR gyro 0.01-0.1 0.01 0.001 Shot noise

Cold atom gyro 0.0001 0.00006 — Shot noise
Superfluid gyro 0.04 — — Thermal and mechanical
noise
He-Ne RLG 0.15 0.01 0.001 Shot noise
FOG <0.1 <0.01 0.0001 Shot noise
SBS gyro 22 3.6 0.068 —
Waveguide type 900 38 8.52 Shot noise

passive optical

gyro
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The motivation of this thesis is to review gyro architecture to find the best option for
miniaturised and high-performance applications and progress hybrid integrateable realisation
of this such that a true single chip gyro can be realised. Waveguide type passive optical gyros
meet the demand of cost, size, weight and power consumption but their below par performance
can be improved by choosing the right type and structure (explained in detail in the next
chapter) as well as improving the optical loss of the sensing cavity. Furthermore, the progress

on fabrication of a low loss CMOS compatible cavity is also reported in chapter 3 and 4.

1.3 Integrated Optics

In 1960, the development of a stable coherent light source (laser) enabled the possibility of
transmission and processing of signals optically instead of electrically. Early experimentation
used bulk optical components that are sensitive to vibration and temperature changes, require
precision mechanical alignment, and occupy significant space. The emergence of the electronic
integrated circuit and the limitations described above led to the first proposals for integrated
optics in the mid-1960s. Advances in materials and microfabrication techniques over the next
30 years enabled integrated optics to move out of the laboratory and it is now being employed
in number of fields such as telecommunications, IT, astronomy, medical science and consumer

electronics etc [92].

Optical integrated circuits employ thin film waveguides to confine and transmit the light.
Waveguides work on the same principle as optical fibres do. Light is confined and transmitted
by a high refractive index material surrounded by low index material called core and cladding,
respectively. The propagation loss mainly depends on the waveguide material and its
dimensions as well as side sidewall roughness. Waveguides are used to fabricate and connect
active (laser sources, amplifiers, modulators etc..) and passive (couplers, beam splitters and
filters etc..) optical components fabricated on the chip [93]. Active optical components need
external fields such as optical, electric or thermal to perform their functionalities. Whereas

passive components are defined as which have fixed input/output characteristics.

The integration of different optical components on the same chip makes the optical system
much more compact and stable. There are numerous special features of an integrated optical

device and the more important are discussed briefly below [94]:

Faster operation: Low capacitance due to small size electrodes used in integrated photonic

devices allows fast switching speed, high modulation bandwidth, and fast detection.
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Miniaturized and lightweight: The small dimensions of the waveguides (typically in the
micron range and below) and tight bending capability allow the integration of numerous optical
components with an area of few centimetres square make the optical device compact and
lightweight.

Low cost: The fabrication techniques used in the semiconductor industry are employed to
manufacture integrated optical devices at the wafer scale and such parallel manufacture allows

low cost mass production.

Stable alignment: Typical optical components in a system need to be precision aligned and
this alignment often drifts over the long term. However, this problem can be completely
avoided with the integrated optical device as once the device is fabricated, it is completely

aligned and stable.

Environmental stability: Integrated photonics decreases the sensitivity to environmental
conditions as circuits are built on a robust solid-state platform which minimizes the deviations

between the adjacent optical components.

Multifunctional system on a chip capability: With the advancement in the fabrication
technology, a large number of optical devices such as couplers, beam splitters, resonators,
interferometers etc can be realized on the same chip and they provide stable phase relationships

between input/output because all the functions are being performed on the same platform.

For decades now, gyroscopes have been used in a wide range of applications which include
civil and military aeroplanes, missiles, satellites, drones, space shuttles etc. As many of these
applications move to more compact platforms (e.g. cube sats, drones, etc), interest in
improving robustness, reliability, overall size, weight, cost and power consumption with

minimal sacrifice of sensitivity has accelerated.

MEMS technology has been developed to a level where miniaturized gyros are being
fabricated but their performance is still not compatible with the given applications. Whereas
optical gyros (He-Ne RLG and FOG) provide excellent performance, they are bulky in size
which makes them unsuitable. A gyro which is small in size weight, cost and power
consumption as well as provides moderate performance can be realized by scaling down the
conventional optical gyros through integrated optical technology [95]. Integrated gyros can
be fabricated by two methods, (1) monolithic integration where all the components of the
gyro are fabricated on the same substrate/platform and (2) hybrid integration where multiple

substrates/platforms are used to obtain optimized performance of each required component.
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To realise a fully integrated optical gyro, several active and passive optical components need

to be fabricated on a chip including:
e Narrow linewidth laser source (< 100 kHz)
e Couplers (Minimal imbalance)
e Phase modulators and/or frequency shifters (10 kHz — 10 MHz)
e Ultra low loss ring resonator or spiral (< 0.05 dB/cm)
e Photodetection system (1 GHz)
e Electronic readout system

Monolithic integration approach can provide more compact and robust optical devices.
However, using a single material system, the fabrication as well as integration of multiple
optical functionalities with optimized performances is still underdeveloped. For example,
indium phosphide (InP) is a material which has demonstrated impressive level of monolithic
device fabrication. However, its high propagation loss is unsuitable to fabricate monolithically
integrated gyro for high tech applications. On the other hand, in passive platforms which
generally provide ultra low propagation loss, it is extremely difficult to directly obtain
electrically pumped laser sources. Silicon based photonic devices for example are still powered

by external lasers or by adding other laser technology.

For realising multifunction photonic integrated circuits, hybrid integration has become a
preferred option. The advantage of this approach is that the optimised performance of the active
and passive components is obtained by using different materials systems. For example, for
hybrid integrated external cavity diode lasers, the gain medium and resonator are separately
fabricated which allows independent optimisation of both the components and ultimately better
reliability. Multiple options exist for coupling between technologies. Diodes can be integrated
by flip chip based butt coupling or evanescent integration. Different material layers can be
connected through compact and low loss vertical tapers [96]. In this technique, the effective
index of the propagating mode is gradually varied, so that high coupling efficiency can be
achieved [97].

A large number of materials (semiconductors and dielectrics) have been and are being used to
realise optical devices and those materials include silicon, silica, indium phosphide, gallium
arsenide, silicon oxynitride, silicon nitride, tantalum pentoxide, and Germanium doped silica

etc [98]. All of them have their own pros and cons.
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For the fabrication of narrow linewidth lasers, 111-V semiconductors (InP & GaAs) and their
alloys are usually employed because of their tiny sizes, high efficiency and direct electrical
pumping. Since laser diodes can be made on InP substrate directly, it would be extremely
beneficial to fabricate other photonic devices on the same platform. However, the challenge is
how to make InP based passive devices (optical waveguides, couplers and interferometers)
matching the demanding requirements for gyros. A lot of work has been reported on the
integration of active and passive components on the InP platform through different methods
which include offset quantum-well waveguides, butt-joint regrowth and selective area growth
[99]. In 2012, Infinera reported the first photonic integrated chip based on InP substrate where
more than 450 devices were integrated [100]. However, due to low optical isolation, photonic
circuits on a chip cannot scale down to the level of electronic circuits. On top of that the
processes to fabricate integrated photonic circuits on InP platform are relatively complex
requiring multiple epitaxial growth steps. Because of this monolithically integrated InP chips
are relatively expensive. To tackle this issue, hybrid integration approach is widely being
employed where the active devices are fabricated on the InP platform and passive components
are fabricated on other materials such as silica and silicon nitride etc. A number of narrow
linewidth laser’s and efficient photodetectors and other functionalities have been manufactured
through hybrid integration of InP and passive materials and reported in the literature. e.g. [101-
105]. InP cannot be used for the fabrication of low loss sensing cavity because of its relatively
high propagation loss, a best reported result of 0.45 dB/cm [106] meanings other low loss
materials need to be considered. However all other elements of the gyro could be integrated in
InP and the sensing element hybridised on potentially making InP a leading contender for the
base platform. Cost is a serious issue however as InP is typically processed on 100mm or less
diameter wafers and if 30mm diameter sensing elements are required that is very few chips
from a very expensive wafer. CMOS on InP is also not possible meaning a multichip module

approach would be required to add the electronic read out circuitry.

Within dielectric platforms, silicon substrate based waveguides (such as silica on silicon (SOS),
silicon nitride (SisNa4)) as well as Ta,Os waveguides are the most widely used in ultra low loss
applications. The use of a silicon substrate means large wafers are possible at low cost (up to
300mm diameter) thus offering some mitigation of processing cost. All these platforms have

certain advantages and disadvantages over the others.

Silicon on insulator (SOI) waveguide technology fulfils the demand of high density optical

component integration. Due to the high index contrast (core = 3.48 & cladding = 1.444 at
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1550nm), waveguides can be bent to extremely small radii (depending on waveguide
dimensions, these waveguide can support as small as 2um bends) enable dense integration
[107]. The main edge of this material is the existing fabrication infrastructure and its
compatibility with active optical components like phase modulators and detectors even though
free carrier absorption leads to higher than desired optical losses. SOI is transparent in the near
IR region ranging from 1.1um to 3.7um and exhibits typical optical losses of 0.1 to 2 dB/cm
[108, 109]. Despite offering high density integration, high propagation loss hinders its usage
in applications requiring extremely low losses such as gyros. Further, its optical nonlinearity
and very small mode area could also be a hindrance in cavity based devices. One other factor
that has to be considered in a single chip implementation is back reflection into the laser source
as there are no suitable on chip isolators. The high refractive index of SOI is a potential issue
here that will require special attention. Lastly, it is important to point out that this platform is
fully compatible with co-integration of the read out electronics as these can also be integrated
in the SOI layer. Whilst the sensing element and laser source present issues, SOl is clearly a
strong contender for the base platform in a hybrid architecture where the laser and sensing
cavity are added using other materials.

The LPCVD SizN4 platform has also been widely studied for integrated optics. The index
contrast of SisN4 (core = 1.994 & and silica = 1.444 at 1550nm) is smaller than SOI and
therefore, minimum bending radius is relatively larger but fits within requirements for
moderately dense integration [110]. However, lower index contrast relative to crystalline Si
result in a low scattering loss. Another advantage of this platform is that the loosely confined
mode field is less sensitive to fabrication imperfections of the waveguide which results in a
higher probability of reproducing the circuit as compared to with SOI. SisN4 has a wide
transmission window ranging from UV to mid IR. Despite its moderately high index contrast
relative to SOS; extremely low loss waveguides can be achieved. A progation loss of 0.001
dB/cm at 1550nm from thin SisN4 waveguides is predicted by a loss model proposed by Bauters
et al. [110] and losses in the sub dB/m region observed experimentally [111]. This platform
appears to be excellent choice to realise the passive components of the gyro which include low
loss sensing cavity and couplers, but its deposition temperature is around 800 °C and it also
requires a high temperature (1100 °C) anneal to completely remove the hydrogen content which
makes it CMOS BEOL incompatible. Thin SizN4 waveguides where the mode field is loosely

confined also cannot make useful phase modulators as is explained in chapter 5.

33



Tantalum pentoxide (Ta2Os) is another suitable candidate for integration with silicon based
photonic devices due to the potential to deposit low loss films at <400 °C making it CMOS
BEOL compatible. Another advantage of Ta2Os over SisNa4 is the low annealing temperature
required to remove the OH content from the film. Low temperature annealing processes are
always desired, so materials (such as polymers) which cannot withstand high temperature can
also be integrated. A propagation loss of 0.03 + 0.01 dB/cm has been reported from thin Ta>Os
waveguides by Belt et al. [112]. This material is a perfect candidate for the given application
due to its ultra low loss capability and CMOS compatibility. Because of the thin waveguide

geometry reported by Belt et al., it also cannot be employed for modulation purposes.

Germanium doped silica (Ge:SiOz), also known as silica on silicon (SOS) is another
extensively used optical material due to its low propagation loss in the visible and infrared
range, highly efficient coupling to optical fibre, and high photosensitivity to ultra-violet (UV)
light enabling photo tuning of devices or the inscription of Bragg gratings. A key point here is
the index contrast. SOS waveguides have been fabricated with contrasts from ~0.5% up to 5%.
As the contrast increases, so to do the sidewall scattering loss. However the radiative loss in
waveguide bends decreases meaning higher contrast can be bent more sharply increasing
integration density. Thus there is a trade off between propagation loss and integration density.
Dumais et al. [113] and Bellman et al. [114] extensively studied Ge:SiO, waveguides with a
range of index contrast. Dumais reported a propagation loss of 0.02-0.04 dB/cm from 3.8%
index contrast Ge:SiO, waveguide for a bend radius of Imm. Whereas Bellman achieved a
propagation loss of 0.086 dB/cm from 3.5% A waveguide for a bend radius of 0.57mm. Bellman

reported the insertion loss vs bend radius from 0.75% to 4% index contrast.

Whilst very good losses are possible with acceptable bend radii and SOS offers excellent
passive functionality, active devices are an issue. Even though waveguide lasers can be realised
by rare earth doping, a Flip Chip pump laser diode is still required (has been demonstrated),
and there are currently no commercially viable high speed modulation or detection methods
for SOS, though the potential for poling and 2-D materials in these areas is a future possibility.
Finally, the most common implementation of this platform needs to be annealed at high
temperature (>1000 °C) to remove the hydrogen content and consolidate the glass in some
cases which makes it CMOS BEOL incompatible. Other less common approaches can however

avoid this.

Given the brief description of all the platforms, fully integrated optical gyros absolutely require

hybrid integration. There are several potential ways forward.
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1) The fabrication of laser, couplers, modulators and photodetectors on an InP substrate, with
the ultra low loss sensing cavity and electronic readout system hybrid integrated using perhaps
Ta20s and silicon, respectively. The drawback of this approach is high cost, especially for
larger sensor diameters as previously noted.

2) Use SOI for the modulators, couplers, and detectors and hybridise the low loss ring with
SisNg or Ta20s and the laser via direct flip chip, or use a rare earth doped glass with flipped
chip pump diode [115]. This scheme offers integration of the electronics on chip butt mandates
the use of CMOS BEOL compatible processing. Large wafer sizes are however possible, and
cost will be moderate with industry benchmarks for wafer processed SOl material being around
the 5-10 ¢/mm? level meaning raw SOI chip cost for a 30mm sensor is around US$100 before

hybrid elements.

3) Further development of hybridisation onto the SOS platform should make a fully integrated
approach possible. Deposition techniques for low loss germanosilicate that are CMOS BEOL
compatible have been demonstrated but are not mainstream, Flip chip mounting of
semiconductor laser diodes is an established technology for SOS, and adding modulators and
detectors on chip should be feasible at a suitable price point. The most straightforward approach
is to flip chip mount InP photodiodes which is possible with currently available methods though
a wafer scale approach would be preferable. Modulators based on thermo-optic approaches are
analysed later in this thesis, and other options include poling (can accept high operating
voltages as frequencies do not exceed a few MHz), hybridising on electro-optic polymers or
thin film Lithium Niobate technology. The low refractive index of the germanosilicate is a
significant advantage here in terms of easily implementing vertical coupling architectures,

which for example, makes adding an ultra-low loss Ta>Os sensor element straightforward.

Consequently, this thesis is mostly focussed on identifying a single chip gyro architecture that
can be integrated with good performance taking into account the specific needs of a single chip
platform. The sensing element is clearly a key need, and a suitable CMOS BEOL compatible
approach that delivers the very low losses is a major theme of the research here.

1.4 Conclusion

In order to find a suitable angular velocity sensor for miniaturized applications such as cube
satellites and drones, number of gyros based on different operating principles are studied.
Optical gyros based on the Sagnac effect seem to be the most reasonable option. For active

systems, gaseous RLGs are limited by the lock-in effect and mechanical dithering is needed to
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use them which makes the whole system bigger, heavier and more power consuming. Solid
state RLGs (especially semiconductor) are even more severely limited by the lock-in effect due
to numerous non-linearities present in the gain medium. Therefore, passive optical gyros
appear to be the most viable option for high tech applications. The performance comparison of
different types and structures of Passive Integrated Optical Gyro (PIOG) is studied in a great

detail and presented in the next chapter.

1.5 Outline of this Thesis

This work reveals the study of different types and structures of gyros in order to find out the
best option for minituarized applications which provides moderate performance and suitbale
for single chip planar interation. It also includes the modelling of major optical gyro
components such as sensing cavity, thermo-optic phase modulator and 3dB coupler.
Futhermore, the progress on the fabrication of low loss SisN4 and Ta>,Os waveguides is also
reported along with the challenges faced during the process. The rest of the thesis is arranged

as follows,

Chapter 2 Comprehensivley studies the different types and structures of passive integratable
optical gyros (PIOG) and proposes an optimum type and structure. The proposed device is
based on the results obtained by extensive theoretical modelling and numerical calculations.
The recent development on Brillouin ring laser gyro is also reported where a record best bias
drift of 3.6 °/h is achieved. Commonly known peroformance limmiting effects of an optical

gyro and their mitigation strategies are also discussed.

Chapter 3 starts with the introdcution of propagation of light in waveguides, SizN4waveguide
design and simulation. Performace of these waveguides is also simulated by using a
commerical software named R-Soft and single-mode, single-polarisation, low loss waveguides
are modelled. This chapter also covers the fabrication process of SisN4 waveguides which starts
from LPCVD SisN4 film deposition, photolithography, etching optimization and deposition of
silica cladding. A high quality etching of SisNa is achieved by using a gas mixture of CHF3 and
O in Inductively Coupled Plasma (ICP) machine. Lastly, the mothods to meausre the
waveguide loss and experimental results are also reported. Ultra-low loss can be achieved from
LPCVD Si3N4 but its high deposition temperature and annealing requirement restrict its usage
where the hybrid integration is required. Therefore, it was decieded to use Ta,Os which has

similar optical properties as SisN4 and can be deposited at room temperature.
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Chapter 4 covers the deposition of Ta20s films and waveguide dimensions optimization. It
also includes the simulation of different gyro components (3dB coupler, coupler for bus
waveguide ring resonator gyro and low loss waveguides intersections to realise a waveguide
loop for interferometric optical gyro) from optimized waveguide dimensions. The fabrication

process of Ta>Os waveguides is also reported in detail along with the loss measurement.

In chapter 5, thermo optic phase modulator, one of the important components of an optical
gyroscope is modelled by using R-Soft. 3um thick Ge:SiO> waveguides with a polymer
cladding is used to get the large change in effective index with temperature. Different cladding
indices were used to optimize the best cladding as phase shifter can be designed in different
ways (i) lowest loss, (ii) shortest length or (iii) compromise between loss and length for higher
phase shift. For this work, a phase modulator is designed with an insertion loss and total length
of <0.47dB and < 2mm respectively. By keeping the loss and length of the device constant for

all cladding indices, the cladding index of 1.460 incuded highest phase shift of 8.63 radians.
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Chapter 2 Comparative study of integrated optics
gyroscope implementations

After exploring and realizing the drawbacks of active routes, Passive Integrated Optical Gyro
(P10G) is still a platform which could offer a fully integrated gyro. Passive IOG’s can meet
the demands of size, cost and power reduction and they have many advantages over active
ones. Their sensitivity is not governed by the lock-in effect and hybridization of all optical
components will make it a robust and reliable device. There are three types of Passive IOG’s,
(1) Interferometric Integrated Optical Gyro (1IOG), (ii) Resonant Integrated Optical Gyro
(RIOG) and (iii) Brillouin Ring Laser Gyro (BRLG).

2.1 Interferometric Integrated Optical Gyro

Like a FOG, I1OG is a phase sensitive device in which a fiber loop is replaced with waveguide
loop or spiral and the phase difference between the counterpropagating beams is used to
measure the angular velocity [116]. The schematic diagram of an 110G is shown in figure 2.1,

Light
sSource

Photo
detector

Figure 2.1: Showing open loop configuration of Interferometric integrated optical gyro.

The phase shift between CW and CCW beams is not large enough for direct measurement in
practical applications even if for several turns of loops as the length is orders of magnitude
smaller than FOG’s. Phase difference vs rotation rate was calculated by using equation (1.13)
and plotted for 13 different lengths of loop (up to 50 turns) at a diameter of 30mm and shown
in figure 2.2,
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Figure 2.2: Depicting the phase difference vs rotation rate for 110G vs number of turns for 30
mm diameter.

It is evident from figure 2.2 that for all lengths, the phase difference is very small even for a
rotation rate of 200 °/h. Therefore, a phase modulator in one arm of the device is used to

overcome the near zero sensitivity.

Without a phase modulator, the light intensity at the photodetector is written as [117, 118]:

I
I= 70 [1+ cosAd,] 1)
Here, A¢r = Saganc induced phase shift, lo = Intensity of light before sagnac shift

However, by having phase modulator in the loop, the CCW beam reaches the phase modulator
at time T later than the CW beam where T = L/c (beam transit time around the loop of length
L). If ®(t) is the applied phase modulation, the phase difference between counter propagating

beams due to the applied modulation can be written as:
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P (t) = () —(t—T) (2.2)
Therefore, the current intensity at the photodetector would become:

I 2.3
I= 201+ (cos A, + (D) &3
In order to retrieve Adr. accurately, sinusoidal modulation can simply be applied:
Dd(t) = Asin w,,t (2.4)
Substituting into equation (2.2):
. T (2.5)
¢ (t) = 24 sin [w,,T/2]cos [w,,(t — E)]
For simplification, write:
¢, = 24 sin [w,,T/2] (2.6)
T 2.7
/= (t==
= (t-3)
Then equation (2.3) becomes:
1
I= 21+ cos{Ad, + $,,cosw,t'}] (2:8)

2
To get rotation information (Adr), equation (2.8) is expanded into its Fourier components [117]:

I
2

[1 + ]0 ((I)m)COS Aq’r - 2]1(¢m)5in A(I)r coswmt/
— 2J5(d,)cos A, cos2w,,t/ + -]

Where, Jn(.) is the nth order Bessel function of first kind.

The intensity variation at the even-order harmonics has a dependence on cos A¢r and odd-order
harmonics depend on sin Adr. For example, output [lo Ji(dm) sin Adr] can be obtained by
synchronously demodulating the first harmonic with the modulation frequency giving
maximum sensitivity around zero rotation rate due to the discrimination function provided by

synchronous demodulation.

For rotation rate detection, the light/beams coming out of the coil from both the directions is
combined at the beam splitter which then measured by a photodetector. Upon zero rotation, the
beams from both the directions interfere constructively or destructively depending on the beam
splitter used for the measurement. However, in the presence of the rotation at a certain angular
speed, both the beams travel un identical path due to Sagnac effect and consequently a phase

difference is induced between them which can be represented by equation (1.13).

Figure 2.3 depicts the intensity of the current coming out of the detector as a function of non-
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reciprocal phase shift. In the absence of the rotation, the intensity peaks as both the beams
interfere constructively at A® = 0. Upon rotation, phase shift is induced means A® moves
slightly away from the zero position in any side depending upon the rotation direction and the
intensity changes. For an infinitesimal phase shift, the biggest change in the intensity of the

detected current appears at A® = + /2 where the intensity has the maximum slope.
[

/ d

Y
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—} e T A(b
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Figure 2.3: Revealing the variation in the detected current intensity as a function of the phase
shift [17].
Therefore, by applying a non-reciprocal phase shift of + /2, the gyro can be operated in the
maximum sensitivity region. Moreover, in this way, phase shift induced by an applied rotation
causes/generates a linear variation in the detected intensity.

It is important to note that variations in the light source intensity also cause
fluctuations/variations in the detected current intensity and induces an uncertainty in the
measurement of the rotation rate. These fluctuations are indistinguishable from variations of
the phase shift but can be compensated by reducing the uncertainty in the measurement. In an

ideal case, the rotation rate measurement is only shot noise limited and can be written as:

Shot noise 2.10
S§(AD) = —— ( )
ip slope

As you can see, the uncertainty in the measurement is minimum when the slope of the detected

current intensity is maximum. This condition leads to [17]:

J2eipB [Nyt n (2.11)

5(ad) == -

NppnT /Nt

3 ™

Nph = Number of photon’s per second arriving at photodetector, 1 = Integration time
n = Quantum efficiency of the detector, e = electron charge, B = Measurement bandwidth
By putting 6(A®), equation (1.13) becomes [119, 120]:
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Ac Bhv (2.12)

8Q =
2NLd ndepd

[rad/s]

¢ = Speed of light in vacuum, d = Diameter of the loop coil, A = Laser Wavelength, Ppp =
Optical power reaching at the photodetector, npd = Quantum efficiency of the photodetector, L
= Length of the loop, N = Number of loops, B = Gyro bandwidth, h = plank’s constant, v =
Operating frequency

As can be seen in equation 2.12, resolution mainly depends on the diameter, length of the loop
and optical power reaching the photodetector. The main advantage of the 110G is that the
structure of the device requires only one 3dB coupler and one phase modulator. Therefore, a
significant amount of input light power can reach the photodetector. Diameter of the loop and
optical power reaching at the photodetector can be fixed by exactly knowing the loss induced
by the optical components. Therefore, the resolution of an 110G is calculated vs number of
loops for a loop diameter of 30mm and a representative maximum input laser power of 10 mW.
Loss induced by the optical components is also considered as -3.1dB for 3dB coupler and -
0.5dB for a phase modulator. Resolution vs number of loops plotted in figure 2.4 for three
propagation losses 0.1 dB/cm, 0.01dB/cm and 0.003 dB/cm. For the practical estimation of
resolution vs number of loops, an average loss of 0.027dB per crossing is also included in the
calculation. The total crossing loss keeps accumulating with the number of loops means low

loss waveguide loops have higher crossing loss effect.
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Figure 2.4: lllustrating the resolution of loop gyro vs number of loops for propagation loss of 0.1
dB/cm, 0.01 dB/cm and 0.003 dB/cm.

42



The trade-off between the length of the loop vs the optical power at the photodiode determines
the sensitivity of a loop gyro. The best sensitivity for 0.1 dB/cm is 41.89 °/h when the length is
84.78 cm and for 0.01 dB/cm is 5.25 °/h when length is 668.82 cm. The sensitivity possible
from the lowest ever achieved propagation loss (0.003 dB/cm) is 2.40 °/h When the length is
1469.52 cm. For all three propagation losses (0.1 dB/cm, 0.01 dB/cm & 0.003 dB/cm), the
optimum lengths correspond to 9, 71 and 156 loops respectively. The diameter used for all the
loops was 30mm. In case of 0.01 dB/cm and 0.003 dB/cm, the sensitivity does not improve
significantly after certain number of loops which offers a trade-off between size of the coil vs
sensitivity. For example, 30% degradation in the sensitivity (from 5.25 °/h to 6.87 °/h) helps
reducing the size of the coil (71 loops to 31 loops) significantly for 0.01 dB/cm. This trade-off
has even bigger effect for 0.003 dB/cm, the size of the coil reduced (from 156 loops to 69 loops
only) immensely for 30% degradation in the sensitivity (from 2.40 °/h to 3.12 °/h). Therefore,

size of the device can be reduced by sacrificing small percentage of the sensitivity.

The propagation loss of planar waveguides is inherently much higher than optical fibre,
therefore waveguide loops cannot be made nearly as long as fibre loops, consequently
sensitivity relative to FOG is reduced.

In 2016, Gundavarapu et al. [121] demonstrated a Sagnac sensor using a 3m long SisN4/SiO-
waveguide loop and compared its output with fiber loop gyro. The relatively higher
propagation loss associated with waveguide technology was compensated by using additional
attenuators in the fiber gyro setup. The scale factor of waveguide loop based gyros came out to
be nearly half of the fiber loop gyro and this could be related to the difference in the length of

the sensing coil. The authors didn’t measure the detection limit in this paper.

The same author [88] measured Angle Random Walk (ARW) and bias instability of an 110G
in 2018 and came to be 8.52 °/h'? and 58.7 °/h respectively which are comparable to

commercial grade gyros.

Wu et al. [9] theoretically calculated the rotation rate of Silicon on Insulator (SOI) based 110G.
The small footprint (600pm x 700um) was deliberately chosen to make it a suitable device for
compact application but this led to an extremely low sensitivity of 184680 °/h.

2.2 Resonant Integrated Optical Gyro
The resonant integrated optical gyro (RIOG) is a frequency sensitive device in which the
frequency difference between CW and CCW resonant frequencies is used to detect the rotation

rate which can be represented by equation (1.18).
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For rotation rate detection, the Pound-Drever Hall technique [122] is widely used to lock the
input laser frequency to the resonant frequency of the resonator [123] in one propagation
direction. The synchronous demodulation of the detected signal of the other direction then
gives the resonant frequency difference (Sagnac frequency) [89].

The key element of a RIOG is the waveguide resonator which defines the fundamental limit on
its sensitivity. In other words, the precision with which Af can be measured depends on the
quality factor of the resonator and signal to noise ratio in the measurement. For a bus coupled
ring resonator, assuming shot noise limited detection, equation (1.18) can be written as [80, 81,
124-128]:

AL \/_ 2 FWHM [rad] (2.13)
4-A
Here, FWHM = Full width half maximum of the resonance, SNR = Detected signal to noise

ratio
SNR = (Npm1)¥?,  FWHM = Operating frequency/Quality factor
Nph = Number of photon’s per second arriving at photodetector, 1= Integration time

n = Quantum efficiency of the detector

Substituting FWHM and SNR in equation (2.13) gives [106, 129]:

Q= vV2c¢ | Bhv [rad] (2.14)
B dQ ndepd S

Where, ¢ = Speed of light in vacuum, d = Diameter of the resonator, Q = Quality factor of the

micro-ring resonator, Ppp = Average optical power at the photodetector, npd = Quantum
efficiency of the photodetector, B = Gyro bandwidth, h = plank’s constant, v = Operating

frequency

The shot noise limited sensitivity of a waveguide resonator is determined by the quality factor,
size of the ring and optical power reaching at the photodetector as can be seen in equation
(2.14). Quality factor mainly depends on the propagation loss of the waveguide and coupling
coefficient. In terms of optical device parameters, sensitivity is maximized by obtaining the
highest possible Q and the largest feasible diameter of the resonator. The sensitivity of a RIOG
is plotted vs Q in figure 2.5 for representative values of ring diameter (d) of 30mm and input
laser power of 10 mW. The laser power reaching at the photodetector used for this calculation

was 2.5 mW to plot a reasonably realistic graph. To calculate the quality factor required for a
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certain resolution, all the other parameters in equation 2.14 need to kept constant. That is why

same amount of laser power at the photodetector is used in the calculation.
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Figure 2.5: Quality factor vs resolution theoretically calculated for a ring resonator 30mm in
diameter.

Figure 2.5 roughly illustrates how much quality factor is needed for a certain resolution.
However, for a precise value of Q vs resolution in a RIOG, loss induced by the optical
components and coupling loss need to be considered. For this graph, calculations were made
at 25 % of drop transmission in order to get the best sensitivity as has been reported previously
[130]. Other than optical parameters, sensitivity also depends on how accurately laser can be
locked to the resonant frequency of the resonator and at 75 % resonant depth, slope of the
demodulator curve is maximum (as can be seen in figure 2.6) meaning frequency noise which
can be induced in the measurement will be minimum. Drop transmission vs slope of the
demodulator curve was computed for propagation losses of 0.1 dB/cm and 0.01 dB/cm by using

a ring resonator having 30mm in diameter.
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Figure 2.6: illustrating the graphs between slope of the demodulator curve amplitude vs drop
transmission, (a) 0.1 dB/cm and (b) 0.01 dB/cm.

Figure 2.6 is showing the graphs between drop transmission vs slop of the demodulator curve
from critical coupling to under-coupling. As can been seen, the maximum slope is found at
25% of drop transmission in both cases. Therefore, this can be referred to as optimum coupling
state for this kind of optical gyro.

Translating figure 2.6 to resolution vs propagation loss was accompanied by computing quality
factor for a bus waveguide ring simulator with 11 different propagation losses all also at 75 %
resonant depth. The actual propagation loss for a given resolution will be high as loss induced
by optical components is neglected and this calculation will only give a rough estimation of

loss vs resolution. The result is shown in figure 2.7,
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Figure 2.7: Propagation loss v resolution for bus waveguide ring of 30mm in diameter.
As can be seen in figure 2.7, for a resolution of around 10 °/h, a propagation loss of < 0.1
dB/cm is required which is achievable and reported in the literature for many waveguide
technologies. Kominato et al. [131] achieved an average propagation loss of 0.003 dB/cm from
germanium doped silica waveguides deposited with flame hydrolysis. A progation loss of 0.001
dB/cm from thin SisN4 waveguides is predicted by a loss model proposed by Bauters et al.
[110]. Therefore 1°/h is achievable.

As resolution depends mainly on the quality factor and optical power reaching the photodiode
for a given ring diameter, therefore optimum couping into/out of the ring was computed for
add-drop and bus waveguide ring resonatosr in order to find the best combination of quality
factor and optical power reaching the photodiode, whilst using realistic component inserion

losses.

In case of the add-drop ring resonator (block diagram is shown in figure 2.8), quality factor
and drop transmission are obtained by simulating various input and output coupling states and
calculating resolution by using equation (2.14) for the values of d = 30mm, to = 1s, fo = 193
THz, n =90 %, input power of the laser = 10 mW. The loss induced by the required additional
optical components such as 3dB coupler (-3.1dB = -0.1dB excess loss + -3.0dB for splitting
light into 50:50) and Phase modulator (-0.5dB), etc was also included.
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Figure 2.8: Block diagram of add-drop ring resonaotr with laser power and optical loss induced
by the components (PM = phase modulator & PD = photodetector).

Laser power attenuated by optical components was 5.64 mW. Optical power reaching the
photodiode is the product of drop transmission and input laser power left after passing thorugh
different optical comonents. Finally, sensitivities contours are plotted for varying input and
ouput coupling to find the optimum operating point for add-drop ring resonator gyroscopes

with waveguide losses of 0.1 dB/cm and 0.01 dB/cm as shown in figure 2.9.
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Figure 2.9: Exhibiting optimum operating point for add drop ring resonator gyroscope (a) 0.1
dB/cm, (b) 0.01 dB/cm.

For both propagation losses (0.1 dB/cm and 0.01 dB/cm), the highest sensitivites is found to
occur when input to drop transmission was around 75 %. Best resolution was found to be 27.24
°/h for 0.1 dB/cm and 2.61 °/h for 0.01 dB/cm for a 10 mW source laser.

For the bus waveguide ring resonator gyroscope (block diagram seen in figure 2.10), Quality
factor, mimimum and maximum transmissions were obtained by computing using 21 different

bus coupling states (from under coupling to over coupling) and is shown in figure 2.11 (a & b)
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for 0.1 dB/cm and 0.01 dB/cm respectively.
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Figure 2.10: Block diagram of bus waveguide ring resonator with laser power and optical loss
induced by the components (PM = phase modulator, PD = photodetector & C = circulator).

The most important difference in structure is the circulator or 3dB coupler to receive light from
the resonator. Bulk circulators induce an insertion loss of about -0.8dB from input back to
photodiode but no such circulator yet exists in planar form. The excess insertion loss for a 3dB
coupler is -0.1dB but it also splits the light 50:50, therefore the total loss induced by a 3dB
coupler is -3.1dB per pass. The integration of a circulator is still a challenge; therefore

calculations have been made to draw a comparison with a 3 dB coupler which can be integrated.
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Figure 2.11: Resoluton vs input coupling for bus waveguide ring resonator, (a) 0.1 dB/cm, (b)
0.01 dB/cm propagation loss.

For 0.1 dB/cm, the best computed sensitivity for a circulator and a 3dB coupler were 7.87 °/h
and 13.41 °/h respectively. For 0.01 dB/cm, sensitivity was 0.79 °/h and 1.34 °/h for circulator
and 3dB coupler respectively. It can be clearly seen that bus coupled ring resonator gyros give
the best sensitivity when working in the under-coupling state because in that state both quality
factor and transmission are maximised. However, the resonance dip in the under coupled region
is relatively small compared to critical or over coupling and even a small parasitic reflection in
the system could lock the laser off resonance which consequently leads to an incorrect
measurement. Whereas, in case of circulator, the best sensitivity at the optimized coupling state
(75 % resonant depth) found to be 20.68 °/h and 2.07 °h for 0.1 dB/cm and 0.01 dB/cm
respectively. Even at 75 % resonant depth, the sensitivity is significantly better in case of bus
waveguide ring gyro for circulator but by having add-drop ring structure, circulators can be

avoided.

Much research has been made on RIOG in recent years [132-136]. In 1989, Iwatsuki et al.
[137] reported the first experimental demonstration of a waveguide type ring resonator
gyroscope. The sensitivity was found to be 1846800 °/h. The reason behind this extremely poor

sensitivity is unknown as the dimension and loss of the resonator was not reported.

Suznki et al. [138] reported an improved resolution of 432000 °/h from a resonator integrated

on asilica planar lightwave circuit. The propagation loss and length of the resonator was 0.024
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dB/cm and 14.8cm respectively. The improved resolution can be correlated to applied

countermeasures for backscattering and polarisation induced noise.

A bias stability of 360 °/h has been reported by Ma et al. from a resonant optical gyro. A 7.9cm
long polarisation maintaining silica waveguide-based resonator was used to measure the
rotation rate. The backscatter induced noise was significantly reduced by using a double phase
modulation technique which resulted a better sensitivity as elaborated in the paper. The
potential lower sensitivity limit for a bus waveguide and add-drop ring resonator gyro is
currently (1.05 °/h) and (2.62 °/h) respectively for the record low planar waveguide loss of
(0.003 dB/cm) [131].

2.3 Brillouin Ring Laser Gyro
Brillouin Ring laser gyroscope (BRLG) is an interesting option which avoids the shortcomings
of both active and passive ring laser gyros. i.e. lock-in effect (in active RLGs) and small phase
difference (in case of interferometer) respectively. Stimulated Brillouin Scattering (SBS)
originates from spontaneous scattering process in which a pump wave scatters from thermally
excited acoustic waves in the material. The backscattered wave then interacts with the pump
wave and excite acoustic waves through electrostriction. However, below a certain threshold,
laser power is not strong enough to modify/alter the optical properties of the cavity medium
and stimulate Brillouin scattering. At a certain laser power, the interaction between the
backscattered and pump waves generates a periodic change in the refractive index of the
medium which acts as an optical grating and scatters the pump wave even stronger through
Bragg diffraction. The frequency of the backscattered wave is downshifted due to the Doppler
shift associated with the grating travelling with the speed of sound and shift in the Brillouin
frequency is represented by equation (2.15):
— 5 nV, (2.15)
Ao

Here, vy is the Brillouin frequency shift, V, is the acoustic velocity, A, is the pump wavelength

VB

and n is the refractive index.

By definition, the scattered wave which is downshifted in frequency to pump wave is called
stoke. First stoke acts as a pumping source for the second stoke which also propagate in the
opposite direction to its source and downshifted in optical frequency. This process goes on
depending on the laser power [139]. Neighboring stokes produced in this process can be used
to measure the Sagnac shift and are well suited for gyro application due to the inherent
difference in their optical frequencies avoids lock-in effect automatically [86]. Secondly, in
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most of the solid state amplifiers, gain competition perverts the simultaneous resonance of the
counter propagating beams which can be avoided in the Brillouin ring laser gyro because of

the directionality of the gain [140].

Li et al. [86] reported a SBS based ring laser gyro and measured a rotation rate of 22 °/h. For
the detection, the laser (pump wave) is locked to the resonant frequency of the resonator by
using a well-known Pound-Drever-Hall method. The threshold pump power for the generation
of 1% stoke was found to 250uw and it was adjusted to generate stokes of up to the third order.
The pump wave and 2" order stoke coupled out of the resonator in the clockwise direction.
Whereas 1% and 3" order stokes were following counter clockwise symmetry. Both these stokes
were directed towards the detector by using fibre circulator. 2" and 3™ order stokes were
selected with the help of a band pass filter and beat frequency at 10.87 GHz was detected by a
fast photodetector. Recently, the same group achieved a bias stability of only 3.6 deg/h from a

BRL gyro with a disc resonator having 18mm in radius [85].

For designing a Brillouin ring laser gyro, it is worth noting that shift in the Brillouin frequency
is a temperature dependent quantity as both the refractive index and acoustic velocity vary with
temperature and is expressed as:

dv 2.16
va(T) = Voo + 3 (T~ Ty) (219

Vg IS the shift in the Brillouin frequency at a reference temperature T,. It has been reported in

the literature that vy increases linearly with temperature [141] which allows to rewrite equation
(2.16) as:

vg(T) = vgo + Cr (T — Tp) (2.17)
Ct is a frequency temperature coefficient which depends on the pump wavelength and
fiber/waveguide material. Thermal induced shift in the Brillouin frequency should be carefully
calculated and compensated in gyro applications. A limited amount of work has been done and
reported on BRL gyros so far, but it shows that this can be used as fully integratable option in

the future.

2.4 Performance Limiting Effects
The three commonly known performance limiting effects in optical gyro’s are (1)

Backscattering Induced noise, (2) Kerr effect and (3) polarisation induced noise.
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2.4.1 Backscattering induced noise
Rayleigh backscattering is one of the major noise sources in optical gyros [142-145] and affects

in two ways,

(1) Backscattered intensity itself

(2) Interference between the backscattered wave and primary counter propagating wave

Backscattered intensity doesn’t make random noise but induces non-linearity in the output
[138, 142]. Whereas, the error induced by the interference term is a dominant nosie source and
can be written as [146]:
Error — cAyOR <g>'\' (2.18)
(2m)2DL \ V
or = Backscatter coefficient, L = Length of the resonator, D = Diameter of the resonator

N = Number of the suppressed carrier (0, 1, 2), (AV/Vsc) = Suppressed carrier voltage error
Vsc = Voltage for perfect suppression

Variation in the interference intensity due to phase difference between backscattered and
counter propagating wave makes a severe random noise source. This error can be greatly
reduced by minimizing interference intensity between backscattered and primary wave by
suppressing the carriers of both the beams [147-149] and carriers can be suppressed by
applying phase modulation. High carrier suppression is crucial to completely removing this
noise. The possible interference between the oppositely travelling sidebands can be moved
outside the gyro bandwidth. The amplitude of the modulation should be optimized in a way
that carrier is suppressed close to zero. However, carrier suppression level is sensitive to
accuracy of modulation amplitude and temperature stability of the phase modulator. These
conditions can be relaxed by using more than one phase modulator on each arm. Ma et al. [89]
used four Phase Modulators to modulate the beams at both arms to enhance the suppression of
the carriers as well as relax the conditions mentioned above. The addition of two extra PM’s
helped to reduce the carrier suppression level to 120dB. Consequently, an improved bias
stability of 38 °/h though for a short time (50 second) was observed. In informetric gyro’s, this

error can be removed by using broadband light source [150].

2.4.2 Kerr effect

One of the main sources of error in optical gyro’s is optical Kerr effect [151-155]. Mismatch
between the input light intensities between the counter rotating modes in the waveguide
resonator is responsible for this effect. It is a non-reciprocal error. When a light passes through
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a narrow waveguide core, the density of light increases in the core causes the change in
refractive index resulted a non-linear propagation of the light. A constant intensity mismatch
does not induce random bias in the output and is removed electronically. However, bias
stability is badly affected by the fluctuation in the mode intensities. The error caused by this
effect can be represented by equation (2.19) [156]:
_ AFcAP; (2.19)
412DA

F = finesse, D = diameter of the resonator, { = Waveguide nonlinear susceptibility, APi =
Intensity mismatch between the counter propagating beams, A = Waveguide cross-sectional

area.

By using values close to our designed device (D =30 mm, A = 0.25 pum?, A = 1550 nm, F = 6
and { = 2 x 1013 m/W), rotation rate error was calculated by using equation 2.19 and found to
be 0.49 °/s/pW.

Ma et al. [151] indicated a linear relationship between the 2" harmonic of the demodulated
signal and input light intensity to the sensing cavity and verified experimentally. The intensity
fluctuation was measured by inserting a 50% tap coupler prior to light launched into the
resonator, that’s how input light intensity to resonator was controlled and splitted equally into
the resonator. Photodetector output signal was collected with digital multi-meter to observe
intensity fluctuation and second harmonic of the demodulated signal was obtained through
FPGA. Both signals showed almost similar intensity fluctuations (coupler = 5.44%, second
harmonic signal = 5.86%). By using second order harmonic as feedback error signal, light
intensity fluctuation reduced to 0.0027% from 5.86% which reduced the rotation rate error to
4.1 x 107 9. Optical kerr effect can be reduced even more by applying this technique on both

arms of the gyroscope.

2.4.3 Polarisation induced noise

This noise originates due to change of birefringence in the waveguide [157-160]. During the
operation of Polarisation Maintaining (PM) waveguide ring resonators, two states of
polarisation are simultaneously excited and if they return to their original state of polarisation
after one round trip are known as Eigen States of Polarisation (ESOP) but even PM waveguides
cannot remove the unwanted component of ESOP’s which appear in the resonant curve as
shown in figure 2.12. These peaks are observed by sweeping the optical frequency around the
free spectral range. State 1 and 2 are desired and undesired ESOP’s respectively. When the
optical frequency is carefully tuned just to excite the desired ESOP, the light from that state
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will fall on the detector. However, even the frequency is significantly detuned away from the
resonant frequencies of the undesired ESOP’s, off resonance light (exaggerated in the figure
2.12) from that state will also fall on the detector. This undesirable light leads to both intensity
and interference error. Bias error due to Interference can be minimized by making sure the
orthogonality of the two ESOP’s. Even in ideal case when both polarisation states are
orthogonal to each other, the shape and position of resonant frequency peaks is the result of
superposition of wanted and unwanted light intensities. If the resonant peaks have a frequency
separation of exactly half of FSR, the resultant line shape at the wanted resonance is symmetric.
However, a slight deviation from the centre of the FSR results the asymmetric line shape (as
can be seen in figure 2.12) and the position of the desired resonant peak will depend on the
amount of deviation. Resonators with one polarisation mode (TE or TM) are not affected by
this polarisation fluctuation induced noise [138].
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\
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Figure 2.12: Illustrating the resonance curve without any countermeasures to control the
unwanted ESOP [161].

Investigation shows that undesired ESOP component originates due to temperature variations
as ESOP is birefringence dependent which is strongly temperature dependent. Ma et al. [162]
investigated the bias stability due to temperature variation of silica WRR (Waveguide Ring
Resonator) based resonant micro optical gyroscope and shown below in figure 2.13. Frequency
separation of the two ESOP’s varies significantly with the change in temperature. The resonant

frequencies of both the ESOP’s move towards each other around 25 °C and their interference
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causes a large error in the output. At the same time, atiny fluctuation in that temperature results
a significant instability in the bias as seen in figure 2.13(b). Therefore, the operating
temperature should be optimized to maximally separate the ESOP resonance frequencies to

help minimise the bias error due to thermally driven polarisation fluctuation.

244 C 1500' +15°C
—-23°C
—a—Experimental resut 12004 —*=25°C
R * —y-27°C i
Q s ——33°C, -
= > 900 :
g 3 00 03 06 09
o g
0 0 600
5
g
300+
3% ; e
'900 T M I ? T v I y Ll v |l I I M 0- T v 1 v I 4 r ,: . I \ I L
10 15 2 26 30 3% 40 00 02 04 06 08 1.0
temperature (°C) temperature fluctuation (°C)

(@) (b)

Figure 2.13: (a) exhibiting a significant variation in bias error as temperature varies from 20 °C
to 30 °C. (b) Gyro stability reacts differently by small temperature fluctuation at different
temperatures [162].

By setting the temperature of the silica waveguide at below 20 °C or above 30 °C, long-term
stability could be achieved as demonstrated in figure 2.14. A large bias error results from other
non-reciprocal noise sources (backscattering induced noise and optical kerr effect). A careful

attention to these noise sources could significantly improve the bias error.
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Figure 2.14: showing the stable output of a gyroscope at 16.22 °C [162].

A bias stability of 0.67 °/s was achieved by operating the device at 16.22 °C. This noise can

further be reduced by operating a gyro in a highly thermally stable environment.

2.5 Conclusion

Different passive optical gyros are discussed in detail and their performance is compared to
find out the best possible structure which can be easily integrated and used for compact
applications. Add- drop ring resonator based optical gyro came out to be an optimum structure
which fulfils both the requirements. According to best of our knowledge, this kind of
simulation and numerical calculation based performance comparison for integratable gyro has

never been done before. Lastly, three commonly known noise sources in optical gyros and their

solution are also reviewed.



Chapter 3 Design and fabrication of Low Loss
Si3N4 waveguides

This chapter records the optimization of SizN4 waveguides for ultra-low propagation loss
dimensions and their fabrication. Firstly, the theory behind light propagation in optical
waveguides is discussed briefly. Secondly, simulations are performed to optimise the
waveguide design in order to obtain low loss, single-mode, single-polarisation waveguides.
Lastly, waveguide fabrication using photolithography and Reactive lon Etching (RIE) as well
as cladding deposition is discussed in detail.

3.1 Theory Behind the Waveguide

The propagation of electromagnetic waves in a vacuum are described by the four Maxwell’s

equations which are given below [163]:

V.B=0 (3.1)
ve=2 (3.2)
€

0E 3.3
VXB=HO<]+£OE> ( )

0B
vxg= -2 (3.4)

dat

Where, B and E are the magnetic and electric fields respectively, p and | are the electric charge
density and electric current density and e and po are the free space permittivity and
permeability respectively. For the case of dielectric propagation media (linear and isotropic, no

conductivity and magnetic effects), Maxwell equations can be rewritten as:

oE (3.5)
— 2"
VXH=¢gmn T
J0H (3.6)

VXE:—H()E

n is the refractive index of the propagation medium and H represents the magnetic field. The
refractive index distribution for amorphous materials is generally position-dependent [n =

n(r)]. The wave equations for E and H can then be derived as [94]:

L1, LO2H (37)
VH+§VTI X(VXH)—EOHOTI. W:
1 0°E (3.8)
VZE + V(FVHZE) - EOHOHZF =0
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Generally, all electric and magnetic field components are described by these two vectorial
equations which cannot be reduced to a scalar representation except for very low refractive
index contrasts. Moreover, the optical modes of waveguides having non-cylindrical or non-
slab geometries cannot be solved analytically, therefore the eigenvalues of the above

eigenmode equations can only be accurately solved by using numerical techniques.

3.2 Waveguide Simulation and Geometry Optimisation

Simulation of optical waveguide-based devices is an essential part of integrated photonics. It
plays a huge role in optimising the design, size, fabrication cycle, performance and tolerance
of any optical device [164]. For this thesis, photonic devices of various geometries are designed
before fabrication using components of the Synopsys, Inc. RSoft Component Design [165].
Inbuilt modules within RSoft allow users to compute various optical parameters, such as
number of modes, propagation constants and modal field/intensity distributions in essentially

arbitrary geometry devices.

The software allows simulation modules to work with others, such as output of one module can
be input of the other. e.g. waveguide modes are usually computed by using the finite element
simulation (FemSIM) module and these computed modes can be launched into the same or
another photonic structure in a following simulation for propagative studies using the beam
propagation method (BeamPROP module). In this module, the evolution of field distributions
can be tracked during propagation through a longitudinally varying device. For this work, these
two modules (FemSIM and BeamPROP) were extensively used to compute waveguide modes

and their propagation in numerous photonic device geometries.

In FemSIM, the finite element method is used to compute modes in a 2-D cross section [166].
This method can calculate pure guided modes and also leaky modes such as substrate radiation
modes and modes in bent structures which helps to optimize optical structure. For optical
devices having sub-wavelength features, non-uniform meshing needs to be used to obtain
accurate results whilst maintaining usable model sizes. The solver is a full vector mode engine
that can deal with complex inhomogeneous refractive indices and anisotropic materials and is

therefore quite a general solver.

BeamPROP is a finite difference 3-D beam propagation (BPM) software module [167]. It can
also operate in full vector mode making it useful for the types of refractive index contrasts used

in many planar devices, though there is a restriction that it can only do so with a uniformly
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spaced solution grid. It is extremely useful in investigating and visualising the mode coupling
effects in longitudinally varying components and looking at sidewall roughness and structure

induced mode coupling effects.

Multiphysics is another important module of R-soft which enables users to incorporate electro
and thermo-optic effects in the model. It is useful to calculate waveguide phase shifts induced
inhomogeneous refractive index variations induced by thermally or electrically driven
refractive index changes and very useful for those applications requiring on chip phase

modulation.

The Integrated photonics industry relies on optical waveguides to fabricate and integrate many
photonic components on chip scale devices. Waveguides can be fabricated with different
configurations such as buried channel waveguides and ridge/rib waveguides etc [168].
However, high quality very low loss ridge waveguides are required for this thesis as previously
discussed and these will be fabricated through a top down approach (as can be seen in figure
3.1) using film deposition, photolithograph (patterning) and dry and wet etching followed by
overcladding deposition [169].
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deposition on Pllgsma
g TOX g ( sec)
I Photoresist ] Plasma
coating etching
I Mask applied = Photoresist
and UV removal
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=== Tinyed _— deposition
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Figure 3.1: lllustrating the step by step SisN4 waveguide fabrication process.
Ridge waveguides are made up of three materials typically deposited onto a silicon wafer and
are a widely used geometry in integrated optics. The high index core (1.994 at 1550nm) is
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defined by two parameters, width (w) and thickness (t) which is surrounded by low index
material (1.444 at 1550nm) from all the sides for the strong confinement of the light. The core
of the ridge waveguide is mostly fabricated in rectangular or square shape. The structure of the
squared shape ridge waveguide is shown in figure 3.2:

Silica top cladding
- W

Core
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Tox bottom cladding
n2
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ni

Figure 3.2: Depicting the structure of ridge waveguide. Here t represents the thickness and w is
width of the waveguide.

Extremely low loss, single-mode and single-polarisation ridge waveguides can be designed and
materialised by varying the core refractive index, width and thickness. Scattering due to
interaction with roughness on the etched sidewalls is the main contributor of loss in high index
contrast waveguides which can be reduced significantly by decreasing core thickness [110,

170, 171] where less optical field interaction with the sidewalls results in low scattering loss.

3.2.1 Waveguide width and thickness

Waveguide index contrast, width and thickness are critical parameters while designing any
integrated optical device. The core dimensions play a vital role in the scattering loss. As
previously discussed, obtaining a waveguide that has only a single polarisation mode is highly
desirable for gyroscope sensors. It has been reported in the literature that the confinement of
the TM mode is much lower than the TE mode [107] in thin high index contrast waveguides
and at a certain thickness, the TM mode can preferentially leak into the silicon substrate and
becomes extremely lossy [172] whilst the TE mode remains low loss. Under appropriate
circumstances it is possible to cut off the TM mode altogether. Simulations were run using
RSoft FemSIM to determine the single-mode and single-polarisation SizN4 waveguide design
boundaries.

Due to high temperature deposition of LPCVD SisN4 and low deposition rate, the growth of
intrinsic stress during the deposition limits the maximum film thickness and around 200nm
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thick films can be grown in one step. To find out the single-mode and single-polarisation SizNa
waveguide dimensions, a number of simulations were performed to plot a map showing single-
mode and single-polarisation boundaries as a function of waveguide width and thickness. In
the simulation, the refractive index used for upper cladding was 1.448 at 1550nm with
thickness of 10pum. Bulk silica refractive index of 1.444 at 1550nm could not be achieved by
PECVD and therefore did not use for the simulation as well (see section 3.8). The plot showing

single-mode and single-polarisation dimensions is presented in figure 3.3:
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Figure 3.3: Illustrating the dependence of TE and TM modes excided by a SisN. waveguide on
its width and thickness.

The red shaded part in figure 3.3 showing the single-mode and single-polarisation waveguide
dimensions. The wanted region keeps shrinking with the increase in the waveguide thickness.
80nm thick and 2pm wide waveguide was chosen for this work for two reasons. 1) Thinner
waveguide (60nm) requires thicker bottom cladding which are quite expensive as compared to
Sum thermal oxide wafers. 2) At 80nm thickness, 2.5um width could also have been
chosen/used but it was decided not to work exactly at the limit to keep the room for the
fabrication tolerance. The mode field profile of 80nm thick and 2um wide SizN4 waveguide is

shown in figure 3.4.
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Figure 3.4: Showing the field of fundamental TE mode of a thin SisN4 waveguide (t = 80 nm and
W =2 um).
Due to the high aspect ratio design of the waveguide, 93 % of the field is in the top and bottom
claddings. If the bottom cladding is not thick enough, light leaks into the silicon substrate and
induces high radiation loss. Therefore, in the following section, attention is paid to minimise
the overall loss of the waveguide. Lastly, it is important to mention that a non-uniform grid
was employed because very thin structures were being simulated. The gridding scheme used

for thin SisN4 waveguides is shown in figure 3.5:
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Figure 3.5: Exhibiting the gridding scheme employed for the thin SizN4 waveguides simulation.
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3.2.2 Loss optimisation

Optical loss is a critical parameter for resonant gyro sensors. In planar waveguides, total
propagation loss in a ring based device is the sum of the substrate radiation loss, scattering
losses (volume and surfaces), bending and junction losses, and material absorption loss.
Substrate radiation and bent waveguide losses can be modelled in FemSIM. The imaginary
component of the computed modal effective index can be used to calculate the loss of a

waveguide by employing the following equation [173]:

(dB) 47K * 4.3429 (3.9)

o _
A

a = optical loss, K = imaginary part of effective index, A = wavelength

cm

As can be seen in figure 3.4, the k of a straight waveguide of 80nm thickness, 2pum width,
deposited on a 5 micron undercladding at 1550 nm is 4.33 x 107" which corresponds to a loss
of 0.15 dB/cm, not low enough for a gyro based device. However, with a thicker bottom

cladding, substrate radiation losses improve enormously as can be seen in figure 3.6:
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Figure 3.6: Showing the substrate radiation loss vs substrate thickness of Silicon Nitride
waveguide 80nm thick and 2um wide.

Bending a waveguide will also in general induce loss. The main sources of the bending loss
are light shedding into radiation modes where the extremity of the optical field would have to

exceed light speed to remain bound and the junction loss — mode field mismatch between the
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straight and bent waveguide modes. Bending radiation loss varies almost exponentially with
the bending radius [174]. Therefore, the design of any optical device should be carefully
optimised to ensure the high loss zone is not closely approached. FemSIM was employed to
compute the bend radiation loss dependence on the bending radius by using conformal
transformation methodology [175]. This technique replaces the curved geometry with an
equivalent straight waveguide by means of conformal mapping. In simulations, leaky modes
were enabled and a perfect matching layer (PML) of 1 um was set at the edges of the domain.
A PML boundary comprises of numerous mesh points which are added to the edge of the
simulation window/domain. It acts as an absorbing material and absorb all the optical field
reaching at the simulation window. It is employed to eliminate reflections from the simulation

domain and consequently ensure accurate results.

Bend radiation propagation loss for the single polarisation waveguide discussed above was
calculated by using equation (3.9). Bending loss in dB/turn was then calculated by the
following equation.

B (d—B) = 2mR * a (d—B) (3.10)

turn cm
R = Bending radius
The modal overlap integral between the guided mode in the straight waveguide and the guided
mode of the bent waveguide was used to calculate the junction loss. Overlap integral is defined
as how much the mode filed of the straight waveguide overlaps the mode field of bent
waveguide. The junction loss is measured in dB per junction, whereas bend radiation loss is

measured in dB per turn.
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Figure 3.7: Junction and bending radiation loss dependence on the bend radius of single
polarisation Silicon Nitride waveguide 80nm thick and 2 pm wide.

Figure 3.7 illustrates the bend radiation and junction loss for bend radii ranging from 600um
to 2000um and both the losses decrease almost exponentially. The bend radius in the designed
gyroscope sensor is 15000um so radiation losses in the sensor loop are negligible and a circular
loop has no junctions. At 1400um bend radius as might be used in say a directional coupler,
the total loss from 2 junctions and a bend would be 0.059 dB (almost equal contribution from
both losses). Furthermore, junction loss can be eliminated by having bends that adiabatically
decrease bend radius from a large radius at the ends to the desired radius in the centre of the

bend [176]. Doing so will increase the length of the bends though this can be managed.

3.3 Waveguide Fabrication Process

3.3.1 Silicon Nitride deposition

For waveguide fabrication, SisN4 films are generally grown by chemical vapour deposition
(CVD) techniques like plasma enhanced CVD (PECVD) and low-pressure CVD (LPCVD).

Both processes have their own pro’s and con’s in terms of thermal budget and film quality.

PECVD offers SisNs films deposited at lower temperature which enables the possibility of
monolithic integration of photonic circuits with CMOS based read-out electronics. Low
residual stress films is another advantage of low temperature processes which allows the

growth of thicker films because highly stressed films can delaminate or crack beyond a critical
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thickness. On the other hand, higher hydrogen content (20-25 at.%) present in PECVD SizNa4
films causes the formation of Si-H and N-H stretching bonds which give rise to strong
absorbance peaks at around 2200 cm™ and 3300 cm™ wavenumbers respectively [177-179].
Overtones of the latter also cause a strong absorption feature at 1520nm with a tail that extends
beyond 1550nm. Therefore PECVD is unsuitable for those applications requiring very low
propagation loss unless deuterated source materials are used to move the absorption peak to
longer wavelengths. This however requires very expensive gas feed stock and whilst possible
is therefore not common practice. Loss can also be improved by high temperature annealing
which significantly reduces the concentration of the above-mentioned bonds [180] but still

extremely low loss humbers in the range of dB/m has not been reported for PECVD materials.

LPCVD relies on thermal decomposition of the reactants (usually ammonia and dichlorosilane)
[181]. A surface temperature in the range of 600 °C to 800 °C is usually required for these
reactions. Due to the high processing temperature, hydrogen content in LPCVD SisNa films is
relatively small (2-10 at.%) which can further be reduced by annealing the films at even higher
temperatures for longer times. A very low propagation loss of 0.7 dB/m has been reported in
the literature [110] which led to fabricate high Q resonators. Therefore, the SizsN4 films studied
in this thesis were deposited by LPCVD in the Research School of Engineering at ANU. A
schematic of the LPCVD setup is shown in figure 3.8. For the deposition, wafers are placed in
a quartz carrier inside the furnace. The deposition was carried out by reacting ammonia and
dichlorosilane to form SisN4 by the reaction shown in equation 3.11 below [182]:

3SiH,Cl, + 4NH; - SisN, + 6HCI + 6H, (3.11)
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Figure 3.8: Schematic of the LPCVD employed to grow/fabricate silicon nitride films.
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The SisN4 deposition process used for this work is described as follows:

1. Wafers were placed inside the furnace and allowed to thermally equilibrate at a
temperature of 775 °C in N2 for 10 minutes

2. Furnace was pumped down to a pressure of 0.5 torr

3. Deposition started with turning on the gasses. Flow rate used was 30 sccm for
dichlorosilane and 120 sccm for amonia. Deposition rate was typically 5 nm/min.

4. Gas supply turned off and tube pumped out

5. System is then allowed to cool down to room temperature

6. N2 gas purged into the chamber to break the vacuum

3.3.2 Techniques used for the measurement of refractive index and thickness of films
The refractive indices and film thickness were measured by using a variable angle
spectroscopic ellipsometer (J. A, Woollam) and dual angle spectroscopic reflectometer (SCI
FilmTek 4000) for thin and thick films respectively. In the Filmtek system, the range of the
wavelength spectrum is from 450nm to 1650nm. At two incidence angles (70° and 0°),
spectroscopic reflection data are acquired to determine the properties of the films being
measured. The film thickness and Lorentz oscillator parameters and the Tauc bandgap were
varied in a nonlinear fitting procedure to fit to the obtained reflection data and so obtain the
thickness and dispersion data, and fine tuning of the modal parameters and thickness was
performed using an iterative least square root error minimization process. It has been reported
that this system can measure the index/thickness with an accuracy of 2x107 for thick silica
films [183].

An ellipsometer measures the change in the polarisation state of incident light upon reflection
from the substrate and compares it to a model to extract index and thickness. An ellipsometer
uses phase information in the polarisation states and can reach a resolution in the sub-
nanometres range. Therefore, it is a suitable technique for very thin films (even for around few
nanometers thick). It is important to note that most of the models in the ellipsometer assume
that the sample is made of well-defined optically homogeneous layers. For this project, a J. A.
Woollam M-2000D ellipsometer was employed. In this ellipsometer, the wavelength range was
from 193nm to 1690nm. The system had the capability to scan the samples from 45° to 90° and

measure the thickness with an accuracy of 0.1-0.2nm [184].
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3.4 Photolithography

After measuring the refractive index and thickness (1.994 at 1550nm and 80nm respectively),
1.3um thick photoresist (Clariant AZ 701 MiR) was coated onto the as-deposited SisN4 films
by using an SVG 8600 series track. The photoresist was soft baked at 90 °C for 1 minute in
vacuum contact mode on the track hot plate to remove any solvent and enhance the adhesion
to the SisN4 film. The photoresist was then patterned using a Canon MPA 500 1:1 scanning
projection mask aligner operating in broadband exposure mode (254-430nm). A Post exposure
bake at 110 °C for 60 seconds was employed, followed by single puddle development in AZ
MIF developer at room temperature for 60 seconds. Lastly, the wafer was hard baked at 120
°C for 1 minute to enhance the resistance of the resist during etching [185]. Photoresist
deposition, development and baking was undertaken on the SVG 8600 series track to ensure

run to run consistency. The outcome of this whole process is shown in figure 3.9.
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Figure 3.9: Showing the SEM image of a lithographed photoresist mask on thin Silicon Nitride
core.

3.5 Plasma Etching:

Plasma etching is a widely used method in semiconductor electronic and optoelectronic
processing for pattern transfer during the fabrication of devices. It is also known as dry etching
as etching is carried out in gaseous phase with zero liquid used. It has numerous advantages
over wet etching. For example, problems like undercutting, isotropy and reduction in polymer
adhesion during wet chemical etching can overcome by highly anisotropic plasma etching plus
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it offers precise etching control and real time monitoring, cleanliness and compatibility with

vacuum processing [186, 187]. Dry etching is most commonly of two types:

1) Physical sputtering

2) Reactive lon etching (RIE)
In the first type of dry etching, the bombardment of highly energetic ions physically sputters
the film. One advantage of this technique is that any material can be etched. However, it is not
an extensively used method as there are a number of drawbacks associated with it. The
sputtered material can be redeposited on the wafer which results an increase in the surface
roughness, the etch rate is often quite slow and erosion of mask’s corner often results in non-

vertical etch profiles.

In 1974, Hosokawa et al. [188] introduced Reactive lon etching which is now a widely used
etching method. In this system, a wafer is placed on an electrode which is capacitively coupled
to an RF source and forms the cathode of the plasma generator inside the vacuum chamber.
The etching reaction can be initiated upon the introduction of gases and the RF field which
breaks down the gas feed stock. One of the main advantages is that fairly safe gases can often
be used as feed stock to the system, these being dissociated into highly reactive species by the
plasma. For example, under normal conditions, CF4 is an inert gas but generates many free
radicals in the plasma state which react with silicon and form SiF4 (by-product) which then is
pumped out of the chamber. At the same time, positively charged ions in the plasma accelerate
towards the cathode and physically sputter the film. This action enhances the vertical etch rate
because ions are being accelerated normal to the substrate surface. This will result in an etch

profile that has minimal undercut and is strongly anisotropic [189].

In RIE, another important factor is volatility of the by-products. Any non-volatile by-products
in the chamber will remain on the wafer surface and create problems in the form of roughness
and micro-masking which often results in reduction in the etch rate. Therefore, gases should
be chosen carefully and their chemistry has to be matched with the films being etched in order
to produce volatile by-products. Chemical reaction and by-products can also be controlled by
wafer temperature, plasma generation power and pressure inside the chamber in addition to

choosing suitable gases [190].

Dry etching has produced extremely smooth and flat sidewalls in silicon nitride and many other
materials for photonics based devices. In optical waveguide technology, sidewall roughness

induced by the lithography and etching process reflects the process quality and determines the
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waveguide propagation loss. The sidewall roughness loss is approximately dependent on the
product of the interface root mean square roughness squared and the index contrast squared
[191, 192]. Sidewall roughness is the main parameter which determines the propagation loss
in high index contrast waveguides as most of the mode field resides inside the core and
consequently interacts with the sidewalls. Therefore, fabrication process quality becomes more

significant in such cases.

Fabrication of waveguides for this work used a combination of dry and wet etching processes.
Photoresist patterns were transferred by using dry etching for all the processes. However,
photoresist removal is carried out by wet etching with pre and post removal O plasma
treatment. A sidewall roughness of 6nm rms was achieved which can further be reduced by

optimizing the etching process.

3.5.1 Available gases and their selection for etching

In RIE, the selection of gases is extremely important for etching. The gases need to/(should)
be reactive with the materials being etched to form chemical species that are volatile at the
processing temperature and also ideally produce polymerizing species which passivate the
sidewalls and help to obtain the highly anisotropic etching profile. The process parameters and
the gas mixture are chosen in a way that the sidewall polymer is not etched in the process whilst
concurrently etching it from the horizontal surfaces. Halogen containing gases such as CHFs,
CHaF, CF4, Cl> and HBr are commonly used to etch glass and semiconductor materials [193,
194].

Fluorine and Chlorine are mostly used to etch silicon compounds and Ga, Al and As containing
I11-V compounds respectively. Other gases such as Hydrogen and Methane are also used to
etch various compounds such as (11-VI, 111-V and 1V-VI). Methane dually aids the etching

process by:
(1) producing volatile metallo-organic compounds

(2) forming CaHm (active radicals) and ChHm"™ (ions) which act as a precursor and produce

polymer for sidewall passivation.

Plasma etching process can also be aided by dilutants such as Nitrogen or Argon. It helps to
stabilise the plasma and restrict over polymerization by providing additional ions. Therefore,
to achieve the required etch rate and selectivity, gas mixture must be carefully selected. Several
gases (SFs, Oz, C4Fg, CHF3, Ha, CH4 and Ar) were available in the ICP used in this thesis to

optimize the recipe.
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3.5.2 Etching system
An inductively coupled plasma (ICP) system, PlasmaLab 100 from Oxford instruments, was
used to perform the SizsN4 etching work for this thesis. The block diagram of the system can be

seen in figure 3.10.
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Figure 3.10: Schematic diagram of the inductively coupled plasma (ICP) etching system.
The ICP system had two chambers (loading and sample chamber) and both are pumped down
separately. A high capacity Turbomolecular pump is used to maintain the pressure of the main
chamber along with a position-controlled gate valve acting as an automatic pressure controller.
Initially, the etching chamber pumped down to around ~2x107® torr and then gases can be
introduced up to 100 sccm flow rate. The system maintains a pressure of ~8 mTorr at 100 sccm
flow. The operating pressure can be increased up to 100 mtorr with the APC but practically the
machine had tolerance issues at that high a pressure. Mass flow controllers (MFCs) are used to
control the flow of etch gases. A 3KW RF power source is used to drive the induction coil at
13.56 MHz. The wafer was placed in the loading chamber, transferred into the main chamber
and held in place by a 3 point mechanical clamp. The temperature of the lower electrode is
controlled by water cooling which can be set between 10 °C and 90 °C. Helium gas is available
to be used as heat transfer medium between lower electrode and wafer but never used as all the
etching work was performed at 20 °C. An in-situ laser interferometer operating at 677nm was
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used to monitor the etch rate and end point etching of transparent thin films.

3.6 Sample Imaging by Scanning Electron Microscopy (SEM)

The waveguide surface morphology and etched profile were studied using a scanning electron
microscope. In SEM, a focused electron beam is scanned over the sample surface to produce
an image by detecting the emitted electrons. As can be seen in figure 3.11, the sample
interaction with the electron beam generates various signals, each possessing specific sample

information.
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Figure 3.11: Showing the different types of signals generated when electron beam interacts with
the material being scanned.

Among the different signals, information related to surface morphology is carried/retained
primarily by secondary electrons and in greater topological contrast and atomic number
contrast by backscattered electrons. Nanoscale resolution can be obtained in both these modes
by capturing them with appropriate detectors. Secondary electrons are referred to as electrons
ejected from the outer shells of the surface atoms due to the inelastic interaction between the
electron beam and sample and they possess a very low energy of less than 50 ev. Electrons
knocked out from the inner atoms of the sample are trapped by the surrounding material
because of their low energies and cannot escape the sample surface. Therefore, electrons
ejected from the top few nano-meters of the sample surface only contribute to the image.

On the other hand, backscattered electrons are generated by the elastic interaction between the
electron beam and sample. The yield of backscattered electrons is proportional to the atomic
number of the surface atoms. They are useful in determining the chemical composition of a
sample made of different atomic compositions depending on the fluctuations in the intensity of

the backscattered electrons with the atomic size.
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For this project, an FEI Helios 600 NanoLab SEM was used to investigate the waveguide
etched profile in order to optimize the etching process. This system can capture an image with

a resolution of around 1nm.

3.7 SisN4 Etching:

Different SizN4 etching recipes have been reported in the literature, e.g. [195, 196], but results
do not directly translate between different etch tools, and recipes mostly need to be optimised
on every other system type. The following section discusses optimisation the Oxford
Instruments ICP-100 system which also behaved differently upon changing the turbo pump

after a failure.

3.7.1 CHF3 and SFs based plasma etching:

Halogen containing gases like CHF3z and SF¢ are extensively employed for etching different
materials [197, 198] and have produced smooth sidewalls in waveguides. The mixture of these
gases form plasma which contains fluorine (F) and Fluorocarbon (CFx) radicals. The role of
both these radicals has been reported in numerous studies [199]. The CFx (x =1, 2, 3) radicals,
specially CF», are responsible for the formation of polymer which is deposited on the sidewalls
during etching to protect the waveguide profile to achieve anisotropic etching [200]. The F
radicals act as a chemical etching agent and form volatile products by reacting with compounds
[201]. Therefore, SizsN4 films may be etched by using a standard silicon etch recipe for the ICP
system and gas flow’s as well as etching conditions can be seen in table 3.1. The etching rate

for SisN4 was 32 nm/minute.

Table 3.1: Showing the gas flows and etching parameters used to etch SisN4 before changing the
vacuum pump.

Parameters Values
CHF; 50 sccm
SFs 2.5 sccm

ICP power 200 W
Pressure 15 mtorr

Table power 15W

Temperature 20°C

This recipe served pretty well and produced smooth sidewalls with an estimated roughness of
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around 6nm rms. The line edge roughness was measured from a SEM image similar to that
shown in figure 3.12 for a film 170nm thick. Unfortunately, the cross-section images of the

waveguide were not taken during SEM imaging of this sample.
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Figure 3.12: Top view of a SisN. waveguide etched with CHF; and SFe.
At this point the etcher’s turbo pump suffered a catastrophic failure and was replaced with
another brand with the same notional specifications. After changing the turbo pump, SizN4
films were etched again with the same recipe but the same level of sidewall roughness could
not be attained. Despite much effort in process refinements, the same level of sidewall
roughness (around 6nm) could not be recovered for reasons that are not clear at this time.

3.7.2 CHF3/Ar based etching of SisNa

Before the pump replacement, SizN4 films were also etched by a standard oxide etch recipe for
the ICP system to investigate if this process improves the sidewall roughness as compare to
those waveguides etched with a silicon etch recipe. The gas flow’s and etching parameters for

this process are tabulated in table 3.2.
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Table 3.2: Showing the gas flows and etching parameters used to etch SisN. before changing the
vacuum pump.

Parameters Values
CHF3 50 sccm
Ar 50 sccm
ICP power ow
Pressure 30 mtorr
Table power 250 W
Temperature 20 °C

Ar addition helps the etching process in two ways, (i) Physical sputtering results ina reduction
in the etch by products formed during chemical etching, (ii) it also enhances the chemical
etching by breaking bonds, making the film more accessible and the surface more reactive to
the etchant species [202, 203]. Therefore, Ar flow was optimized by doing number of
experiments. The SEM image of an etched waveguide 170nm thick is shown in figure 3.13.
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Figure 3.13: Exhibiting the top view of a SisN4 waveguide etched with CHFs and Ar before
changing the vacuum pump.

The sidewall roughness could not be estimated due to the bright line edges but the result looks
fairly smooth. SisN4 waveguides were also etched by using the same gas flow’s and etching
parameters after the pump replacement but the same level of sidewall roughness could not be
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attained due to unknown reasons. After investing significant amount of time, it was concluded

to optimise etching with another recipe.

3.7.3 CHF3/O2 based etching of SizNa
The etching of SizN4 by using CHF3z and O2 gases has also been reported in the literature [204].
Therefore, a recipe containing CHF3 and O gases was optimized to achieve smooth sidewalls

and optimized etching parameters are tabulated in table 3.3.

Table 3.3: Illustrating the gas flows and etching parameters used to etch SizNa.

Parameters Values
CHF3 30 sccm
02 1.5 sccm
ICP power ow
Pressure 20 mtorr
Table power 150 W
Temperature 20°C

Figure 3.14 shows the sidewalls of the waveguide etched with the optimized recipe tabulated

above. This is the best line edge roughness we could achieve by CHF3/O2 plasma chemistry.
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Figure 3.14: Showing the top view of a SisNs waveguide etched with CHF; and O..
After analysing the results obtained through all the recipes, it was decided to etch SisN4 by
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CHF3/O2 plasma chemistry to achieve smooth sidewalls and consequently low loss

waveguides.

3.8 Silica Cladding Optimization:

For high index contrast thin waveguides, most of the mode field is in the upper and lower
cladding, therefore cladding material and thickness must be chosen carefully. Silicon dioxide
(SiO2 or silica) is the most widely used material as cladding because the optical loss of silica
is extremely low from visible to near IR which makes it a suitable option [205]. Silica can be
deposited by various techniques but the Plasma Enhanced Chemical Vapour Deposition
(PECVD) technique was available locally to deposit silica for this work. The biggest advantage
of using PECVD is that silica can be deposited at temperatures below 400 °C making it
compatible with CMOS back end of line processing in principle, and aiding compatibility with
other more exotic materials for hybrid integration. However, silica films deposited by PECVD
at lower temperatures typically have high Si-H and Si-OH concentrations and are more porous
than those deposited at higher temperature. To remove these impurities and improve the film
quality, PECVD processes can be optimised by changing various deposition parameters
including gas flow rate, pressure, substrate temperature, RF power and post deposition
processing like temperature and environment of the annealing process. The schematic of a

typical PECVD chamber is shown in figure 3.15.
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Figure 3.15: Schematic representation of a PECVD system.

The refractive index of the silica can also be tuned over a significant range (1.48 to 1.444 at
1550nm) by modifying the deposition parameters. At a given substrate temperature, the
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influence of the N2O/ SiH4 flow ratio was investigated to achieve the target refractive index of

1.444 which is the refractive index of the thermal oxide (undercladding).

Annealing was then performed to completely remove the Si-H and Si-OH impurities. The
refractive index of the films and strength of the hydrogen bonds was characterized using the
Filmtek and Fourier Transform Infrared Spectroscopy (FTIR) respectively. The constant

parameters used to deposit all the silica films can be seen in the table 3.4,

Table 3.4: deposition parameters for PECVD silica films.

Temperature Pressure (mtorr) N, Gas flow HF (W)
(°C) (sccm)
300 150 161 20

N20/ SiH4 gas flow ratio was significantly modified to greatly reduce the refractive index from
1.482 to 1.451 as shown in figure 3.16.
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Figure 3.16: Illustrating the influence of N2O/SiH4 flow on silica refractive index.
The refractive index when flowing large amounts of the oxidiser N2O would intuitively be
expected to be lower than when flowing larger amounts of the silicon source material SiH4 due
to a larger O:Si ratio in the plasma. Therefore increases in the N2O/ SiH4 gas flow ratio should
be correlated with a reduction in the refractive index. This was indeed what the data of fig. 3.16
shows. As can be seen, to reach the target value of refractive index would require a very much
higher N2O/ SiH4 gas flow ratio than could be accommodated with the mass flow controllers
installed in the machine. For further reduction in the refractive index, the chamber pressure

was increased from 150 mtorr to 300 mtorr. It has been reported that higher chamber pressure
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increases the deposition rate [206] due to an increase in the residence time that occurs for the
precursor gases. More Si radicals are created/formed and contributed to the growth of the film
due to higher disassociation efficiency of SiHs when the residence time is longer. Higher
deposition rate leads to an increase in the Si-H and Si-OH concentration/impurities and a
reduction in the film density due to the inclusion of these species into the SiO; lattice [207]
which ultimately reduces the refractive index. A refractive index as lower as 1.448 was

achieved at the end.

3.9 Thermal Annealing

For this project, thermal annealing was investigated to determine the effects on the reduction
of the S-H and N-H impurities in LPCVD silicon nitride and the Si-H and Si-OH species in
PECVD silica films. Annealing environment, temperature and time were optimised for both
materials. A conventional horizontal tube furnace (Lindberg 1500 °C) was employed to carry
out the thermal annealing in different ambient conditions (Air, N2 and Ar gases). Before being
injected into the furnace, the gas was filtered/treated with a moisture absorbing filter. Samples
were initially placed in a quartz boat which was then slowly pushed towards the heated zone
of the furnace tube with the help of quartz rod. This process usually took around 1-2 minutes.
After annealing, the furnace cooled down according to the rate set at the start of the process
and samples can be pulled out of the tube in the same way as they were placed into the tube.
The samples were annealed from 400 °C to 1100 °C for different times. The temperature
ramped up/down rate was 5 °C/minute. The slow ramping rate was chosen to avoid any crack
or delamination issue which could arise due to the rapid change in the thermal environment.

The annealing temperature and time analysis of silica films is given in the next section.

3.10 Fourier Transform Infrared Spectroscopy (FTIR)

After achieving the desired refractive index during PECVD deposition, the next target was to
remove the hydrogen from the film by annealing it at a suitable temperature. Initially, the film
was annealed at 500 °C for different times to optimize the annealing time where hydrogen is
almost completely removed. The FTIR spectra of the as deposited and annealed films are

shown in figure 3.17.
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Figure 3.17: FTIR spectra of PECVD silica film annealed at 500 C for different times.
Figure 3.17 shows the absorbance spectra of PECVD as deposited and annealed silica films at
500 °C for three different times. Three peaks around 1100 cm™, 817 cm™ and 466 cm™
correspond to stretching, bending and rocking of normal Si-O-Si bonds present in amorphous
silica respectively [208-210]. After annealing the concentration of these normal bonds is seen
to increase. A band around 3660 cm™ can also be seen which correlates to stretching mode of
the Si-OH bond [211]. Due to the scaling of the vertical axis, the reduction in hydrogen content
after the annealing is not clearly visible. Therefore, the same graph is rescaled and shown in
figure 3.18,
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Figure 3.18: Showing the rescaled version of figure 3.17.
Figure 3.18 reveals two more Si-O-Si peaks around 1850 and 2000 cm™ [211], these again
increasing after annealing indicating normalisation of the silica film. The Si-OH and Si-H bond
peaks at 1630 and 2304 cm™ respectively are also visible in the as deposited film [212-214]
but are almost completely removed upon annealing. The intensity of the Si-OH bond at
3660 cm™ is significantly reduced after the annealing and suggests longer annealing time or
higher temperature annealing is required to completely remove it. Therefore, SiO> films were

annealed at 800 °C for three different times and the rescaled image is shown in figure 3.19,
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Figure 3.19: FTIR spectra of silica film annealed at 800 °C for three different times.

The main Si-OH band was completely removed after annealing at 800 °C even for three hours.
Based on the results presented in figure 3.19. it can be concluded that the waveguides cladded
with silica can be annealed at 800 °C for the maximum of 3 hours to completely remove the
hydrogen concentration from the silica cladding. However, it is important to note that more
work needs to be done to find out the minimum temperature and time required to remove OH
band from the PECVD silica films. The optimum annealing temperature would at least be more
than 500 °C which is already above the backend-of-the-line (BEOL) tolerance. This makes the
PECVD silica cladding unsuitable for the integrated optics applications.

3.11 Diced End Facets

The basic function of a dicing saw is to separate the processed silicon or glass wafers into
individual chips using resin or nickel bonded diamond blades rotating at up to 30000 rpm. The
sample is placed on dicing taper held to the translation stage by a vacuum chuck, and its speed
under the blade can be optimised according to the requirements. All the dicing is done under
water to control the blade and sample temperature and its flow rate is optimised beforehand.
Before slicing the sample, the blade is dressed in a 100mm silicon wafer to remove any
contamination and to expose fresh new diamonds for a clean cut. For this work, a DISCO DAD
321 dicing saw was used to develop a process to obtain smooth waveguide facets in order to
perfectly butt couple them with fibre to minimize the insertion loss. Besides translation and

rotational speed, dicing also largely depends on the grit size of the blade. It has been reported
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that a small diamond size (large grit size) provides a better quality cut for brittle materials.
However, if the diamonds are too small then the blade will wear quickly and affect the cut
quality as dicing proceeds. Nickel bonded blades comes in greater range of smaller grit sizes
as compared to resin bonded blades. Therefore, nickel blades were used to cut the wafer from
the top around 100pum and then the underlying silicon was diced with a resin blade by flipping
the wafer. All the dicing parameters were optimized and an rms roughness of around 6nm was
achieved for both Ge:SiO2 and Si3sN4 diced surfaces. With the use of index matching fluid this
was certainly good enough to have negligible impact on the coupling losses.

3.12 Waveguide Loss Measurement

Propagation loss is one of the most important parameters to characterize an optical waveguide.
It essentially determines the quality of the whole fabrication process starting from film
deposition to etching and upper cladding deposition. Waveguide loss is usually measured by
launching light from one end of the waveguide and receiving the transmitted light at the other
as shown in figure 3.20. The light was coupled into/out of the waveguide by using lensed tip
or Ultra-High Numerical Aperture (UHNA) fibre and the loss spectrum was recorded by
employing an Optical Spectrum Analyzer (OSA) and “white light” source (either a phtonic
crystal fibre based supercontinuum source or an erbium doped fibre amplifier). Total loss is
the sum of input/output coupling loss of the waveguide, propagation loss of the waveguide and
Fabry-Perrot cavity loss within the chip. The latter loss source originated due to relatively high

reflectivity facets.
Ltotal = Lcoupling + Lcavity

Here, Lcoupiing represents the overlap loss due to mode field mismatch between fibre lens and
waveguide at both ends of the waveguide. Whereas Lcavity manifests the propagation loss of the
waveguide and Fabry-Perrot induced loss.

There are number of methods to measure or estimate the propagation loss of a waveguide;
coupling loss removal by calculation, scattering streak measurement, the Fabry-Perot method

and the most widely used conventional cut back method.
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Figure 3.20: Schematic of the experimental setup used to measure the propagation loss of a
waveguide.

In the cut back method, waveguide insertion loss is measured at different lengths, often by
cutting back the chip length or by using serpentine or spiralled waveguides of different lengths
on the same chip. For all lengths, the coupling losses are considered to be constant and the only
loss component that changes with length is the propagation loss. Therefore, propagation loss
can be obtained by plotting a graph between total insertion loss and waveguide length. The
accuracy of this method totally depends on the consistency of the waveguide coupling losses

(i.e. cleave/facet quality and fibre to waveguide alignment at both ends).

Apart from cutback, the other loss measurement techniques noted above are non-destructive.
In the scattering streak method, the light scattered out of the waveguide during propagation is
imaged/captured and its intensity is plotted against distance to evaluate the loss of the
waveguide. However, this method is limited by a number of effects (scattering of the un-
coupled light, waveguide inhomogeneities, induced noise in the signal and digital noise, etc)
and this results in a lower limit of measurable attenuation somewhere around the 0.2 dB/cm

level under ideal circumstances.

The coupling loss calculation technique involves the experimental loss measurement of a
waveguide from which the calculated input and output coupling losses are subtracted and the
remaining loss is divided by the waveguide length to yield average propagation loss. Coupling
losses are the sum of the mode field mismatch between fibre and waveguide at both ends and

any reflection losses.

In the Fabry-Perot method, the finesse of a cavity which is formed as a result of the reflections
between the two facets of the waveguide is measured and the propagation loss is extracted by

calculation for the presumed facet reflectivities. It is therefore highly sensitive to the actual
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facet reflectivity which can vary significantly from the expected value due to contamination,
non-perpendicularity, roughness, etc. Also, the method does not work well for waveguides with

relatively low end reflections including those made in this work.

Although both the Fabry-Perot and coupling loss calculation methods are non-destructive and
convenient, at the same time they are potentially not as accurate as the conventional cutback.
In case of coupling loss calculation, the coupling loss is usually underestimated due to
imperfect cleaving which thereby means the calculated loss is usually an upper limit to the
waveguide propagation loss. Beam launch efficiency actually depends on two factors, facet
angle as well as the direction of the beam with respect to the waveguide [215]. As chips are
often hand cleaved with a diamond scriber, it is extremely difficult to precisely control the
cleaving angle. Also, the amount of light reflected by the waveguide facets depends on the
roughness of the facets [216].

The cut back method was chosen as the method to measure waveguide propagation loss in this
case by employing three spiral lengths on the same die with all waveguides being closely co-

located to minimise facet effects. The picture of the chip layout is shown in figure 3.21:

Figure 3.21: Illustrating the layout of a chip used in waveguide fabrication.

The chip is comprised of three set of spirals and one set of straight waveguides. Each set have
5 waveguides, All the spirals have same number of bends with a minimum bending radius of
650pm which is way less than used to optimise optical gyro performance. The spirals have a
length of 11cm, 34.5cm and 57cm for smaller, medium and longest spirals respectively.
Whereas the straight waveguides are 7cm long.

3.12.1 Theoretical estimation of the loss
The propagation loss of the SisNs waveguide was estimated by computing and adding
scattering loss, substrate radiation loss and bending loss from 800nm to 1600nm. Instead of

using the optimized single-mode single-polarisation waveguide dimensions mentioned in
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section 3.2.1, a bit thicker (170nm) and wider (2.8um) waveguide dimensions were used. At
the time of computing the loss of SisN4 waveguides, it was found that the optimized PECVD
silica cladding is giving some contamination issues. A lot of shower head patterns comprising
areas of high particle density in arrangements identical to those of the PECVD upper electrode
were found on the substrates. Due to the unavailability of the upper silica cladding, it was
decided to design and fabricate air cladded SizN4 waveguide to estimate and measure the
propagation loss, respectively. Single-mode single-polarisation waveguide dimensions (80nm
& 2pm) with air cladding are too thin to support any modes at longer wavelengths and cannot
be used to estimate or measure the propagation loss. Therefore, thicker and wider (170nm &
2.8um) waveguide dimensions were employed to design and fabricate air cladded SizNa
waveguides. This route was chosen to compare the theoretical and experimental loss results of
air cladded SisN4 waveguides.

Scattering loss was computed approximately using the effective index method to reduce the 2-
D waveguide cross section to an equivalent slab waveguide, whereupon the Payne-Lacey [192]
sidewall roughness model can be applied. This requires the effective index be applied in the
vertical direction so that the waveguide sidewalls become the slab cladding with the same
roughness parameters as the waveguide sidewalls. This type of 2-D approximation is good to
about a factor of 2 compared to experimental data for silicon nanowires for example [217]. The
sidewall roughness and correlation length used in the modal was 6nm rms and 100nm
respectively corresponding to the sidewall roughness measured on a waveguide as noted
earlier. For bending loss, the minimum bending radius used was 650pm. The computed loss
spectrum for a 170nm thick and 2.8um wide SisNs waveguide with air cladding is shown in
figure 3.22.
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Figure 3.22: Computed spectral loss curve comprising the sum of sidewall scattering loss,
substrate radiation loss and bending loss for air clad Silicon Nitride waveguide 170nm thick and
2.8 microns wide. Inset shows only the scattering loss without cladding.

The refractive index of the SisN4 used in the modal was measured with the Filmtek for all the
wavelengths. Substrate radiation loss was almost zero until 1400nm and then increased
exponentially. The exponential increase at longer wavelength corresponds to the increase in
the mode field size at those wavelengths. The low refractive index top cladding also pushes the
mode field down into the substrate (silicon) which results in a huge amount of optical loss. It
is evident from the figure 3.22 that the overall loss curve behaves almost same as the scattering
loss until 1400nm which suggests that only the scattering loss exists until that wavelength. The
increase in loss at longer wavelengths can be overcome by using silica as top cladding which
have a refractive index of 1.444 at 1550nm. Since scattering loss is the dominant loss
component if substrate radiation loss is ammeliorated, it was computed for all the wavelengths

with Sum silica top cladding and is shown in figure 3.23.

88



Loss (dB/cm)
o \
= ©
($)] =

o
(N

700 900 1100 1300 1500 1700
Wavelength (um)

Figure 3.23: Scattering loss curve with silica cladding for 170 nm thick and 2.8 pm wide SizN.
waveguide

Silica as top cladding improves the predicted scattering loss significantly and removes the
substrate radiation loss issue as well. With silica, the mode field is evenly distributed into the
bottom and top cladding. Therefore, it does not reach the silicon even at longer wavelengths.
The reason behind the improved scattering loss is that the silica provides a lower refractive

index contrast as compared to air which causes the reduction in the scattering loss throughout
the spectrum.

Since the loss is scattering dominated, it can further be improved by using a thin waveguide.
For that reason, the scattering loss was also computed for dimensions (t = 80nm & w = 2um)
optimized for single-mode single-polarisation and shown in figure 3.24. The minimum bend
radius for negligible bending loss was found to be 2000pum. For minimum substrate radiation

loss, the bottom cladding should be 7um to 8pm thick.
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Figure 3.24: Scattering loss for a t = 80 nm & w =2 pm SizsN4 waveguide with silica top cladding.
In thin waveguides, most of the optical field is in the claddings and less field interacts with the
sidewalls which causes the reduction in the scattering loss. By using the appropriate bending
radius and bottom cladding, a loss of 0.009 dB/cm at 1550nm is predicted from thin SizN4

waveguides with silica as cladding.

3.12.2 Experimental propagation loss results
170nm thick and 2.8um wide SizN4 waveguides were fabricated by the process detailed above
in this chapter. After the etching, the chip was annealed at 1100 °C in argon for 6 hours. The

ramp rate for heat up and cool down was chosen to be 5 °C/minute.

In each die on the mask, different length spirals were designed to measure the propagation loss
through cutback method without cleaving the same dye twice to improve the reliability of the
measurement. The comparison between experimentally measured and theoretical data of SizsN4

waveguides without cladding is shown in figure 3.25,
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Figure 3.25: Illustrating the theoretical and experimental loss curves from thin SizN4
waveguides.

Figure 3.24 shows that the experimentally obtained loss curve is close to the theoretical
estimation. This shows that the process optimized for the fabrication of SizNs waveguide is
providing the expected results. By using high aspect ratio waveguide geometry and silica
cladding, extremely low loss, single-mode single-polarisation waveguides can be fabricated.

3.13 Conclusion

This chapter covered the theory behind optical waveguides, their fabrication process and
characterization. Low loss SisNs waveguides were designed, fabricated, and measured.
Different etching recipes were used to optimize the sidewall roughness. The measured results
predicted that a propagation loss of 0.009 dB/cm is achievable by using the same fabrication
process given the optimized waveguide dimensions and silica cladding. Due to the
unavailability of the upper silica cladding at that time, ultra low loss thin SisN4 waveguides
(80 nm & 2um) cannot be fabricated. Lastly, both PECVD silica and LPCVD Si3N4 require
high temperature annealing to remove hydrogen content which makes them CMOS
incompatible. Therefore, we moved from PECVD silica and LPCVD silicon nitride to IBS

tantalum pentoxide and silica upon the availability of the IBS system.
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Chapter 4 Fabrication of Tantalum Pentoxide
(Ta20s) waveguides and theoretical
optimization of gyro components

4.1 Introduction

Tantalum pentoxide (Ta20s), also known as tantala has emerged a potential material for
integrated devices due to its unique optical and electrical properties. Ta.Os is being used in the
microelectronics industry as a high k gate [218] and is a suitable candidate for integration with
silicon based photonic/electronic devices due to its CMOS back end of line (BEOL)
compatibility i.e. low temperature processing capability. The refractive index of Tantala is only
slightly higher than that of silcon nitride (the refractive index of tantala is 2.08 at 1550nm
compared to 1.994 for SisN4) and so it is also a good low loss waveguide candidate. Ta;Os also
has certain advantages over SizNa. Firstly, it is a good host for doping rare earth ions such as
Erbium in order to fabricate narrow linewidth on chip lasers. Secondly, in order to achieve
minimum propagation loss in SisNs films or waveguides, annealing temperatures around
1100 °C are required to completely remove the hydrogen impurities. This massively exceeds
the CMOS BEOL thermal budget of 400 °C or perhaps for a short time 500 °C. However, the
maximum possible annealing temperature for tantala is 600 °C because it starts to crystalize
beyond that. Further it can be deposited at low temperatures, even at room temperature by
sputtering processes. Lastly the material can be deposited over large areas and with exquisite
uniformity and thickness control as tantala was used to fabricate optical components for gravity
wave sensing and huge amounts of process development was invested to this end. With the

very thin layers used for ultra-low loss waveguide architectures, this is an important point.

In terms of waveguiding results, a low propagation loss of 3 dB/m has been achieved from
Ta>Os waveguides [112]. Tantala also has no free carrier and two-photon absorption issues in
the IR range because of the large band gap (~5 eV at 1550 nm) [219].

The properties mentioned above make Ta>Os a promising material for the development of
integrated optoelectronic devices. Therefore, the process to fabricate good quality tantala
waveguides with CMOS BEOL compatibility for true single chip gyros will be discussed in
this chapter.
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4.2 Deposition of Ta>Os Films

This section covers the details of the deposition technique used for the deposition of Ta>Os
films. Physical Vapour Deposition (PVD) and Chemical Vapor Deposition (CVD) are
preferred techniques for thin film fabrication. In PVD, thin films are grown by
vaporizing/atomising solid or liquid targets and transporting the species to the substrates. They
then condense in a highly non-equilibrium process to form a thin film. This can be done by
several methods such as magnetron or ion beam sputtering (IBS), pulsed laser deposition (PLD)
and thermal/electron beam evaporation. These techniques differ from each other primarily in
the means for the material vaporization method, though the details of factors such as vapour
transport/energy also differ. Therefore, the films produced by different deposition methods can
have somewhat different properties. The highest quality optical coatings for mirrors and anti-
reflection coatings were developed for laser interferometer gravitational-wave
observatory (LIGO) applications and were fabricated by IBS [220]. Here optical absorption
and thickness uniformity/precision were very important parameters. Therefore, this method
was used to deposit Ta>Os films. The schematic of the IBS chamber is shown in figure 4.1,
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Figure 4.1: Schematic of the chamber of an ion beam sputtering system.

In the IBS deposition processes, the coating material is vaporized through direct irradiation
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with a beam of high energy species (typically Argon atoms). Despite the name IBS, in fact the
bombarding beam in IBS is actually electrically neutral and atomic in nature. Atoms,
molecules, or clusters are knocked out of the target material by the bombardment process. This
process was discovered by Louderback and Wei in 1976 [221]. For Ta>Os deposition, a pure
tantalum (Ta) target was sputtered using an ion gun running on Argon. The sputtered Ta
particles react with O introduced into the chamber to form Ta>Os before or whilst depositing
on the substrate (s) [222]. The whole deposition process is done in a high vacuum environment
at pressures usually around 1 x 10 Torr when all gas flows are on. The system is pumped by

a large cryopump to avoid contamination.

This method has been proven to produce optical coatings with extremely low absorption in the
few ppm range for propagation through the coatings. This method was the only one capable of
meeting such stringent loss requirements which led to its use by both the Advanced Virgo and

LIGO consortia to coat test masses etc [223].

The energy with which the sputtered particles reach the substrate is quite high which enables
them to have higher surface mobility and this combined with the energetic bombardment
results in a dense film with greater adhesion [224]. The kinetic energy (K.E) of the plume is
around 10 ev which is almost 10 and 100 times greater than for magnetron sputtering and
thermal evaporation, respectively. The distance between the ion gun and target is optimised
such that only the target material is sputtered, otherwise the material around the target could

also get sputtered and contaminate the film.

The independent control of the parameters in IBS is another advantage of this deposition
method. Parameters such as sputtering rate, ion energy and angle of incidence of the ion beam
can be varied/modified individually to fine tune the film quality and properties. IBS also has
an advantage in the deposition of multilayer films. The neutrals which sputter the target
material are not created at the target surface and kinetically propagated from the ion gun which
is placed typically 30-50cm away from the target. This allows the targets to be mounted on a
rotating turret in front of the incoming neutrals to select different materials and yet have the
same beam sputter them to enhance uniformity between materials and produce multilayer

coatings without breaking the vacuum [225].

A number of tantala films were deposited by IBS on 5um thermal oxide (TOx) wafers. The

parameters used for the coating process are tabulated in table 4.1.
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Table 4.1: Encloses the parameters used to deposit T2Os films.

Parameters Values
Target material Tantalum (Ta)

Base pressure (torr) 2 x107
O flow (sccm) 48

Ar flow (sccm) 11.20
Substrate rotation (rpm) 50
Substrate temperature (°C) 20
Neutralizer Ar flow (sccm) 5

The deposition rate with these parameters came out to be 6.3 nm/minute. IBS has the capability
of depositing films with a uniformity of 0.5% and thickness accuracy of 1% across the 4-inch
wafers. Several films with different thicknesses from 100nm to 500nm were deposited. The
refractive index was measured with the FilmTek and found to be 2.08 before annealing and

around 2.03 after annealing at 1550nm.

To measure the propagation loss of IBS SiO2 and Ta2Os films, trapezoidal waveguides were
fabricated without direct pattering process (etching or lift-off) on core materials by our group

and collaborators. The fabricated waveguide is shown in figure 4.2.
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Figure 4.2: Showing the trapezoidal waveguide fabricated to measure the propagation loss of
the IBS films.
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A propagation loss of ~ 0.15 dB/cm and 0.05 dB/cm was measured from IBS Ta20s and SiO-

respectively.

4.3 Optimization of Ta.Os Waveguide Dimensions

In this section, single-mode, single-polarisation low loss tantala waveguides are investigated
for the purpose of designing different gyro components. To realise low loss, single-mode and
single-polarisation, the width and thickness of the waveguide were optimized by using R-Soft.
As far as thickness is concerned, the ideal waveguide thickness should support only TE mode
and at the same time does not allow the optical mode to leak into the silicon through 5um TOXx
bottom cladding. 7um and 10um thick TOx wafers are significantly more expensive than 5um,
therefore, the thickness was optimised keeping both the mode polarisation state and TOx wafer
cost in mind. Initially, the modes were computed by setting the waveguide width at 3um for 5
different thicknesses and result is shown in figure 4.3. The thickness of the silica upper cladding
was 6um with a refractive index of 1.446 at 1550nm. Thick silica cladding was chosen to
manage the substrate radiation loss as mode field of the thin waveguide is mostly in the
claddings and if the upper cladding is thin, the air on top pushes the mode field deep into the
bottom cladding which resulted in higher substrate radiation loss. The refractive index value

was chosen to counter the same issue.
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Figure 4.3: Substrate radiation loss, number of modes and polarisations excited in 3um wide
Ta,0s waveguide against 5 different core thicknesses.

As can be seen in figure 4.3, the substrate radiation loss decreases for all the modes as the
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thickness increases from 70nm to 110nm. From 95nm onwards, the 2" order TE mode is also
excited, yet this is right about where the fundamental TE mode has sufficiently low substrate
radiation losses. Therefore, to cut the higher order TE mode, the width of the waveguide was

reduced to 2.5um and findings are presented in figure 4.4.
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Figure 4.4: Substrate radiation loss vs core thicknesses for 2.5um wide Ta,Os waveguide.
By decreasing the width from 3um to 2.5um, the 2" order TE mode was cut off for all
thicknesses below 110nm. However, the substrate radiation loss went up for both the
fundamental TE & TM modes. The fundamental TM mode exists for all the thicknesses
modelled, but its loss is significantly higher than TE (> 4 dB/cm at 100 nm thickness) and
would get killed by the waveguide bends. The bending loss of the TM mode for 15mm bend
radius (used in optical gyro optimisation) is 42 dB per turn which if it is couple with the
substrate radiation loss (4.38 dB/cm) means that the TM fundamental mode has a total ring
single pass loss of 83 dB which is significantly high and TM mode will not be able to survive.

If one wants that the TM mode doesn’t even excite at the first instance, it can be done by
thinning the waveguide geometry but it would increase the substrate radiation loss even for the
TE mode. A 60nm thick and 2.5um wide Ta>Os waveguide excite only TE mode but its
substrate radiation loss is 0.4 dB/cm for 5um thick bottom cladding. A thicker bottom cladding
of 8um decreases this loss to a reasonable number of 0.0071 dB/cm. These dimensions also
offer a low bending loss of 0.06 dB/turn for 15mm bending radius. As pointed earlier, thicker
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bottom cladding is expensive. Therefore, computation was done by employing thin (5um)

bottom cladding and thicker (100nm) waveguide core.

A 100nm thick waveguide offers a substrate loss of 0.0044 dB/cm for TE mode which is low
enough for gyro applications. Therefore, the waveguide dimensions chosen to simulate gyro

components were width = 2.5um & thickness = 100nm.

In the fabrication world, there is always a fabrication tolerance in the thickness and width of
the waveguide which sometimes changes the outcome substantially. Canon (500 MPA) mask
aligner, ICP etcher and Samco etcher were employed to fabricate the waveguides. Based on
the previous experience, a width tolerance of £200nm is expected from these tools. A thickness
accuracy of 1% and uniformity of 0.5% has been achieved across 4-inch wafer by the IBS
system but it required a lot of optimisation work and time. Therefore, the values for the

thickness tolerance (£5nm) were chosen which can easily be achieved and 100% repeatable.

The fabrication tolerance for both width and thickness was simulated only for the TE mode and

shown in figure 4.5.
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Figure 4.5: Exhibiting the fabrication tolerance analysis of the TE mode.
Figure 4.5 shows that the loss slightly changes with the change in both the thickness and width

except for the case of 95nm where the loss goes up to 0.0104 dB/cm for 2.3um width. Even at
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2.5um, it is almost double that of 100nm. With some extra efforts and time, a thickness of
100£1nm can be achieved across 4-inch wafer and a width of 2.5+0.1um can be fabricated by

the given tools. Therefore, a loss of 0.004+0.001 can be obtained.

The next task was to investigate the bending loss. A 30mm diameter ring resonator was initially
used to compute the performance of the resonant gyro. However, this diameter is not suitable
for optimizing the fabrication process and testing its performance as only 4 resonators along
with other gyro components can fit onto a 4-inch/100mm wafer. Given the yields for
experimental processes and the lack of availability to design for tolerancing with only four
components, it was decided to design for 10mm diameter resonators for initial testing. This
diameter allows 16 devices to fit onto the wafer. Bending loss along with fabrication tolerance

was computed with a bending radius of 5mm and is shown in figure 4.6.
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Figure 4.6: Showing the theoretical bending loss per turn for a 5mm bending radius ring along
with the parameters within fabrication offset. Bending loss for TM mode was immensely higher
than TE mode and therefore did not perform the tolerance analysis.

Figure 4.6 illustrates that the bending loss for the nominal waveguide dimensions was
0.013 dB/turn. For a 10mm diameter ring, the ring length is 3.14cm and so the effective
additional propagation loss is 0.004 dB/cm which is acceptable. 95nm thick waveguides have
almost triple this additional loss in the worst case which is becoming limiting in a 10mm ring,
though this would be acceptable in a 30mm device. Bending loss for the fundamental TM mode
for the nominal waveguide dimensions was 13.8 dB/turn at 5mm radius which is significantly
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higher than the TE mode and this coupled with the substrate radiation loss (4.38 dB/cm) means
that the TM fundamental mode has a total ring single pass loss of 28.5 dB and so effectively

does not propagate rendering the 10mm diameter ring single polarisation.

The above analysis concludes that the TM mode is quite lossy for both the cases (5mm and
15mm) and will not be able to propagate. However, single polarisation waveguides can also be
realised by using 2.5um wide and 60nm thick waveguide dimensions but thicker and expensive

bottom cladding will be required.

4.4 3dB Coupler

Directional couplers are widely being employed for many photonics applications such as
Wavelength-Division Multiplexers/Demultiplexers, power dividers, optical switches and
Mach-Zehnder interferometer (MZI) [226, 227]. In a resonant ring gyro, low fraction couplers

are needed for the ring coupling and 3dB couplers to generate the two counter-rotating carriers.

A directional coupler is composed of two straight waveguides and S-bends. The schematic of

a typical directional coupler is presented in figure 4.7,
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Figure 4.7: Exhibiting the schematic of a typical directional coupler.
The working principle of a directional coupler is based on the fact that even though the optical
mode is confined and propagates along the core, a small amount of the field lies outside the
core-cladding interface. Upon placing the two waveguides sufficiently close together, light
couples from one waveguide to the other through an interaction involving their evanescent
fields. It is important to note that the complete coupling of modes is possible only if the
propagation constants of both the modes are equal. Waveguides with identical dimensions have

equal propagation constants or phase velocities. In this case, for all modes having equal
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propagation constants, a complete transfer of power is possible from one channel to the other.

However, even when the two single-mode waveguides are placed in close proximity, they no
longer behave as isolated single-mode waveguides. This phenomenon is easy to understand if
two single-mode waveguides are brought together with zero separation. The wider waveguide
thus formed is no longer single-mode and can support at least a pair of symmetric and
antisymmetric modes (usually referred to as supermodes of the total structure) that have
significantly different propagation constants. The interference of these modes at the end of the
structure driven by the different propagation phases results in differing and wavelength
sensitive excitations in the separated waveguides, and thus power splitting. Therefore, the
wavelength dependent supermode effective indices need to be computed to calculate the
coupling length for the light to completely cross coupled to the adjacent waveguide. For a given
wavelength, the coupling length is calculated by using following equation [228]:
A (4.1)

2(neffs - neffa)

L. represents the coupling length required for the complete coupling/crossing of the light into

L

the adjacent waveguide. nefs and nesra are effective index of symmetric and antisymmetric

supermode, respectively.

The effective coupling length of the directional coupler is little bit different to the calculated
coupling length from the supermode analysis due to additional coupling in the S-bends.
Therefore, coupling through the S-bends should be computed along with the coupling length.
In order to limit the device footprint and unwanted coupling, sharp S-bends may be employed.

Naming the input port as P1 and output ports as Pz and P4 then the power at Pz and P4 can be

derived from coupled mode theory [227] and is written as:

P; = cos? IHA;OO . Lcl * Py (4.2)
mAn(}) (4.3)

P, = sinzl 3 .LC]*Pl

Where, A is operating wavelength and L is the coupling length. For loss less couplers, the sum

of the output powers is equal to the input power.

For a given wavelength, a desired splitting/coupling ratio between the waveguides can be
achieved with an appropriate choice of coupling length. A 50:50 or 3dB coupler is often
characterized by its imbalance, excess loss and the directivity. Equation (4.4) defines the
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imbalance [229]:

P.
Imbalance (dB) = 1010gp—3 = 10logP; — 10logP, (4.4)
4

For an ideal 3dB coupler, the imbalance is zero. For P3> P4 and Ps < P4, positive and negative

imbalance occur respectively.

The excess loss is defined as the ratio of the total output power and the input power and
represented by equation 4.6:
P, + P, (4.5)

1
Directivity is the measure of how much power is returning through backward coupling

Excess loss (dB) = 10log

processes to the second input port (P2) with respect to P1. The second input port (P2) is also

known as the isolated port.

P.
Directivity (dB) = 1OlogP—2 (4.6)
1

Planar directional couplers have been realised from various materials including Ta2Os, silicon
and SiO2:TiO2 [226, 230, 231]. The fabrication tolerance performance of Ta>Os couplers based
on the ultralow loss waveguide architecture is determined here to see if they should be
integrated in this or an alternative hybrid integrated materials system in a single chip gyro

implementation.

FemSIM and the MOST variable engine were employed to compute symmetric and anti-
symmetric supermodes for different waveguide widths and edge to edge gaps between straight
waveguides. The waveguide width was varied from 1.5um to 3um and gap was increased from
Oum to 7.5um. In-house written LabVIEW code was used to calculate the (full power cross)
coupling length for every width and gap from the MOST output data. The purpose of this
exercise was to find out the minimum coupling length where the change in core width within
the fabrication tolerances would minimally affect the coupling ratio. Data from this simulation

is plotted in figure 4.8.
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Figure 4.8: Contour plot of L. coupling length against the waveguide width and edge to edge
gap between the straight waveguides. The black line indicates the points where the width
tolerance is maximum.

Figure 4.8 shows that for 2.5um wide waveguide, the edge to edge gap of around 3.75um (red
dot on the figure) gives the maximum width tolerance. The L at 3.75um gap is 13.5964mm.
3dB coupling is simply the half of this length which is 6.7982mm.

The FemSIM results for pure parallel waveguides were then verified by modelling the full
device including S-bend inputs and outputs using BeamPROP. The S-bends had a large
bending radius of 1143um. The plotted data is shown in figure 4.9.
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Figure 4.9: lllustrating the change in the cross coupling against the core width.
As can be seen in figure 4.9, 3 to 4 % change in the cross coupling was found in response to
the maximum fabrication tolerance induced width variation. Thickness tolerance was also

computed and is plotted in figure 4.10.
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Figure 4.10: Showing the change in the cross coupling against the core thickness.
Thickness change has severe effects on cross coupling as compared to width. Only a 2.5 %

change in the thickness would change the cross coupling more than 20 % which shows that the
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design is quite sensitive to minor fabrication offset. Because of the thin waveguide geometry,
most of the field is outside of the core which makes the given design extremely sensitive to
thickness variation. Although IBS system can deposit films with a thickness accuracy of 1%
but it would still change the coupling percentage to more than 5%. If 10 mW of power is
launched at the input of the 3dB coupler, with only 1% imbalance would induce an error of 49
°/s for the optimised waveguide dimensions. Kerr effect induced error was calculated in chapter
2 (see equation 2.19). The designed 3dB coupler will induce an imbalance of more than 5% for
the best which suggests that this design is not suitable for gyroscopic applications.

4.5 Bus Waveguide Ring Resonator

Ring resonators are widely used in numerous integrated devices such as laser, sensors and
optical components like delay lines and filters [232-234]. A resonator is useful only when it
couples light to the outside world. Light coupling in and out of the resonator is done via a bus
waveguide or add-drop waveguides. In the latter case, two waveguides are brought into close
proximity with the ring to couple the light in and out of the ring separately. However, in bus
waveguide ring resonators, only a single waveguide is used that forms an evanescent coupler
between the ring and the waveguide for in and out coupling. The bus waveguide resonator will
be discussed in this chapter. A schematic of a typical bus waveguide ring resonator architecture

is shown in figure 4.11.
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Figure 4.11: Showing the modal of a bus waveguide ring resonator.
The closest region between the ring and bus waveguide forms the coupling region, where a
fraction of incident light is evanescently coupled from one component to the other and vice

versa. The rest of the light is transmitted to the output port as k? + t2 = 1. Here k and t are
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coupling and transmission coefficient, respectively. When the light circulating inside the ring
builds up a phase shift of an integer multiple of 2xt, constructive interference occurs, and the
cavity becomes a resonator. Mathematically, the resonator is described by two elements: a
feedback path and the coupling strength. As an alternative to using the infinite sum method
employed for the Fabry—Perot and Gires—Tournois resonators, the spectral properties of a bus
waveguide ring resonator can be derived by assuming steady state (continuous wave) operation
and field matching. Both derivations are equally accurate, but the field matching method is

simpler to derive.

The relation amongst the incident Eis, circulating (Ex> & Ei2) and transmitted Ex fields of a bus
waveguide ring resonator are obtained by combining the relations for the coupler with that of

the feedback path which is expressed by the following unitary matrix [235]:

(Eu) B ( t k) (Eu) 4.7)
B/ \-k* t'/\Ep
The feedback path (which is actually the length of the resonator) couples the output from port

Et back into input port Ei2 and is expressed as:

Uring . .
Ei, =e 2z 2nRe™RE, =a. ¢?E, (4.8)

Where, @ = BL represents the single pass phase shift, B is the propagation constant of the
propagating mode and L is the total length of the cavity. a in the above equation represents the
single pass transmission amplitude which includes both the propagation loss of the resonator

as well as the loss from the coupler.

Upon constructive interference, the circulating mode intensity builds significantly as compared
to when injected. The intensity build up highly depends on the coherence of the light source.
A coherent build up of intensity can lead to a dramatically enhanced nonlinear response. For

non-coherent sources, the intensity of the circulating mode is same as the incident intensity.

The ratio of the circulating field to the incident fields can be obtained by solving the above two

equations and is written as,

E,  itae? (4.9)
E; 1-—tae®
The ratio of the intensity of the circulating mode to the intensity of the incident mode can be

derived by simply taking the squared modulus of the equation,
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Ep)? _a® —2tacos@ + t? (4.10)
I;  1Eql 1= 2tacos® + (ta)?

The above equation refers to the situation that the light will be in resonance given the loss is

Iiz _

negligible (a=1) and @ = m * 2m. m is an integer. Under these conditions, a resonator attains
the maximally achievable ratio of circulating power. Even for a small value of cross coupling
(t? = 0.1), the intensity of the light circulating in the resonator can be 40x higher than the light
intensity at the input [236]. Along with the ring diameter, another important parameter in bus
waveguide ring resonator is the gap between the ring and straight waveguide which determines
the coupling ratio and ultimately coupling regime. Eight resonators with different coupling
ratios were simulated by using a LabVIEW code as the loss of the Ta2Os waveguide was not
optimized/known at the time of simulation. Care was taken to have 25 % transmission (details
are given in chapter 2 about the significance of 25 % transmission) for propagation losses of
0.1 dB/cm, 0.05 dB/cm and 0.01 dB/cm. Lastly, the gaps for these coupling ratios were
obtained by using BeamPROP and tabulated in table 4.2,

Table 4.2: Minimum waveguide gap vs the coupling ratio for 25% transmission simulated for 8
bus waveguide ring resonators.

Waveguide loss Coupling ratio (percent) Gap (um) Transmission (%)
(dB/cm)

3.09 2.13

0.1 2.45 2.21 25
1.593 2.36

0.05 1.235 2.45 25
0.902 2.56
0.624 2.69
0.398 2.85

0.01 0.191 3.11 ~30

All the resulting gaps are comfortably within the range of feature sizes attainable by low cost
(e.g. contact) lithography. To investigate the effect of fabrication tolerances, a coupler with a
nominal coupling ratio of 0.191 was simulated with different widths and thicknesses within the
fabrication tolerance and results are plotted in figure 4.12.
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Figure 4.12: Variation in the coupling ratio vs core widths and thicknesses for 0.19% ring input
coupler.

As can be seen in figure 4.12, the coupling ratio changes with both widths and thicknesses
expect for 105nm where it follows almost the same trend as of 100nm. However, considering
the thickness accuracy (1%) of the IBS system, the coupling ratio is quite stable around the
optimised waveguide thickness (100nm) and would provide the similar performance numbers.
On the other hand, let’s consider the worst case scenario of going from 0.19% to 0.32% of
coupling ratio due to the change in the thickness from 100nm to 95nm. The sensitivity of the
gyro was calculated for both the coupling ratios by using equation (2.14) for the values of d =
10mm, to = 1s, fo = 193 THz, 1 = 90 %, input power of the laser = 10 mW. The loss induced
by the required additional optical components such as 3dB coupler (-3.1dB = -0.1dB excess
loss + -3.0dB for splitting light into 50:50) and Phase modulator (-0.5dB), etc was also
included. The resolution came out to be 9.17 °/h and 14.34 °/h for 0.19% and 0.32% of coupling
ratio respectively. Even the 5% change in the waveguide thickness degraded the gyro
sensitivity of only 5.17 °/h.

As for as width tolerance is concerned, the sensitivity was calculated by employing the same
equation and values mentioned above for 100nm thick and 2.7um wide waveguide and found
out to be 17.20 °/h. The sensitivity is almost doubled as compared to calcuated from optimised
waveguide dimensions but it is still in a reasonable range which suggests that the designed bus
waveguide ring resonator is fabrication tolerant and can be employed for high performance
gyro applications.
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4.6 Waveguide Crossing Array

In order to realize an integrated loop gyro, the waveguide has to be looped in a way that the
innermost waveguide will cross through all the waveguides (see figure 4.13) and as will be
shown, it is not trivial in integrated technology to achieve very high performance in such
devices. In this chapter, crossing loss in weakly confined ultra-low loss design tantala

waveguides is studied in detail.

Figure 4.13: Waveguide gyro sensor loop in which inner waveguide is crossing through the loop
waveguides.

Before addressing the optimisation of waveguide crossing loss, it is appropriate to address the
loss mechanisms at work. Ideally, the light launched into one of the crossing waveguides
should be fully transmitted without any loss and by association any reflection. However, a
certain fraction of light is radiated away at the intersection due to diffraction and optical
scattering. The crosstalk between the waveguides is very small when they are many
wavelengths wide and is around 10 % when the width is on the order of the wavelength as it is
in most high index contrast waveguides [237]. A loss of < 0.1 dB/crossing from high index
contrast waveguides has been reported in the literature [238]. The intersection region was
widened elliptically to broaden the effective aperture. The propagating mode has narrow
angular spectrum in the widen region which resulted the reduction in the diffraction loss and

cross talk. The long and short axes of the elliptical region were 7.2pum and 1.5um respectively.

Most of the advance applications require even lower loss per crossing which can be achieved
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by employing multimode interference based crossings [239]. Once the desired loss from one
crossing is obtained by widening the waveguides, the optimum gap between the crossings can
be obtained by using the self-imaging concept for multimode waveguides. According to this
concept, the field distribution in a multimode waveguide periodically changes along the
propagation direction in a way that the excitation field is reproduced at discrete intervals. It has
been proved that the loss of a waveguide crossing array is minimised if the multimode
waveguides cross each other at the points where the width of the optical field is a minimum
[240]. At those points, the width of the multimode waveguide is bigger than the width of the
optical mode and almost zero power exists outside of the waveguide which resulted in a high

transmission.

The length the multiple modes need to interfere, and form a single-fold image is known as the
beat length. It is an important parameter and calculated by the following equation [241]:

21 (4.12)
(Bi — Bi+2)
Where, Lg ; represents the beat length of the mode (i=0,1). 5; and S;,., represent the propagation

Lg; =

constants of the respective modes.

The loss of the right angle crossing of two waveguides was optimised by changing the

waveguide width and data is plotted in figure 4.14,
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Figure 4.14: Exhibiting the junction loss of the two crossed waveguides vs width.
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The loss decreases when the waveguide width at the crossing increases. The minimum loss can
be achieved by having the widest waveguide, but then the tapers from the nominal waveguide
width to this new width will have to be longer consuming device space. However, 2.5um wide
crossing cannot be chosen as the junction loss even for one crossing is quite high. Here the
trade is to choose a width where the junction loss is reasonably low and not longer tapers are
required in order to keep the footprint of the device as small as possible. Therefore, 6.5um
wide waveguide will be employed at the intersection where the loss is low enough and taper
length would be reasonable.

For multiple crossings, the beat length was calculated by using equation (4.11), which came
out to be 54pum for 6.5um wide waveguides. The optimum taper length was found to be 40um.
The taper length vs total junction loss from 20 crossings was computed and shown in figure
4.15.
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Figure 4.15: Illustrating the effect of taper length on the junction loss from 20 crossings.

Lastly, the junction loss for multiple crossing was modelled by having 54um center to center

gap between the two crossings and 40um long input and output tapers.
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Figure 4.16: Total junction loss against the number of crossings when the beat length was 54 um
and tapers were 40um long.

Figure 4.16 shows that the junction loss goes up almost linearly with number of crossings.
After computed the waveguide width vs junction loss for one junction and calculated the beat
length for the chosen width, the total junction loss vs number of crossing was simulated by
running a BeamPROP simulation. More number of crossings (20, 40 and 60) were placed at an

appropriate spacing and the loss from them was obtained.

The loss is not enormously high even for 60 crossings. For an integrated loop gyro, propagation
loss dependent number of turns in a loop will decide the required number of crossings. The
lower the propagation loss will be, the more the number of turns will be in the loop and
ultimately crossings. Given the minimal crossings induced loss, a loop having large number of
turns can be fabricated from thin Ta>Os waveguides which then can be employed to realise

high performance gyros.

4.7 Waveguide Dimensions Re-Optimization

As a result of measurements it was realized that to reliably fabricate ultralow-loss Ta2Os
devices, the waveguides should support only the fundamental TE mode for reasons related to
mode coupling. Even though the TM and higher order TE modes of the previously optimised
design were effectively not guided due to high substrate radiation and bend loss, the TE
fundamental mode can be coupled to these other modes by sidewall roughness and bending of

the waveguide creating an additional potential loss channel which needed to be addressed.

Therefore, the waveguide dimensions were re-optimized. Going thinner than 100nm induces
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high substrate radiation loss even for the TE fundamental mode and required thicker bottom
cladding. The new dimensions were optimised with a 10um thick silica bottom cladding. The
upper cladding was chosen to be 2um silica. Thicker upper cladding is in many ways a better
conceptual choice but Belt et al. [112] reported that the quality of thicker sputtered silica films

significantly degrades due to the incorporation of additional deleterious scattering centers.

Due to the shower head particle pattern issues with the PECVD silica (mentioned in chapter 3)
and a number of ongoing and seemingly unresolvable issues around repeatability of the
refractive index, a decision was made to use the newly available VVeeco Spector IBS system to
clad the devices. The IBS silica had a refractive index of 1.459 at 1550nm after annealing at
550 °C in air for 10 hours.

By keeping 10um thick bottom cladding and 2um thick top cladding, Ta,Os waveguides with
different widths and thicknesses were modelled and effective indices for TE and TM modes

were recorded and plotted in figure 4.17,
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Figure 4.17: Effective index of (a) TEo mode and (b) TMo mode versus waveguide widths for
three thicknesses 70nm, 75nm and 80nm.

As seen in figure 4.17, the effective index of the TMo mode for all the cases is lower than the
refractive index of the upper silica cladding which suggested that the TMo mode would be cut
off. Therefore a 3um wide and 75nm thick design was chosen to fabricate single-mode, single-
polarisation ultra-low loss waveguides. The substrate radiation and bending loss of the TEo

mode was found to be negligible for the chosen dimensions.

4.8 Ta>0Os Waveguide Etching:

Due to the unavailability of the Oxford ICP etcher due to ongoing mechanical failures, Ta>Os
waveguides were etched in a Samco ICP etching system (RIE-400ip) available elsewhere in
the university. Halogen containing gases (CHF3z and SFg) were used to etch Ta>,Os and O, was
added into the gas mixture to produce non-vertical sidewalls, so the waveguides could be
cladded by IBS silica without having any void between core and cladding in the waveguide

corners.

Four different O, flows (5 sccm, 10 sccm, 15 sccm and 20 sccm) were tried and 20 sccm
provided the desired non-vertical profile. Gas flows and etching parameters used for this

process are listed in table 4.3:
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Table 4.3: Gas flows and etching parameters used to etch Ta,Os waveguides.

Parameters Values

CHF3 22 scecm
SFs 5scem

Ar 10 sccm

02 20 sccm

ICP power 300 W

Pressure 5.25 mtorr

Table power 30w
Temperature 20°C

The etching rate for Ta2Os was 40 nm/minute. Low etch rate and photoresist to material
selectivity are mostly non-issues in the etching of such thin waveguides. A cross-sectional

image of the etched waveguide is shown in figure 4.18,

HV det | mode | dwell curr WD mag B HFW tilt
3.00kv | TLD | SE |100ns | 50 pA | 4.6 mm | 50000 x | 4.14 ym | 45° ANFF ACT Verios

Figure 4.18: Illustrating the cross-sectional image of Ta,Os waveguide etched with CHF3, SF,
Ar and O,.
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The waveguide is fully etched and mostly clean except for some residue left on top of the
waveguide near the edges. It is believed that the residue is Ta,Os deposited along the
photoresist sidewalls during etching which collapses onto the waveguide upon resist removal.
The residue needed to be removed to have clean waveguides. Therefore, the chip was placed
under a mixture of O2/CHF3 (50 sccm/3 sccm) plasma in ICP for 10 minutes and result is shown
in Fig. 4.19.

.;%r HV det | mode | dwell curr WD mag HFW tilt
% | 3.00kv | TLD | SE |300ns | 50 pA | 4.0 mm | 32 500 x | 6.38 ym | 45°

Figure 4.19: Showing the SEM images of Ta,Os waveguide after 5 minutes of O, plasma
treatment.

The residue is removed after the O2/CHF3 plasma treatment. However, the waveguide surface
looks rougher due to the physical sputtering of the material which also resulted in the reduction
of the waveguide thickness. Further experiments were conducted to try to optimise the Ta>Os
etching process. Unfortunately, the Samco etcher was not producing consistent results in terms
of residue on top of the waveguide. Examples of the inconsistency in the processes are shown

in figure 4.20 for devices etched in different sessions with exactly same conditions.
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Figure 4.20: Exhibiting the difference in the residue sitting on top of the waveguides for two
different chips processed with the same recipe.

The inconsistency in the process output is still under investigation. However, due to time
limitations, it was decided to process the final wafer with the existing recipe and measure the
loss. Figure 4.21 shows the SEM images of etched waveguides from the final wafer. After the

photoresist removal, the residue was cleaned with the O2 only plasma.

Figure 4.21: Showing the SEM images etched Ta,Os waveguides, (a) after 8 minutes of only O,
plasma treatment and (b) after 13 minutes of only O, plasma treatment.

As seen in figure 4.21, O plasma treatment did reduce the residue but it is not fully removed.
Longer Oz plasma treatment could also roughen up the waveguide surface and reduce its
thickness. Therefore, the wafer was cladded with IBS silica after 13 minutes of Oz plasma
treatment. After the cladding, the wafer was annealed at 550 °C in air for 10 hours to
remove/reduce the hydrogen content in the waveguides. After measuring the loss, the wafer
was annealed in humid air for 48 hours at 550 °C. However, the loss curve stayed the same as
after the first annealing session.

4.9 Ta,Os Waveguides Propagation Loss Measurement
The propagation loss of the Ta,Os waveguides was measured through the spiral based cutback

method. After cleaving the chip, spirals having different lengths were measured in order to be
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consistent with the end facet component of insertion loss. Figure 4.22 shows the propagation
loss versus wavelength for the fabricated Ta,Os waveguides. The loss curve was obtained by

comparing the loss of 33.9cm long spiral to 11.4cm long spiral.

0.00
-0.10
-0.20
-0.30

Pt I I I 1L W,
060 M VPM I /

-0.70——
[W

-0.8041
-0.90
-1.00

I

I

-1.10 ,
I

I

I

!

(dB/cm)

-1.20
-1.30
-1.40
-1.50

|

-1.
701.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0 1600.0 1700.0
Wavelength (nm)

Figure 4.22: Illustrating the propagation loss of the fabricated Ta,Os waveguides across 1000nm
wavelength range.

As seen in figure 4.22, the propagation loss varies between 0.17 dB/cm and 0.14 dB/cm from
1530nm to 1700nm. The expected propagation loss was around 0.05 dB/cm at 1550nm which

has been achieved from similar Ta,Os waveguide dimensions by Belt et al. [112].

While measuring the propagation loss, it was observed through the camera that the straight
waveguides induced/propagated the TMo mode as well which was lost around the bends due to
the huge bending loss in the spirals for the TMo mode. The numerical model predicted that the
TMo mode would cut-off because of its lower effective index than the refractive index of the
top cladding. However, upon careful inspection of the model, it was found that both the TMy
and 2" order TE mode are propagating in the 2um thin top cladding as strip loaded modes. The
refractive index of the thin top cladding is slightly higher than the thick bottom cladding but

the contrast was still sufficient to guide unwanted modes.

A lot of modelling work was performed to find out where the strip loaded TMo and 2" order
TE mode do not propagate. Waveguide dimensions and upper cladding refractive index were
found to be the determining factors. With the existing refractive index (1.459 at 1550nm) of
the IBS silica, even 2um wide and 60nm thick Ta.Os waveguide guides the TMo mode.

Therefore, the upper cladding index was gradually reduced and at an index of 1.450, the TMo
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mode was cut-off. The mode field of the TMo mode is shown in figure 4.23,
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Figure 4.23: TMo mode field when the refractive index of the upper cladding was 1.450 at
1550nm and the core is 60nm thick by 2 microns wide.

As seen in figure 4.23, the effective index of the TMo mode is lower than both the cladding
indices and mode is leaking into the substrate. However, 60nm thick waveguide imposes a
larger minimum bending radius even for the TEo mode which is not suitable for compact
applications. This thickness imposes a bending loss (dB/turn) of 0.09, 0.8 and 6.4 for a bending
radius of 1500pm, 1000pum and 650um respectively for TEo mode. Therefore, upper cladding
refractive index was reduced from 1.450 to 1.444 to determine the threshold for matched
claddings where the TMo mode cuts off. This allowed the thickness of the waveguide to
increase to 70nm and width to 2.6um for TEo only guidance. By using these dimensions, a
bending loss of (dB/turn) of 0.0001 and 0.014 for a bending radius of 1000um and 650pum can
be achieved respectively. Therefore, it can be concluded that a smaller bending radius can be

employed by using lower refractive index cladding.

The potential sources of the higher than expected propagation loss of the fabricated Ta>Os
waveguides are, coupling between the TEo and lossy TMo or 2" order TE modes, scattering
loss and material absorption loss. Coupling between the modes was checked both theoretically
and experimentally. First, the waveguide modes (TEo, TMo & 2" order TE) were computed
through FemSIM. Secondly, the TEo mode was launched into a 10cm long waveguide through
BeamPROP and overlap between TEo-TEo, TEo-TMo and TEo-2" order TE was computed and
shown in figure 4.24. It is important to note that the waveguide had a 60-degree sidewall angle

and sidewall roughness of 10nm in the simulation.
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Figure 4.24: Exhibiting the overlap between the modes in the straight Ta,Os waveguide.

As can be seen in figure 4.24, 0.1% of light is coupled into 2" order TE mode in ~ 0.2 cm
which corresponds to a propagation loss of 0.022 dB/cm. If this light is lost in the bend will
then get re-excited and lost again. As can be seen in figure 3.21, the spirals have different length
straight waveguides, so this loss will be different for different spirals which could result in
slightly higher propagation loss. However, only 0.022 dB/cm is coupled in straight waveguides

initially which does not explain the cause of high propagation loss.

The mode coupling was investigated experimentally as well for TEo,-TMo coupling. The
polarisation of the input fibre was carefully adjusted to TE before being launched into a straight
waveguide. Without touching the input fibre, the light was launched into a 6¢cm long straight
waveguide (TMo propagation loss is low for the straight) and captured at the other end of the
waveguide with a microscope objective and a highly sensitive InGaAs camera with a Wollaston
prism to split the TE and TM polarisations vertically. This showed that the TEo polarisation
present at the output to the sub percent level and a tiny bit of TM polarisation is also present
which suggest that extremely small coupling occurs between the TEq and TMo modes during

propagation at least in straight waveguides. The experimental result is shown in figure 4.25 for
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the fibre launch and waveguide output.
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Figure 4.25: Showing the intensity of the TE and TM modes, (a) fibre only and (b) fibre and
waveguide.

The intensity of both the modes was obtained by putting a cursor through the centre of the
modes. As seen in figure 4.25, the intensity of the TMo mode is almost similar for both the
cases (a) and (b) which is consistent with the theoretical result that there is an extremely weak
coupling between the modes. Further, the output for the TE polarisation looks very Gaussian
like with no clear evidence of a higher order mode propagating. This analysis could only be
performed for the straight waveguides as both TMg and 2" order TE mode have high bend loss
and so it is not easy to measure if they are coupled to the fundamental TE by the bend structure
which is certainly possible due to the orthogonality violation imposed by a bend. Having
established that coupling does not occur at meaningful levels in the straights, the TM

polarisation coupling can be further investigated by comparing the straights to the bends.

The source of the propagation loss was therefore further investigated by measuring the
waveguides with nominally unpolarised light from an Erbium doped fibre amplifier. The
insertion loss of the four different waveguide lengths (3 spirals with the same structure and one
straight) was plotted at three different wavelengths of 1480nm, 1550nm and 1600nm. The
graph is presented in figure 4.26.
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Figure 4.26: Insertion loss of the four waveguides measured with nominally unpolarised ASE
from fibre amplifier. Except 6.4cm long waveguide, all other waveguides were in the form of
spirals with the minimum bending radius of 650pm.

Figure 4.26 clearly shows that the insertion loss of the straight waveguide (6.4cm) is
significantly lower as compared to the spirals for all three wavelengths. For the case of spirals
only, the gradient of the 1550nm wavelength shows a propagation loss of around 0.19 dB/cm
which is slightly higher than what is reported in figure 4.22. Extrapolating the 1550nm spiral
loss curve suggested an insertion loss of -6.42 dB at 6.4cm compared to the observed loss of -
2.8 dB which is -3.62 dB lower. Given that all TM polarised light in the unpolarised launch is
lost in the bends, the expected loss difference would be 3dB plus the total bend and junction
losses for the spiral. All the spirals have 43 junctions with the bending radius ranging from
650um to 2400um. The total junction loss from a spiral was computed through FemSIM and
found to be 0.318 dB. Thus a loss of 0.3 dB still exists even after offsetting the junction loss
and TM polarisation power from -3.62 dB. Even taking this additional loss which then equates
to 0.047 dB/cm, this is not sufficient to explain the higher than expected propagation losses,
indicating that coupling to TMg even in the bends is not the problem. There was no feasible
means to investigate the TE1 coupling in the bends.
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As a further means of studying the propagation loss, the waveguides were tested using Optical
Low-Coherence Reflectometry (OLCR) measurement. The reasoning behind this measurement
was to determine if the propagation loss was uniform with distance (i.e. is there unexpected
loss at the bends or at any scattering centres, etc). In this method, a broadband low-coherent
light is launched into the waveguide through a fibre. At the front facet of the waveguide, a part
of the light is reflected back by means of Fresnel reflection and coupled into the fibre resulting
the formation of first reflection signal. The other part of the light which was transmitted into
the waveguide travels a single trip and reflected back from the back facet of the waveguide.
upon reaching the front facet, a portion of the light is coupled into the fibre resulting the
formation of second reflection signal. In parallel to that, a movable reference mirror is
continuously being scanned. The reflected beams from the waveguide and reference mirror are
then combined and transmitted to the detection system. Due to incoherent light source,
interference occurs only when the path difference between the two beams is zero. In this way,
the spatial distribution of the multiple reflection signals can be resolved by the reflectometer.
From the magnitudes of the multiple reflection signals, the propagation loss of the waveguide
IS extracted [242, 243]. This method has the capability of achieving a spatial resolution in the
micrometer range. Figure 4.27 shows a representative OLCR trace of a 33.9cm long

waveguide.
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Figure 4.27: OLCR trace of 33.9cm long waveguide

The first conclusion from all the traces obtained was that there was no systematic loss source
present that correlated with the bend positions, thereby ruling out the TE1 coupling as a major
contributor. Secondly, the traces in general showed occasional local point losses and in some
cases staircase like slope indicating the presence of significant scratch like defects. With the
help of a custom LabVIEW code, the propagation loss was computed locally and indicated
with green and red bars in Figure 4.25 which correspond to low and high loss regions,
respectively. Notably a 6cm long region has an observed propagation loss of 0.02 dB/cm,
reasonably close to the predicted loss. For the illustrated 33.9cm long waveguide, integrated
overall propagation loss was computed from the indicated local losses which returned an
average propagation loss of 0.17 dB/cm, a very good match to the measured results from figures
4.22 and 4.26 thereby validating the accuracy of the OLCR measurement. Therefore, it can be
concluded that localised high loss regions arising from the etching inhomogeneities observed

likely increase the overall propagation loss of the waveguides, but that fundamentally they are
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capable of operating in the ultra low loss mode desired.

4.10 Conclusion

This chapter starts with the introduction of the Ta.Os and its significance in the field of
integrated photonics. Ta2Os films were deposited by employing IBS system. Waveguide
dimensions were optimised, and a number of gyro components were designed which include
3dB coupler, bus waveguide ring resonator and low loss crossing arrays. The designed 3dB
coupler is found to be quite sensitive to minor fabrication offset which makes it unsuitable for
gyroscopic applications. The designed bus waveguide ring resonator is fabrication tolerant and
can be employed for high performance applications. The loss of the crossing arrays is found to
be quite nominal means the designed crossing arrays can be employed to fabricate a long
waveguide loop which will ultimately result in a better sensitivity.

Furthermore, Ta2Os waveguides were fabricated, and a propagation loss of 0.17 dB/cm was
measured at 1550nm. A detailed theoretical and experimental analysis was performed to
investigate the possible cause of the higher propagation loss. OLCR measurement showed
occasional local point losses and in some cases staircase like slope indicating the presence of
significant scratch like defects. However, a 6¢cm long region has an observed propagation loss
of 0.02 dB/cm, reasonably close to the predicted loss. Therefore, it can be concluded that by

addressing inhomogeneities related to etching, ultra-low loss waveguides can be achieved.
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Chapter 5 Design optimisation and
performance prediction for an integratable
thermo-optic phase modulator

5.1 Introduction

Modulation and active trimming are fundamental operations needed in many integrated optical
circuits. Optical Modulation refers to a change induced in the optical field e.g. phase,
frequency, polarisation, amplitude or quantum state. Optical modulators are fundamental
components of high-speed optical transceivers (a combination of optical transmitter and
receiver) and play an important part in high capacity optical networks because they allow high

speed and high quality optical signal generation.

Optical modulators are also used in other applications such as optical switching, sensing and
neural networks [244-246]. Optical phase modulators are a fundamental part of angular
velocity sensors (gyroscope). In fibre loop or waveguide loop gyros, the output intensity signal
is essentially the interference between the counter propagating beams with different phases
induced by the Sagnac effect. The natural response of the interference signal is cosine shaped
(equation and details are given in chapter 2). Therefore, phase biasing is required to overcome
the inherent zero sensitivity at the peak of the response and avoid ambiguous detection [247].

A phase modulator is placed in one input arm of the gyro to produce required biasing.

In resonant gyros, the phase modulation technique is widely used in order to accurately detect
the extremely small shift in the resonant frequencies induced by the Sagnac effect [248]. The
well-known Pound Drever hall method is employed for laser frequency locking and often
realised using phase modulation. Both the modulation frequency and index affect the slope of
the demodulation curve which determines the signal-to-noise ratio of the sensor. It has also
been reported in the literature that phase modulators with a bandwidth of few MHz are good
enough to optimize the performance of the resonant gyros [151]. Optical modulators are also
employed for tunning/trimming application. In integrated photonics, it is difficult to achieve
the desired performance from a fabricated device (e.g. splitting ratio of a 3dB coupler) due to
fabrication imperfections and trimming is required to address this issue. Kiyat et al. [249]
reported a resonator based optical switch on a SOI rib waveguide having dimensions of 1pum?.

The switch requires only 17 mW of electrical power to scan the resonance wavelength to over
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full free spectral range. The response time of the device was found to be 210 kHz.

In integrated photonics, modulation is most usually achieved by changing the complex
effective modal refractive index of a waveguide. The refractive index of a material depends on
several effects, of which the most interesting for phase modulation are the intensity of the
interacting light, applied electric field strength, number of charge carriers and temperature. The
change in the refractive index of a material by the above mentioned effects is represented as
[250]:

An/ = An+ Aik (5.1)
Where, An and Aik represent the change in the real refractive index and optical extinction

coefficient, respectively.

For practical low loss materials and effects, direct optically driven phase modulation is too

weak to be effective as it relies upon the Kerr effect.

The refractive index of a material can also be modified under the application of an electric field
and this is considered a preferred way of optical modulation because it implies fast response
time and low power consumption. The modification in the refractive index with respect to an

applied electric field is described by the following equation:

An’/ = PE + KE? (5.2)
Where, P and K are wavelength dependent constants and E represents the electric field. The
first and second order change of the refractive indices are recognized as the Pockels and Kerr
effect, respectively. The Pockels effect produces birefringence in materials that lack inversion
symmetry and commonly known as non-centrosymmetric materials (e.g. gallium arsenide and
lithium niobate). However, it is not accessible in materials that exhibits inversion symmetry
(i.e. centrosymmetric materials) as the reversal of sign in the total electric field must cause a
reversal of sign in the total polarisation density component [251]. Therefore, Pockels effects is

possible only in non-centrosymmetric materials.

The Kerr effect has no requirement on crystalline structure for its operation and so induces a
refractive index change in all materials. In this effect, an optical beam experiences polarisation
dependent phase change while travelling through a medium in the presence of an electric field
which is proportional to the square of the applied electric field. In comparison with the Pockels
effect, the Kerr effect is weak because the change in refractive index is proportional to the
square of the electric field rather than the linear [252].

Another electric field effect that is commonly used for optical modulation is known as the
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Franz—Keldysh effect. Here the refractive index of a semiconductor at a wavelength near the
band edge is affected through the Kramers-Kronig relationship by changing the absorption near
the bandgap under the application of an electric field. This effect is only suitable/applicable for
direct bandgap semiconductors (e.g. GaAs) because the absorption coefficient changes quickly
near the band edge for such semiconductors. The absorption coefficient near the band edge in
indirect semiconductor is weak due to phonon involvement in absorption in the indirect

transitions. Therefore, this effect is unsuitable for indirect semiconductors such as silicon [253].

Alternative methods are employed to induce optical modulation in centrosymmetric materials
or indirect semiconductors. For semiconductors, the commonly used method is the free carrier
plasma dispersion effect. This describes both the real and imaginary refractive index change in
response to a change in the free carrier concentration of a material. The relation between the
change in the absorption coefficient (Aa) and refractive index (An) to the change in the density
of the free charge carriers (electrons and holes) is described by the Drude-Lorenz equations

which is written as:

e3)3 AN, AN}, (53)
Aa = 4m2c3gon )\ pe(mie)? + + )2
0 e ce p'h(mch)
—e?)2 AN, AN 5.4
An = 0 . e + *h ( )
8m2c2gpn/ \mf, my,

Where, AN, and AN, is the change in the electron and hole density respectively, c is the speed
of light in vacuum, X is the wavelength, e is the electronic charge, &, is the vacuum permittivity,
mg, and m,;, represent the effective masses of electrons and holes respectively and p, and py,

represent the electron and hole mobility.

Bennett and Soref [254] quantified An and Aa more accurately from the experimentally
measured absorption curve and came up with empirical expressions which are now used

universally. The expressions for 1.55um are:

An = An, + An,, = —8.8 x 10718, AN, — 8.5 x 10718, (AN,,)?8 (5.5)

Aa = Ao, + Aoy, = 8.5 % 10718 AN, + 6 x 10718, AN}, (5.6)

Where, An, represents the change in the refractive index as a result of change in the density of
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electrons and similarly Any,is the change in refractive index due to the change in the density of
holes. Aa, and Aa;,represent the change in absorption coefficient resulting from the change in

density of electrons and holes, respectively.

The concentration of electrons and holes can easily be modified/changed by passing a current
through semiconductors. The performance of such modulators is essentially based on how
quickly the free carriers are injected or removed from the area where the optical beam is
propagating. The plasma dispersion effect is known to provide fast modulation of up to or
above 10 GHz.

Furthermore, the free charge carriers needed for the modification of the refractive index also
absorb light which results in the attenuation of the optical power [255]. Therefore, the
modulators based on this effect are unsuitable for number of emerging applications due to the
intrinsic losses result from the free carrier absorption and large passive insertion losses [256].
The formation of a doping zone to enable carrier injection also adds significant complexity in
the fabrication process.

Polymers based electro-optic modulators have been emerged as an ideal option for applications
require fast modulation. Electro-optic polymers are a new class of materials that are designed
to have high thermo-optic coefficient, compatible with other materials and provide fast
response. Lee et al. [257] achieved a modulation bandwidth of upto 200 GHz from a polymer
modulator which is quite high as compared to its alternatives.

On the other hand, there are certain drawbacks associated with polymer modulators which
include stability (thermal and long term electro-optic coefficient) and loss, and require
considerable research efforts to be solved. Optical absorption and scattering of chromophores
are found to be source of high loss in electro-optic polymers [258]. A loss as low as 1.5 dB/cm
at 1550nm has been reported from electro-optic polymer by Garner et al. [259]. These
drawbacks restrict its employability in applications require low loss and operate in harsh

environments.

The thermo-optic effect is relatively simple to implement and has been successfully employed
for modulation at up to few MHz without having a free carrier absorption and stability issues.
In the thermo-optic effect, the phase of an optical beam is modulated by putting a heater close
to a waveguide that modifies its refractive index. The reason behind their slow time response
or low modulation rate is large thermal spreading and thermal capacitance. The heater can be

placed on top of the waveguide or on either side of the waveguide. However, heater on top of
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the waveguide geometry would require the deposition of an insulating layer between the heater
and waveguide in order to isolate the optical mode from the heater. The extra step (deposition
of an insulating layer) in the fabrication process can be avoided by placing heater on side of
the waveguide. For polymer cladded waveguides, the real issue is the surface temperature of
the polymer when the heater is on top. This argument is backed up with the simulation results

later in this chapter.

A number of thermo-optic modulators have been designed and fabricated [256, 260, 261]. The
energy efficiency of such modulators mainly depends on the efficiency of the heat transfer and
its confinement to the waveguide region. In other words, heat isolation around and/or
underneath the waveguide region determines the power consumption of thermo optic
modulators. The creation of an air trench is a common approach to increase the heat isolation.
The air trench reduces the heat leakage into the silicon substrate which then results in a
significant reduction in the power consumption. However, doing so adds an extra step in the
fabrication process and also causes the reduction in the reliability due to the piled mechanical

fatigue from the thermal stress [262].

Another method to improve the efficiency is the fabrication of multipass waveguide routing
under the heater in order to increase the optical interaction length with the heated region.
However, care must be taken while designing such modulators because optical coupling can
occur between adjacent waveguides. If the adjacent waveguides have similar dimensions and
are close enough, the light coupling between them is resonant and all the light can be transferred
over a coupling length short enough to be of concern. The waveguide spacing issue limits the
number of waveguides under the heating region and therefore ultimately the power efficiency.
This problem can be solved by having waveguides with different widths because light coupling
between different dimension waveguides does not achieve phase matching and results in

minimal power coupling.

Generally speaking, the time response of thermo-optic devices is inversely proportional to the
switching power. Therefore, a trade off among the time response, switching power and optical
loss is considered while designing such devices. Chung et al. [260] recently reported a silicon
thermo-optic modulator with a total footprint of 0.0023 mm? and consumes only 2.56 mW for
180° phase shift. The device also has low (for silicon) optical loss of 1.23 dB. Jacques et al.
[263] reported a SOI based modulator with a switching power of 21.4 mW for i phase shift
and time constant of only 5.6 us. Considering the advantages of thermo-optic devices, a phase

modulator based on this effect is designed for this project.
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Thermo-optic modulators are used in a broad range of applications and are not limited to a
single type of material or design [256, 261] though they are most commonly employed where
a Pockels effect is unavailable, i.e. in amorphous materials or centrosymmetric semiconductors.
Thin Ta>,Os waveguides cannot be employed for thermo-optic modulation as most of the mode
field is in the cladding and heat could not push it much into the core. This ultimately resulted
in a small change in the effective index. Same reason goes with high index contrast waveguides
where the field is tightly confined in the core and there is not enough room to change the

effective index.

Germanium doped silica (Ge:SiO2) waveguides with silica or polymer cladding on top are
widely used in photonic applications [264-266] due to their low propagation loss in the visible
and infrared range, their highly efficient coupling to optical fibre, and high photosensitivity to
ultra-violet (UV) light [267] enabling photo tuning of devices or the inscription of Bragg
gratings. The refractive index of 3% index contrast Ge:SiO- is 1.486 at 1550nm [268].

The change in the effective index was computed for both Ta;Os and Ge:SiO, waveguides by
using the exact same conditions in terms of cladding index, temperature change and edge to
edge gap between the waveguide core and heaters. The thickness of the core was the only
difference between the two geometries where 3pum thick Ge:SiO2 waveguide core was thinned
to 80nm thick TaOs core. The change in the effective index was found to be 0.001135 and
0.000072 for Ge:SiO and Ta,Os waveguides respectively. Due to the significant difference in
change in the effective index induced by two different geometries, Ge:SiO> was used to design

thermo-optic phase shifter.

5.2 Theoretical Optimisation

Thermo-optic modulators must be designed to efficiently and compactly modulate the phase of
the light without inducing high optical losses. Ge:SiO: is found to be an option which match
all the requirements. Single-mode Ge:SiO, waveguide was computed by using RSoft FemSIM
[165]. The optimised width of the single-mode Ge:SiO> waveguide was found to be 3um for
3um thick Ge:SiO2 waveguide and these dimensions will be used in for the remainder of this
work as the design for the phase modulators. Initial modelling as carried out using Silica index
matched Acrylate polymers have a thermo-optic coefficient of -1x10*4/°C [269] which is an
order magnitude higher than silica at 1x107%/°C [270]. Polymers with refractive indices ranging
from 1.430-1.480 at 1550nm are commercially available and hence a good selection for an
over cladding material here [271]. Polymers for modern planar photonic devices are found to

be an attractive candidate due to the combination of their exceptional optical properties such
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as, tuneable refractive indices, low optical losses, reasonable temperature stability and large
thermo-optic coefficient. They are easy to fabricate and commercially available (low cost)
[272]. Unfortunately, only a few polymers are suitable from a large pool of commercially
developed polymers. A list of suitable polymers is tabulated in table 5.1 that are suitable for

optical applications [273].

Table 5-1: comparing the important properties of polymers for thermo-optic applications [273-
278].

Polymer type  Propagation Thermo-optic Thermal
loss in dB/cm  coefficient (10  conductivity

at 1550 nm °Ct) (W/m.°C)
Cyclic olefin 0.7 -1 0.16
copolymer
ZPU 0.35 -1 0.2
Cyclotene 1.5 -0.15 0.29
PMMA -0.85 0.18
EpoCore 2.2 -0.7
Deuterated <0.5 -3 ~0.22
Polysiloxane

Propagation loss and thermo-optic coefficient are important properties for the planar
implementation of thermo-optic phase modulators. Among all the polymers tabulated above,
ZPU exhibits the lowest propagation loss and has a reasonable thermo-optic coefficient. In
comparison with the ZPU, polysiloxane has quite a large thermo-optic coefficient. However, it
induces a propagation loss of slightly less than 0.5 dB/cm which is higher than ZPU. Whereas
thermal conductivity of both the materials is almost similar. Lower propagation loss,
reasonable thermo-optic coefficient, and availability make ZPU a preferred candidate for

testing thermo-optic phase modulators.

The amount of phase shift induced depends on the thermo-optic coefficient of every material,
the temperature achieved in each material, and the temperature and optical intensity distribution
between the materials. The phase shift is defined as [260, 279]:

A® = 2nLAn/A (5.7)
Where, A® is the phase shift, L is the heated length, An is the change in the effective index of
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the waveguide and A is the operating wavelength.

A phase shifter can be designed with different optimisation goals: lowest loss, smallest power
consumption, highest speed, shortest length or a compromise between these parameters. For
this work, a phase modulator is desired with insertion loss < 0.5 dB and total length < 2mm

respectively. Modulation speed should be as high as possible subject to the prior constraints.

The reason behind the chosen loss and length is to fabricate a phase modulator which provides
sufficient modulation and can easily be integrated on the chip along with other gyro
components. The globally accepted figure of merit for thermo-optic phase modulators is the
product of electrical power required for a i phase shift and time constant for heat diffusion

(rise or fall) B,.t which should be as small as possible.

Thermo-optic phase modulators can be realised in number of ways. Heaters can either be placed
on top of the waveguide or with some lateral separation. It has also been reported that
moderately low loss heaters can be embedded directly into a silicon waveguide by doping that
part of the waveguide [280]. However, doing so increases the optical loss of the device which
is unsuitable especially for cascaded switches such as in switch networks. This approach is
advantageous where a single modulator is required but doping the part of waveguide adds

further complexity in the fabrication and is not applicable to non-semiconductor materials.

As stated above, heaters on top of the waveguide geometry requires an insulating layer between
the heater and waveguide to isolate the optical mode from the metal heater. This approach also
has reliability issues due to the accumulated mechanical fatigue from the thermal stress [262].
For polymer cladded waveguides, putting heaters on top of the polymer reduces the amount of
heat reaching the waveguide core significantly. Energy 2D software was used to find out how
much temperature of the heaters (placed on top of the polymer) needs to be raised to get the
same amount of heat on the core surface as compared to when they are sitting on the side
waveguides. The thickness and thermal conductivity of the polymer chosen in the simulation
were 12um and 0.2 W/m.°C respectively. The results of the computation are shown in
figure 5.1.
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Figure 5.1: Illustrating the temperature of the heaters required to get the same amount of heat
on the core surface, (a) when they are sitting on the side waveguides and (b) when they are on
top of the polymer.

As can be seen in figure 5.1, heater’s temperature needs to be increased from 150 °C to 350 °C
to get the same amount of heat on the core surface when they are placed on top of the polymer.
One wider (6pm) heater exactly on top of the core also requires more than 230 °C to get 45 °C
on the core surface. Most of the polymers do not withstand such a high temperature, therefore

side heater’s design was adopted for this work.

As mentioned previously, adjacent structures that have waveguide like index distributions

cannot be made phase synchronous in order to avoid optical coupling. As the simplest method
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to make raised side heaters is to leave some core material present for the heater pedestals, this
effect was analysed by putting 3um wide heaters on 3um wide side pedestals when the main
waveguide was 3um wide. The heaters were turned optically inactive implying they are
physically not present. The edge to edge gap between the heaters sitting on side waveguides
(pedestal’s) and the main waveguide was chosen to be 8um. The optimum gap between them
is discussed later in this chapter. FemSIM results showed a very strong optical coupling in the

side waveguides as seen in figure 5.2,
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Figure 5.2: Showing a strong optical coupling when the dimensions and index profile of the
heater pedestals are exactly the same as the waveguide core. The upper cladding refractive
index used for this simulation was 1.465.

Even a bigger edge to edge gap between the waveguides doesn’t change this effect. However,
a slight change as small as 0.1um in the width of the pedestal eliminates this issue as can be

seen in figure 5.3.
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Figure 5.3: Illustrating a negligible optical coupling when the width of the heaters is only 0.1pm
bigger than the waveguide core. The upper cladding refractive index used for this simulation
was 1.465.

As seen in figure 5.3, the optical coupling in the pedestal’s becomes negligible after a slight
increment of 0.1um in the pedestal’s width. Doing so would improve the loss of the device as

minimal amount of light will be coupled into the pedestal’s and interact with the metal heaters.

Using FemSIM, two designs (heater’s on pedestal’s and heater’s on bottom cladding) were
simulated to investigate which gives the larger change in the effective index. The ZPU with a
refractive index of 1.465 at 1550 nm was used as top cladding for the optimum design
illustration purposes. For both the designs, the 4um wide heaters were placed on 4um wide
pedestals which were 8um away (edge to edge gap) from the main waveguide just to compare
the change in effective indices. Optical coupling becomes non-issue with only 0.1pum increment
in the pedestals width but 3.1um wide heater’s do not change effective index as much as 4pm
wide do. The index change was found to be 0.001091 and 0.001135 when the heaters were
placed at the bottom cladding and on top of the pedestals, respectively. This comparison gives
a slightly large An when heaters were placed on the side waveguides and secondly the
deposition of heaters on the side waveguides is relatively uncomplicated as compared to the

bottom cladding. A schematic of the designed phase shifter is illustrated in figure 5.4,
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Figure 5.4: Showing the block diagram of the designed thermo-optic phase modulator. The
device has 5 potential loss sources which are numbered in the figure and need to be optimized.
The losses are exactly the same for the input and output of the device, that’s why bundle them

in one category.

As pointed in figure 5.4, there are 10 optical loss elements that fall into 5 groups which need
to be optimized while designing a phase shifter in order to be within set limitations/loss budget
mentioned above. These points include (1) two junctions, (2) four outer horizontal tapers, (3)
two widened waveguides, (4) four inner horizontal tapers and (5) two heaters. Junction loss as
well as absorption loss due to heaters are expected to be the major loss sources which need to
be carefully optimised. Low loss horizontal tapers and widened waveguides have been reported
and expected to be a small part of the overall loss of the device but still optimisation would be
required. The junction loss (1) arises due to the difference in the refractive index of the polymer
and silica. This difference leads to a change in the effective index and mode profile at the
junction which can be reduced by widening the waveguide at junction. Efficient coupling
between the two waveguides having different widths can be done via optimised waveguide
tapering (2), (4). Widened waveguide width and length is chosen according to the loss and
length set for the device. The coupling efficiency between the waveguides is controlled through
the taper length and shape which is also analysed in this chapter. The metal heaters absorb light
if placed too close to the waveguide. Therefore, the gap between the heaters and waveguide

needs to be optimised where the optical loss and change in the effective index is acceptable.

5.2.1 Junction loss optimization
First of all, loss at the junction was computed for polymer cladding indices of 1.444-1.470
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when the waveguide width was 3um throughout the device and shown in figure 5.5.
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Figure 5.5: Showing the overlap loss at the junction for 5 different ZPU cladding indices.
FemSIM results showed quite a high junction loss for all the polymer claddings with higher
refractive indices than silica. This arises from two factors, the modal overlap loss and the
additional polymer absorption loss as more light starts propagating in the polymer. As the
polymer (cladding) refractive index increases from 1.444-1.470, the reduced index contrast
between the core and cladding decreases the confinement which results in a higher mode field
interaction with the cladding material and a larger mode field. The loss (at 1550nm) of the
silica (0.25x10° dB/cm) [281] is much lower than the polymer (around 0.35 dB/cm) [282],

therefore higher mode field interaction with the polymer cladding induces a higher optical loss.

For an efficient mode coupling between the waveguides, they can be tapered horizontally or
vertically. Horizontal tapers are fabricated via standard planar processing, whereas vertical
tapering needs 3D processing which an additional processing burden [283]. Therefore,

horizontal tapering is preferred in integrated optics and employed for this work.

To investigate the tapering effect on the loss, the junction was horizontally tapered at 6 different
widths and junction loss is seen in figure 5.6. Initially 40um (input) and 60um (output) long
linear tapers were employed to carry out these simulations. After the junction loss optimisation,

taper’s profile and length is also optimised.
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Figure 5.6: Depicting the overlap loss at the tapered junction for five different cladding indices.
It is evident from figure 5.6 that tapering the waveguide at the junction significantly resolves
the overlap loss issue as compared to without tapering (see figure 5.5). A notable reduction in
the loss can be achieved by only tapering the junction to 6pum which keeps going down with
the further increment in the width for all cladding indices except for 1.444 where the loss is
already zero. It is important to note that this loss corresponds to one junction of the device
implying total junction loss will be doubled. From figure 5.6, It can be clearly seen that
cladding indices of 1.470 and 1.465 cannot be used as both the claddings induce significantly
high junction loss even after tapering the junction for any given width. Therefore, the cladding

index must be less than 1.463.

For the purposes of design optimisation on the compact thermo-optic phase shifter, the width
of the widened waveguide chosen for all following simulations was 6um as it lowers the loss
down by almost 50% as compared to the waveguide without tapering. The junction loss with
and without tapering can be compared from the figures 5.5 and 5.6. Wider waveguides (9um
and more) could also have been chosen to achieve even lower junction loss but they do not

reduce a significant amount of junction loss as compared to 6um widened waveguide for the
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cladding indices of 1.444, 1.450 and 1.460. Also, wider waveguides require longer tapers for
low loss operation. Considering all the factors in mind, it was decided to use 6um wide

waveguides at the junction.

Having established a good design choice for the widened waveguide at the junction between
the polymer and silica claddings, the effect of varying the length of the 6um widened
waveguide was investigated using BeamPROP for cladding indices of 1.444, 1.450 and 1.460.
The light was coupled into 3um wide waveguide cladded with silica. The waveguide then
tapered to 6pm wide waveguide with the help of 40um long linear taper. Half-length of the
widened waveguide and 60pum long output taper were cladded with the ZPU polymer (structure
can be seen in figure 5.4). The length of the widened waveguide was varied and the
transmission of the light through the structure was recorded. Figure 5.7 shows the variation of
the loss with the length of the 6um wide widened waveguide.
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Figure 5.7: Loss variation with widened waveguide length between tapers for cladding indices of
1.444,1.450 and 1.460.

The minimum loss occurred when the widened waveguide was 30 pum, 30 um and 25 um long
respectively for overclad indices of 1.460, 1.450 and 1.444. Again, this loss is for a single
junction and needs to be doubled for the whole device. The total loss from both the junctions
for 1.444,1.450 and 1.460 found to be 0.0195 dB, 0.036 dB and 0.128 dB respectively. Whilst
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small the loss is a non-negligible component of the loss budget if it is not optimised.

After the widened waveguide length optimisation, a wavelength scan was performed to
investigate if there is any interference induced when the waveguide widened from 3um to 6um.
For the cladding index of 1.460, the result of the wavelength scan across the junction is shown
in figure 5.8.
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Figure 5.8: Showing no phase interference across the junction when waveguide tapered from
3pm to 6pm.

The wavelength from 1.53um to 1.56um was scanned across the junction and found no
interference as the optical loss decreases linearly with increasing wavelength. No interference

was found for other cladding indices as well.

Three different taper profiles (linear, exponential and quadratic) were studied to determine
which profile induces the minimum loss from 3um wide input waveguide to 6um widened
waveguide as well as 6um widened waveguide to 3um wide output waveguide. The widened
waveguide was 25um long. This simulation was done to find out the best taper profile, therefore
input and output tapers were randomly chosen to be 100um long. Table 5.2 shows the loss from

different taper profiles for cladding index of 1.460.

Table 5-2: Showing loss for all taper profiles when widened waveguide width is 6 pm and length
is 25 pm.

Cladding indices Linear Exponential Quadratic

1.460 -0.084 (dB) -0.083 (dB) -0.084 (dB)
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As seen in table 5.2, exponential taper is giving the lowest loss but not significantly better than
linear and quadratic tapers. Therefore, any taper profile can be used to optimise the input and

output taper lengths. Furthermore, Linear taper profile was then used for length optimisation.

Using BeamPROP, the taper length was optimised by simulating 10 different input and output
taper lengths and results are shown in figure 5.9 (a & b) for cladding index of 1.450 and 1.460.
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Figure 5.9: Showing the input/output taper length vs loss for cladding index of (a) 1.450 and
(b) 1.460.

Despite putting serious efforts, this is the best resolution contour plots we could obtain from
MATLAB. Input and output tapers are cladded with different materials (silica and ZPU);
therefore, they have different lengths to get the minimum loss. The chosen input and output
taper lengths for nciag=1.444 are 40pm & 40um, for ncag=1.450 are 40pm & 50um and for
Nclad=1.460 are 30pum & 50um. The chosen taper lengths do not correspond to minimum loss
except for cladding index of 1.460. Slightly shorter tapers were employed to elongate the
heating region of the device with the minimal sacrifice of the loss. This trade off was done to
increase the phase shift within the set loss and length budget. For 1.460, the chosen taper
lengths induce minimum loss which is not too small. Therefore, the trade off between loss and
length cannot be made for this case. The loss induced by these tapers is 0.00912 dB, 0.01248
dB and 0.06 dB for 1.444, 1.450 and 1.460 respectively. Total loss and length consumed by

junctions and tapers are summarized in table 5.3:
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Table 5-3: summarizing the loss and length consumed by tapers and junctions and left in the

budget.
Cladding Index  Loss consumed by  Length consumed Loss left in the Length left in the
junctions and by junctions and budget budget
tapers tapers
1.444 0.0375 dB 220 pm 0.4325 dB 1780 pm
1.450 0.061 dB 240 um 0.409 dB 1760 pum
1.460 0.388 dB 210 pm 0.082 dB 1790 pum

As can be seen in table 5.3, the amount of length left in the budget is slightly different (within
+ 30um) for all the cladding indices. However, the loss left in the budget decreases sharply as
cladding indices goes from 1.444-1.460 respectively. This sharp decrease in the loss left in the
budget is mainly due to the junction loss variation with the cladding indices (See figure 5.5 or
5.6). For 1.444 and 1.450, a bit of length can be traded for some loss to place the heaters closer
to the core for higher phase shift. Doing so, a slight change in the phase shift is expected as due
to relatively high index contrast, less An will be induced even with the presence of more heat
around the waveguide core. Lastly, there is no room for trade off for cladding index of 1.460

and any change in the length or loss would disturb the budget.

5.2.2 Absorption loss optimization

The last task was to optimize the gap between the heaters and waveguide. A thin layer (100nm)
of Cr on the pedestals was assumed to be the heating material. High electrical resistivity and
melting point make Cr a suitable option for resistive heating. Phase shift varies with how close
the heaters are placed with respect to the main waveguide and this gap depends on the

absorption loss due to Chromium (Cr) sitting on top of the pedestals (see figure 5.4).
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Figure 5.10: Depicting absorption loss varies with edge to edge gaps between heaters and
waveguide.

Through FemSIM, absorption loss was simulated for 14 different gaps with all the cladding
indices using 4um wide heaters and pedestals around the main waveguide. For cladding indices
of 1.450 and 1.460 where the index contrast in relatively lower as compared to the cladding
index of 1.444, larger separation between the core and absorbing material which is Cr heater is
this case is required to completely remove the absorption loss. After a certain gap which
depends on the cladding index (e.g. 7um for cladding indices of 1.444 & 1.450), the absorption
loss due to the heaters goes down to zero. The remaining loss corresponds to the ZPU cladding
absorption loss and cannot be avoided. For a given cladding index, heaters can be placed
according to the loss and length left in the budget by using the data plotted in figure 5.10. For
higher phase shift, heaters can be placed closer to the core, but it would induce more loss and
ultimately consume more power. Therefore, a balance is required between the phase shift and
power consumption.

5.2.3 Phase shift calculation

Knowing the loss and length left in the budget from table 5.3, edge to edge gap between the
heaters and waveguide core can be obtained from the figure 5.10 for all the cladding indices.
Table 5.4 shows the gap where heaters can be placed according to loss and length left in the
budget,
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Table 5-4: Revealing the gap between heaters and waveguide according to budget.

Cladding index Gap
1.444 3.3 um
1.450 3.4 um
1.460 5.1 um

By assigning the heater length according to the length left in the budget and gaps
mentioned/found in table 5.3 and 5.4 respectively, An was computed by using Multiphysics
utility in RSoft when the temperature changes from 20 °C to 150 °C. Due to low melting point
(200 °C) of the polymer, the maximum temperature used in the simulation was chosen to
150 °C. Using equation (5.7), the phase shift was calculated for all the cladding indices. Figure

5.11 shows the phase shift variation with the cladding index.
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Figure 5.11: Phase shift vs cladding index for optimised design
Under the limits set initially on the optical loss and length of the phase shifters, cladding
refractive indices of 1.444, 1.450 and 1.460 result in phase shifts of 5.02 rads, 6.50 rads and
8.63 rads. The phase shift increases with the cladding index because the index contrast between

core and cladding is lower at higher cladding indices meaning more mode field is in the
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cladding and can be pushed back into the core as compared to the lower cladding indices.
Consequently, more change in effective index and phase shift is induced through thermo-optic
effect at higher cladding indices. Phase shift at 1.460 is 1.7 times higher than 1.444. Given the
loss and length budget, 1.460 is the most suitable cladding index in terms of inducing the

highest phase shift.

As detailed in chapter 2, a phase shift of n/2 is required to operate the interferometric gyro in
the maximum sensitivity region which can be achieved even from 1.444 cladding index. This
suggests that the excess phase shift can be traded to shorten the device or reduce the power
consumption by putting the heaters away from the waveguide core. E.g. using the same design
and loss budget, a phase shift of ©/2 can be achieved from only 0.8mm long modulator for the
cladding index of 1.444 and length would be even shorter for 1.460 as it provides higher phase
shift.

To improve the design for even more shorter an less power consuming modulator, the effect of
extending the heater pedestals (not the heater) towards the main waveguide was analysed as
the thermal conductivity of the Ge:SiO: is higher than ZPU. This would cause more heat
reaching at the waveguide and consequently bigger change in the real effective index. Figure

5.12 is showing the change in An vs extension of the side waveguides.
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Figure 5.12: Tllustrating the change in An with respect to the change in the width of side
waveguides extending towards the main waveguide. The edge to edge gap between the heaters
and main waveguide was maintained to be Sum.
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In the given case, the maximum extension of the pedestals cannot be more than 8um because
the edge to edge gap between the heaters and main waveguide was 8um. For 3um heaters, the
initial width of the pedestals was chosen to be 4um. It is evident from the figure 5.12 that the
more the extension of pedestal is the bigger the value of An which is consistent with more heat
reaching at the waveguide. However, when the pedestals extension is more than 6um, the lack
of polymer with its higher thermo-optic coefficient starts to bring down the An. Therefore, the
optimum extension of the pedestals is 6um for the given case. This approach can be employed
to improve heat transfer which will ultimately improve the phase shift.

5.2.4 Frequency Response calculation

The frequency response of the phase modulator was also simulated. The phase shifter geometry
chosen to analyse the frequency response was 3um wide heaters sitting on the pedestals that
have 3um extensions toward the main waveguide. The edge to edge gap between the heater’s
and the waveguide core was 8um. The polymer cladding used for the simulation was ZPU with
a thickness and refractive index of 12um and 1.460, respectively. The “Energy 2d” software
was used to compute the temperature distribution vs time for heating up and cooling down.
The thermal parameters used in the simulation are tabulated in table 5.5:

Table 5-5: Showing the materials and their thermal properties used to capture images for
temperature distribution vs time.

Materials Thermal conductivity Specific heat capacity Density
(W/m.°C) (J/Kg.°C) (Kg/m?3)
Si (substrate) 150 700 2300
SiO2 (bottom 1.4 700 2200
cladding)

Ge:SiO: (core) 1.4 700 2200
Cr (heater) 93.6 460 7000
ZPU (upper 0.2 1500 1000

cladding)

The example of the images taken at different times for the case of heating up are shown in
figure 5.13.
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Figure 5.13: Illustrating the sample of images taken through Energy 2D for the case of heating
up, (a) after S0ps and (b) after 1200ps.

For the case of cooling down, the images were taken at the exact same time intervals as for the
case of heating up. The images were then imported into custom LabVIEW to obtain the
temperature and so refractive index at every point of the image. The resulting data file was then
imported into RSoft to compute the effective indices. A graph of effective index versus time

was plotted for heating up and cooling down as seen in figure 5.14.
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Figure 5.14: lllustrating the change in the effective index against the same time intervals for
both heating up and down.

Figure 5.14 shows that the effective index goes down when the heaters are activated. As

previously mentioned, the index contrast between the core and cladding increases with the heat
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which ultimately results in the reduction of effective index and vice versa. Non-linear curve
fitting was performed to obtain equations that were used to generate an interpolated uniformly

gridded version of figure 5.14 with 4000 data points.

Another LabVIEW code was written to perform Fourier transform of a perfect square wave
and the curve obtained through the Energy 2d and R-Soft. The amplitudes of the fundamental
frequency components and its harmonics were compared to plot the frequency response of the

phase modulator and are seen in figure 5.15.
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Figure 5.15: Showing theoretical frequency response of a thermo-optic phase modulator.

As seen in figure 5.15, the 3dB bandwidth of the phase shifter is 1 kHz. This compares with
the desirable bandwidth of ~1000 kHz for backscatter impairment suppression, ~5000 kHz for
frequency locking, and 200 kHz for trimming applications. This analysis suggest that the
response time of the designed modulator needs to be improved. It can be done by using high
thermal conductivity polymer as a top cladding. Energy 2D showed around 100 times
improvement in the heating up and cooling down rate by increasing the thermal conductivity
from 0.2 to 1.5 W/m.°C.

5.3 Conclusion
A compact and integratable thermo-optic phase shifter is designed in this chapter. The sources

of the optical loss which include absorption loss due to heaters, loss from the horizontal tapers,
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widened waveguides and junctions were optimised. The designed device induced an optical
loss of less than 0.47 dB, not more than 2mm long and induced a large phase shift of 8.63
radians for cladding index of 1.460. The design can be modified to realise even a shorter and
less power consuming device which would also match the phase shift requirements of an
optical gyro. A polymer having high thermal conductivity would be needed to improve the
response time of the designed phase modulator.
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Chapter 6 Conclusions and recommendations

6.1 Conclusions

This work mainly focused on the theoretical optimization of an optical gyroscope which is
suitable for planar integration and provide moderate performance. To the best of author’s
knowledge this kind of optimization has been done for the first time. Different gyro
components which include thermo-optic phase modulator, sensing cavity and 3dB coupler were
also simulated. This thesis also included/covered the fabrication of SisNs4 and Ta.Os
waveguides which can be used to realise fundamental optical gyro components mentioned
above. Low hydrogen content SisN4 films were deposited by using low pressure chemical vapor
deposition (LPCVD) technique. Whereas Ta2Os films were grown by using ion beam sputtering
(IBS). Both the films were printed through standard optical lithography technique and
waveguides were etched through reactive ion plasma etching followed by chemically removal
of Photoresist. A propagation loss of around 0.25 dB/cm has been achieved at 1550nm from
air cladded SisNs waveguide. By using the same etching recipe (line edge roughness),
theoretical loss model predicted a propagation loss of 0.009 dB/cm at 1550nm from optimized
waveguide dimensions and silica as top cladding. Whereas a propagation loss of 0.17 dB/cm
has been achieved from Ta>Os waveguides. A thermo-optic phase modulator with an insertion
loss of less than 5dB and total length of less than 2mm was also modelled and reported in this

thesis.

This work has investigated number of gyros based on different operating principles and come
up with an optimized type and structure for miniaturized applications. Optical gyros based on
the Sagnac effect found to be the most reasonable option. In active optical gyros, gaseous RLGs
were found to be limited by the lock-in effect and mechanical dithering is needed to use them
which makes the whole system bigger, heavier and more power consuming. Semiconductor
ring laser gyros (SRLGs) were found to be even more severely limited by the lock-in effect
due to numerous non-linearities present in the solid-state gain medium. However, passive
optical gyros found to be a viable option for integrated gyros as their sensitivity was not limited
by the lock-in effect and hybridization of different optical components on the same platform
make it a more robust and reliable device. The performance comparison of different types and
structures of passive integrated optical gyro (PIOG) was studied in a great detail. The

performance of interferometric integrated optical gyroscope (I1OG) and resonant integrated
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optical gyroscope (RIOG) was simulated by using LabVIEW based simulators followed by
numerical calculations. For propagation losses of 0.1 dB/cm and 0.01 dB/cm, a resolution of
41.89 °/h and 5.25 °/h was found respectively for 110G. However, for bus waveguide ring
resonator, the resolution came out to be 13.41 °/h and 1.34 °/h for propagation losses of
0.1 dB/cmand 0.01 dB/cm, respectively. For the case of add-drop ring resonator, the resolution
found to be 27.24 °/h and 2.61 °/h for propagation losses of 0.1 dB/cm and 0.01 dB/cm,
respectively. Although the bus waveguide ring resonator gyro offers better ultimate sensitivity,
this is achieved in the highly under coupled state approaching zero coupling as is evident in
figure 2.11 where the resonance dip is becoming very small. A small parasitic reflection in the
system or other disturbance could lead to frequency lock on the resonance being lost. The add-
drop ring resonator achieves maximum sensitivity at 25% transmission and is therefore much
more robust and further circulators can be avoided with this design. The performance
degradation compared to the very best a bus based ring might be able to achieve is at most a
factor of two, the far greater ease that this can be accomplished with making the add-drop ring

a better choice for planar integrated gyros.

A significant portion of this thesis comprised the fabrication of low loss SisNs and Ta2Os
waveguides. SisN4 films were deposited through thermal decomposition of reactants (ammonia
and dichlorosilane) on the substrate surface in a furnace. Afterwards, a lot of etching work was
done to optimize the sidewall roughness of the waveguide which is a dominant loss factor in
high index contrast waveguides. A plasma generated by the gas mixture of CHF3/O> in the ICP
was found to be the optimum option to achieve smooth sidewalls. A sidewall roughness of 6nm
was achieved which can further be improved by modifying the etching process. However, the
achieved sidewall roughness was good enough to fabricate low loss waveguides due to their
thin geometry. The outcome of this study was a demonstration of low loss SisNs waveguides

which can be used to realise sensing cavity for optical gyroscope.

Waveguides from IBS deposited Ta>Os were also fabricated to realise gyro components. The
room temperature deposition of IBS Ta»Os favours hybrid integration. Therefore, several
fundamental gyro components were simulated by using Ta,Os. The films were deposited
through ion beam sputtering of pure tantalum target in Oz and Ar environment. Furthermore,
Different etching systems and gas mixtures were used to optimise etching recipe. A
propagation loss of 0.17 dB/cm has been achieved. A detailed investigation on high
propagation loss concluded that point defects within the waveguide cause occasional high

losses which is correlated to the etching inhomogeneities. However, a 6¢cm long region has an
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observed propagation loss of 0.02 dB/cm, reasonably close to the expected loss.

Lastly, thermo-optic phase modulator as one of the major optical gyro component was also
simulated by using Ge:SiO. waveguides because thin SisN4 and Ta,Os waveguides did not
provide enough change in effective index with respect to temperature. A polymer called ZPU
was used as top cladding because of its higher thermo-optic coefficient than silica. Considering
the length and optical loss numbers set for phase modulator, the amount of phase shift induced
by the device depends on the cladding refractive index and 1.460 provides the highest phase
shift of 8.63 radians which is 1.7 times higher than 1.444. The thermal response of the designed
thermo-optic phase shifter is found to be 1 kHz which needs to be improved to be employed in
gyro applications. Higher thermal conductivity of the top cladding would improve the response

significantly.

6.2 Recommendations for Future Work

e The resolution of an optical gyroscope has strong dependence on propagation loss of
the sensing cavity. Despite of predicting ultra-low loss from thin SizNs waveguides
having 6nm rough sidewalls, the loss can further be improved (consequently the
resolution) by investing a significant amount of time on optimizing the etching recipe.
It has already been demonstrated that the SisN4 waveguides can be etched with a
sidewall’s roughness of only 3.14nm [110] almost half of what is reported in this work.

e This work provides the design and technology for an optical gyro which is suitable for
miniaturized high-tech applications. With a minor modification in the design, the
submitted work can be used to fabricate a high performing integrated gyro. E.g. the
designed 3dB coupler from thin Ta>Os waveguide is quite sensitive to thickness
tolerance, therefore it can be designed with thick (3um) Ge:SiO2 waveguide which
found to be less affected by the thickness tolerance. In this way a vertical taper can be
removed from the design which consequently will reduce the complexity in the
fabrication process.

e Overall propagation loss of the Ta>Os waveguides can be improved by investing more
time on the etching recipe and removal of the unwanted material from the surface.

e The designed thermo-optic phase modulator is quite efficient in terms of size and
optical loss, but its thermal time response is very slow for the given application and
requires modification in the design. Several designs have been reported in the literature
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for that purpose and work can be done on them. Also, by using a polymer with higher

thermal conductivity, the thermal time response can be improved substantially.
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