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Abstract

This project is aimed at the integration of a polarisation-insensitive optical
waveguide isolator on a Silicon-on-Insulator platform. The final device must
provide comparable performance for both Transverse Electric and Transverse
Magnetic modes at a wavelength of 1550 nm. This is achieved through two core
components, a 45° Nonreciprocal Polarisation Mode Converter, and a 45°
Reciprocal Polarisation Mode Converter.

In order to realise the Nonreciprocal Polarisation Mode Converter, several
materials were investigated, all consisting of Silicon-on-insulator substrates with
various thicknesses of the core layer that were coated with films of Magneto-Optic
garnet materials. A wide number of Magneto-Optic garnet materials were tested.
Among them, the Cerium-Terbium Iron Garnet proved the most promising for two
reasons: first, it has a considerable Faraday rotation coefficient; secondly, it can
be grown in crystalline form without the need for a buffer/seed layer, necessary
for growing most other garnets.

Simulations were carried out for all grown materials in order to identify the
most promising design. The simulated designs, however, could not always be
translated into fabricated devices, as sometimes growth challenges would hinder
the quality of the material. Since the growths on the 340 nm and 500 nm Silicon-
on-Insulator platforms provided the best material quality, devices on these
material systems were fabricated and optically characterised.

Nonreciprocal isolation performance was observed in all fabricated devices,
independently of the Magneto-Optic garnet used. On the 340 nm Silicon-on-
Insulator platform, the best performance was obtained when Bismuth-Terbium
Iron Garnet, either on its own or in combination with Terbium Iron Garnet, was
used as Magneto-Optic periodic cladding, leading to more than 3/4m Stokes vector
angle. On the 500 nm Silicon-on-Insulator platform instead, Cerium-Yttrium Iron
Garnet, either by Magnesium Oxide or on Yttrium Iron Garnet, provided a
calculated isolation ratio of 11.6 dB. The length of the fabricated devices ranged
between 3 mm and 6 mm.

A reproducible device fabrication process, optical characterisation method
and dedicated data analysis process had to be developed for this project.
Nonreciprocal Polarisation Mode Conversion was demonstrated for devices on both

the 500 nm and 340 nm Silicon-on-Insulator platforms. Moreover, in order to



iii
achieve integration of Magneto-Optic garnet materials on Silicon-on-Insulator
substrates, Radio-Frequency sputtering was preferred to wafer bonding as it
improves the controllability and lends itself better to scaling up production.

With regard to the Reciprocal Polarisation Mode Converter, an asymmetric
structure consisting of an L-shaped waveguide was chosen. In such a structure,
the rotation of the optical axis enables an injected linear polarisation mode to
excite hybrid modes and reciprocal mode conversion. The research carried out in
this project for the reciprocal polarisation mode converter helped identify major
issues with fabrication and characterisation, and lead to the proposal of a new
design for further research.

This work successfully realised the first integrated polarisation-
independent Faraday rotator showing comparable performance for both
Transverse Electric and Transverse Magnetic modes. Device operation was based
on nonreciprocal polarisation mode conversion, and it was demonstrated on both
500 nm and 340 nm Silicon-on-Insulator platforms. The results shown in this work
in terms of performance and footprint prove the technology is suitable for optical

integration.



iv

Publications

Hutchings, D. C., Zhang, C., Holmes, B. M., Dulal, P., Block, A. D., and Stadler,
B. J. H. (2016) Faraday Polarisation Mode Conversion in Semiconductor
Waveguides Incorporating Periodic Garnet Claddings. In: Integrated Optics:
Devices, Materials, and Technologies XX, San Francisco, CA, USA, 13 Feb 2016,
ISBN 9781628419856 (doi:10.1117/12.2211628)

C. Zhang, B. M. Holmes, and D. C. Hutchings, “Faraday Polarisation Rotation in
Semiconductor Waveguides Incorporating Periodic Garnet Claddings,” Conf. Lasers
Electro-Optics 2014, vol. SM4G.3, pp. 4-5, San Francisco, CA, USA, 2014.

D. C. Hutchings, B. M. Holmes, C. Zhang, P. Dulal, A. D. Block, S.-Y. Sung, N. C.
a. Seaton, and B. J. H. Stadler, “Quasi-Phase-Matched Faraday Rotation in
Semiconductor Waveguides With a Magnetooptic Cladding for Monolithically
Integrated Optical Isolators,” IEEE Photonics J., vol. 5, no. 6, pp. 6602512-
6602512, Dec. 2013.

A journal paper is under draft.



Table of Contents

Contents
LAY o1 1 T OSSPSR PP PRRRPSROPRVIN ii
LISt Of TABIES .ottt et et e b e st st st et e bt e nb e e sbe e s e e eane s viii
[y e 7= (0T TSR ix
ACKNOWIEAZEMENT ...ttt e e s st e e e e sbee e e s sbeeeessbeeeessbeaeessssneessnses xviii
AULROI'S DECIATATION ...eeiieieetie ettt et e s e bt e e s bt e e s bee e sabeesabeeeneeesabeeenneeas XX
ADDIEVIATION ..t et e e s b e s ane e e s reeenres XXi
N @ o - o Y g R Y 4 o o (¥ ot o ] o RS 1
1.1 Fa =Y ==Y C=To o] ] 4 (o1 PSP 1
1.2 [ o] - o] SO USSP PP PPRUPPTUPI 4
121 BUIK 1SOIAtOIS..ccuviieiiieetie ettt ettt ettt et e st e sab e e s bt e sbteesbeeesaneenas 4
1.2.2 What IS @N iSOIAtON ..c.uviieiiieiie et sttt s be e e s e e es 6
1.3 Obstacles of Integration of Magneto-Optical Garnets on SOI platforms .......cccccceevunnnneeen. 8
14 Literature Review about Current Research conducted on SOl substrate........c..ccococ........ 11
1.5 Approach adopted in this ProJECE .....ccciiiieciiie e e e 16
1.5.1 NR-PMC (Non-Reciprocal Polarisation Mode CONVerter) .......cccceeeeveeeeecveeeeecveneeenns 16
1.5.2 R-PMC (Reciprocal Polarisation Mode CONVErter).......cccvevveeecreeecieecieeecieeecvee e 18
1.5.3 Integrated Waveguide Optical ISOlator.......coocvvviiiciiiiiiiiee e 18
2 Chapter 2 — Magneto-0ptiC EffECES....cciiiiiii ettt e e e e e e 20
2.1 Magneto-0PLiC EffECES.....oiiiiie e e 20
2.11 Nonreciprocal Polarisation Mode Conversion (NR-PMC) - Longitudinal approach of
Faraday ROtation EffECt .....cccieei ittt et e e e e e 25
2.1.2 Nonreciprocal Phase Shift (NPS) - Transverse approach of Faraday Rotation Effect
29
2.2 Magneto-optic MaterialS .....c..eei et e et e e e eabee e e 32
2.3 Y Y[t de R o eTu ot | N CF- [ o] £-J PRSP 34
2.3.1 Basics of Magneto-optic GAarnets......cccccveeeieciiieicieee et e e e e e e 35
2.3.2 Radio Frequency Sputtering Deposition ........ccueeiiiciiieieciiee e eeee e 38
2.3.3 Characterisation of the garnet thin film ..., 39
3  Chapter 3—Simulation and Design of Nonreciprocal Polarisation Mode Converter ............... 50
3.1 T agoTe [3To1 AT ] o TSP PSRRI 50
3.1.1 Stokes Parameters and Poincare SPhere.......cccvvveeccieei et 51
3.1.2 SIMUIAtioN MELOTS. .......iiiiiiierieee e 54

3.2 Faraday Rotation Effect Simulation .........cooccieiiiiiii e 56



33 Effect of Seed/Buffer Layer of Different Thicknesses on the Faraday Rotation............... 63
4  Chapter 4 - Fabrication of Nonreciprocal Polarisation Mode Converter.........ccccceeeevveeeecnnnennn. 71
4.1 INEFOAUCTION .ttt st sttt e b e sbeesaeesane e 71
4.2 Whole FabriCation PrOCESS.....c.cuiiiiiiiiieeiieeeiee ettt ettt sttt sbe e st e st e s b e e sneeeas 72

421 Electron-Beam Resist: PMMA (Polymethyl Methacrylate) and HSQ (Hydrogen

=T V1) o V=) SRR 73
422 Whole Fabrication ProCeSS.......ccueiiieiiriieieeieenite et 75
4.2.3 [} o PR 81
4.2.4 RTA (Rapid Thermal ANNEAIING) ......cccveeiiiieiee ettt e 84
4.2.5 Garnet Material Characterisation .........ccoocueeeiieeneeeiieeee e 89

4.2.6 Effect of MgO Buffer Layer on the Crystallisation of the Magneto-optical Garnets 95

5 Chapter 5 — Optical Measurement for Nonreciprocal Polarisation Mode Converter........... 100
5.1 INEFOAUCTION .ttt sttt et e bt sbe e st s b e b e b e snees 101
5.1.1 (0o U] ] g =31 1Y/ =1 o Vo Yo HO PSP 101
5.1.2 Propagation Loss Measurement — The Fabry-Perot Measurement Method.......... 101
5.2 Measurements with Permanent Magnets.......ccccvuveiiiciiiiiiiiiee e e e evee e e 110
5.2.1 Setup of the Whole Measurement Rig ......cccceeeeuieeiieciii e e 110
5.2.2 MEASUIEMENT PrOCESS ....eviiiiiiiieiieiie ettt 112
5.2.3 Analysis of the Results — Poincare Sphere and Angle Between Two Stokes Vectors
120
5.2.4 Observed Promising Results on Both 500 nm SOl and 340 nm SOI Platforms with
Different GarnNes ON TOP ..ccicuiiieeiciie ettt ettt e e et e e e ette e e e etreeeesbteeeeebteeesesseeaesssseasansssnananns 124
5.2.5 Summary of the Observed Promising ReSUILS.........ccccvveieeiiieiiciiee e 129
6  Chapter 6—Design, Fabrication, and Optical Measurement for Reciprocal Polarisation Mode
(00T 0 V=T o =T PR 134
6.1 Ta 1 agoTe [V AT ] o TP POROPROTR 134
6.2 Simulation and Design on 500 nm SOl and 340 NM SO .......ccocciieiiiciiiee e 135
6.2.1 500 NM SO ettt ettt et sttt b e b e sae e st e ettt e bt e saeesare e 135
6.2.2 340 MM SOttt st s s 140
6.3 FADFICATION ..ot s e 142
6.4 OPLICAl MEBASUIEMENTS. ... ..viiieeiiiieeccitee e et e e et e e eere e e e e ttee e e e areeeeeateeeesnseeeeenraeeeensees 144
6.5 Discussion and FUTUIE WOIK .....c...eiiiieiiiieeiiee et 147
7  Chapter 7—Discussions, Conclusions, and Future Work........cccoecccvvieeeeeeiccccciiieeee e 150
7.1 Nonreciprocal Polarisation Mode Converter (NR-PMC) .......cccceeeeirerreeiieeeiieeecireeeneens 152
7.1.1 CONCIUSIONS <.ttt sttt s s st een e beesaeesane e 152
7.1.2 FUBUIE WOTK .ttt et s st 154

7.2 Reciprocal Polarisation Mode Converter (R-PMC).......cc.eeereciieiieiiieeeecieee et eeiieee e 155



7.2.1 CONCIUSIONS <.ttt sttt b e s s et e e b e b e e sanesare e 155
7.2.2 FUBUIE WOTK .ttt st s e 156
7.3 Integration of the NR-PMC Part and R-PMC Part ........ccceeevciiieiecieee e 157
7.4 CONCIUSIONS ...ttt ettt et e e st e e bt e e st e e s be e e sabeesabeeenteesabeeennneas 158

Appendix A — Observed Promising Results on 340 nm SOI Platforms with Different Garnets on Top

Appendix B — Failed Fabrication on 220 nm SOI, 340 nm SOI, and 400 NmM SOl .......cccceceeevvveeennnen. 168

[ oYl 0= (=T L= 0 oL 170



List of Tables

Table 1-1.Contribution of each party in this project. .......ccccovvviiiiiiiiiinn.. 11
Table 1-2.50I-based Magneto-optical Isolator ........cccovviiiiiiiiiiiiiiiiiiinnnnn.. 13
Table 3-1. The effective refractive index of all the guided modes (fundamental
modes, 15torder modes, and 2™ order modes) in 500 nm-wide waveguides on a 500
nm SOl platform for the SixNy-Garnet-SOlI model and the SixNy-SOI model,
(F o =Ta 0 Y= | PP 59
Table 3-2. The Faraday rotation coefficient, &xy, and thickness for optimal
performance of different garnet layers. ......cccoviiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeens 65
Table 4-1. [23] The characteristics of different ratios of developers. ............ 83
Table 4-2.The effect of a seed layer (MgO/YIG) on the crystallisation of various
=1 g1 1] 5 98
Table 5-1. Different types of losses and the origin of them. ...................... 102
Table 5-2. Summary of the measurement results of all the NR-PMC devices
fabricated on both 500 nm SOI and 340 nm SOI. In the table, L - Measured Device
Length, Om - Measured Stokes vectors angle, dc - Calculated Isolation ratio based
on Om, Loptimal - Device Length Needed to achieve m between Stokes vectors. The
best results are highlighted inred. ......ccoiiiiiiiiiiiiiiiii e 131
Table 6-1. The optimised parameters of the L-shaped waveguide of each specific
width to achieve a 50% mode conversion on 500 nm SOI. ..........cccevveeeen.... 138
Table 6-2. The optimised parameters of the L-shaped waveguide of each specific

width to achieve a 50% mode conversionona 340 nm SOl ...ccvvvviviiinnnnnne... 141



List of Figures

Figure 1-1. Work flow of bulk magneto-optical isolator. .........ccceevviiveiiinaann 5
Figure 1-2.Structure of Bulk Component Optical Isolator. .......ccceevvveviiennnan. 5
Figure 1-3.Schematic of how the reflected signal is isolated in the integrated
system that this project aims to achieve. ... 6
Figure 1-4.Structure of Waveguide Isolator. ........ccooiiiiiiiiiiiiiiiiiiiennns 8
Figure 1-5.Layer structure of waveguide-type isolator with Si as the core layer and
the magneto-optical garnet as the upper cladding layer. All the refractive index
of the material is given at 1.55 pm wavelength. ......cccoiiiiiiiiiiiiiiiiiiiiinnn.. 9
Figure 1-6.(a) The periodic loading structure of NR-PMC with alternating half beat-
length long (LAB) MO segments and Non-MO segments; (b) The difference in
rotation between QPM and Phase Mismatching. ........ccoviiiiiiiiiiiiiiiiinnnnnnn, 10
Figure 1-7.Schematic of a typical isolator with MZI structure based on
nonreciprocal phase shift. ... eeeeeeeeans 15
Figure 1-8.The constructive and destructive interference in the forward and
backward direction of the isolator system described in figure 1-7. ............... 15
Figure 1-9.Top view and cross-section view of the Si3N4 rings with sidewall coated
1 O (€] - PR PN 16
Figure 1-10.Changes in resultant polarisation from two modes propagating in
anisotropic media, where y is the phase difference between the TE and TM
(0] 0] 00 1= ] - 17
Figure 1-11.Trench structure realised by Electrical Beam Lithography (EBL) and
Reactive lon Etching (RIE) lag effect [96]. Got permission from Dr. Barry Holmes
L0 3 =] o] o ] o | P 18
Figure 1-12.The schematic of the integrated waveguide optical isolator device
proposed in this thesis. ... e eeee e 19
Figure 2-1. Illustration of possible magnetisation direction. Light propagation is
along the z axis and (a) (b) (c) describe the external magnetic field along z axis,
y axis and X axis respeCtively. ..ooviiiiiiiiiiiiiiiiiiiii e 23
Figure 2-2. Summary of the relationship between different kinds of magneto-
optical effects. The NR-PMC effect has been highlighted as it has been employed
LT 0 T o 3 =) £ N 25
Figure 2-3. Illustration of the ferromagnetic resonance splitting process in

presence of a static internal magnetic field Hi. ...ccoviiiiiiiiiiiiiiiin.. 26



X

Figure 2-4.(a) Under magnetic field, because of the Zeeman Effect, the wave splits
into two circularly polarised waves, right-hand polarised and left-hand polarised.
(b) By the Kramers-KrOnig relations the corresponding refractive indices are
MOAIfIEd. .o e e e 27
Figure 2-5. Schematic of a three-layer slab waveguide with MO garnet as cladding
layer. The light wave propagates along the z axis, while the external magnetic
field is applied along the y axis. ....cooiiiiiiiiiiiiiiiiiiiiiiii e 30
Figure 2-6. Two possible presentations of a unit cell, showing both the location of
all the cations within the cubic structure (top right), and their bonds with O2- ions
({1 do] 3 (= o PO PP 36
Figure 2-7. Schematic illustrating the change of direction in the sub-lattice
magnetisation below and above compensation temperature. ...................... 37
Figure 2-8. Schematic showing the structure of the deposition chamber and the
AEPOSILION PrOCESS. v vvtttttttteteeeeeeeiiiiieeeeeeeeeeeeeeeesesesnnnnnnsssseeeeeeeeeens 39
Figure 2-9.Describes that in the SEM chamber different forms of signals are
emitted based on the differences in interaction depth between the electron beam
and the specimen and the energy the excited signal carries. ...................... 42
Figure 2-10. Illustration of Bragg’s condition, where the difference between the

distances travelled by two beams that interfere constructively is an integer

multiple of the wavelength, 2dsing = nA.............cccoiiiiiiiiiiiiiiiinnennnnn. 43
Figure 2-11. XRD spectra of: (a) Bi:YIG layers grown with or without seed layer;
(b) Ce:YIG layers grown with or without seed layer[35].....ccccoviiiiiiiiiinnnnann, 44
Figure 2-12. Schematic showing how the chance of electrons escaping from the
surface increases by tilting the specimen. ......coiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeee 44
Figure 2-13. Illustration of the EBSD Kikuchi pattern formation. .................. 46

Figure 2-14. EBSP patterns of: (a) garnet, with the blue lines outlining the
crystalline structure which agrees with that in the database; (b) Si, with the red
lines outlining the crystalline structure which agrees with that in the database 47
Figure 2-15. VSM hysteresis curve of Ce-TIG. A 1.5k Oe-2k Oe magnetic field is
needed to saturate all these garnets. .....cooviiiiiiiiiiiiiiiiiiiiii i 48
Figure 2-16. Faraday rotation coefficient measurement rig. ....................... 49
Figure 3-1. The rotation degree/azimuth (y) and the ellipticity angle (x of a
normal elliptically polarized lightwave in an x-y coordinate system. ............. 51
Figure 3-2. The Poincaré sphere is a sphere used to visualise (S1, Sz, S3). Points on

the equator stand for all orientations of linearly polarized light; the north and



xi

south poles stand for right and left circular polarization, respectively. All other
points on the sphere represent elliptically polarised states, with ellipticity
increasing with the distance from the equator. .......ccooviiiiiiiiiiiiiiiiiiiinn 54
Figure 3-3. The Si core is cladded by garnet segments alternating with SixNy
=0 1= LT 56
Figure 3-4. a) A cross-sectional profile of the Si Waveguide on $iO; with garnet
segment claddings capped in SixNy; b) A cross-sectional profile of the Si
Waveguide on SiO; with SixNy capped on top. .....evveeiiiiiiiiiiiiiiiiiiiiiiiinnnes 57
Figure 3-5. How the effective refractive index of the two single-lobed fundamental
modes changes with width for the SixNy-Garnet-SOI model and the SixNy-SOl
model, respectively, at a working wavelength of 1550 nm. ..................oool 60
Figure 3-6. The relationship between Lm and the width for both of the two models
for the 500nm SOI platform at a working wavelength of 1550 nm. ................ 61
Figure 3-7. The relationship between Lm and the width for both the SixNy-Garnet-
SOI and SixNy-SOI models on 400 nm SOI, 340 nm SOI, and 220 nm SOI platforms,
3 oL ot 1Y | PPN 63
Figure 3-8. The Si core is cladded by garnet segments MO(+) alternating with MO(-
ST 41 1= 1Pt 64
Figure 3-9. How different thickness of the garnet layer affect the Average S3
parameters of the quasi-TE and quasi-TM mode. As the absolute value of the
Faraday coefficient of TIG and Bi-TIG is the same, they are presented together;
the same applies to Ce-TIG and Ce-YIG. It is clear that the garnet layer of the
bigger Faraday rotation coefficient gets bigger absolute Average S3; parameters,
and it increases with the increase of the thickness of the garnet layer until it
reaches an optimal thickness and goes steady. The optimal thickness for the YIG
layer is 110 nm, for TIG/Bi-TIG it is 150 nm, and for Ce-TIG/Ce-YIG it is 200 nm.

Figure 3-10. The existence and different thickness of the MgO buffer layer on the
performance of all the garnets. It is demonstrated that the MgO does severely
decrease the Average S3; parameters. Compared to the quasi-TE mode, the quasi-
TM mode is more sensitive to the MgO layer. Only 10nm of the MgO layer will
weaken the S3 component by more than half of the original value. Also, the S;3
component completely vanishes when the MgO layer reaches 100 nm............ 68
Figure 3-11. The presence and different thicknesses of the YIG layer underneath

the Ce-YIG layer, and on top of the Ce-YIG layer on the performance of Ce-YIG. It



Xii
is seen that it will not affect the magneto-optical effect of the Ce-YIG layer when
the YIG layer acts as a cap layer putontop of it. ...ccooviiiiiiiiiiiiiiiiiiiiinn... 70
Figures 4-1 (a) and (b). The layer structure of a waveguide-type isolator with Si as
the core layer and the magneto-optical garnet as the upper cladding layer
indicates the structures of NR-PMC alternating between MO segments and Non-MO
segments, and between MO(+) and MO(-), respectively, All of the refractive index
of the material is given at a 1.55um wavelength. (c) demonstrates the difference
in rotation efficiency between QPM (MO+ Non-MO structure and MO(+)+MO(-)
structure) and Phase Mismatching. .......ccoviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeenas 72
Figure 4-2. Two kinds of electron-beam resist are used in the fabrication process:
PMMA (Polymethyl Methacrylate, positive-tone resist) and HSQ (Hydrogen
silsesquioxane, negative toNe resSist). ...o.uueeeeeiiiiiiiiiiiiiiiiiiiiiiieeeeeeenns 73
Figure 4-3. The two kinds of bilayer structures.........ccovviiiiiiiiiiiiiiiiiinnnnn 74
Figure 4-4. The network structures and Cage structures before and after exposure
5 S N 75
Figure 4-5. The whole device fabrication process: Sample clean — Spin PMMA on
— E-beam exposure — Development — Etch markers down — PMMA removed — Spin
bi-layer PMMA for lift off — E-beam exposure — Sent to US — Garnet deposition —
Lift-off — RTA — SixNy coating — Spin HSQ on to — E-beam exposure — SixNy etch

e L 2 ¥ o N 76
Figure 4-6. Sample cleave and clean proCess. ....cvvviiiiiiiiiiiiiiiiiiiiieeeeenennns 77
Figure 4-7. Contaminated surface and ‘grass’ after etch. ...l 78

Figure 4-8 (a). The cross section of a waveguide on the Bi-TIG sample. From top
to bottom, HSQ, SixNy, Bi-TIG, and Si are clearly shown in the micrograph. Figures
4-8 (b), (c), and (d) show the octant and the cross section of the structure with
SiXNy removed by HF ... e eeeeeeaeaaas 81
Figure 4-9. Cross section undercut profile of two layers of PMMA for the garnet
0 O 82
Figure 4-10. Left a) is the optical micrograph for the garnet islands after lift-off,
and right b) is the 2.2 pm-wide garnet islands under SEM when written with the
dose Of 976 HC/ CMZ. .ottt ettt e e e e et eeeneeaneaneanaan 82
Figure 4-11. Buttresses are found at the corners of the segments after lift-off. 84
Figure 4-12. Edges instead of buttresses are found around the islands. .......... 84
Figures 4-13 (a), (b), and (c). 100x100um square of Bi-TIG, Ce-TIG, and Ce-YIG on

MgO material after annealing at 900°C for 2 mins. Cracks exist in all of the three



Xxiii
patterns and the square of Ce-YIG on MgO even starts to peel off, which means
that the stress is beyond the limit. ... 86
Figure 4-14. The simulated process (a) and the actual annealing process (b) for
900 ° C, reSPECHIVELY. 1ttt i ittt ettt ee ettt et e eeeeeenanaaaaaaans 88
Figure 4-15. The simulated process (a) and the actual annealing process (b) for
950°C, resPeCtiVelY. «iviriiiiiiii it i ittt e aaaaas 89
Figure 4-16. The X-ray emission spectrum on the bright spot where the crystalline
phase of Ce-YIG was found, from which we can confirm the existence of O, Fe, Y,
Ce, and also an Si signal from the substrate surface on which the Ce-YIG islands
sit. The ratio of all the elements can help work out the stoichiometry of the Ce-
YIG garnet. (Courtesy to Mr. Peter Chung in ISAAC from the School of Geographical
and Earth Sciences, University of Glasgow, for the pics)....ccceevviiiiiiiniiinnnn.. 90
Figure 4-17. The upper two pics show the position of the segment in an e-beam
mask taken under SEM. The upper SEM micrograph is the Ce-TIG segments after
lift-off. The lower SEM micrograph is the Ce-TIG segments after annealing three
times at 900 deg at 120 mbar in an oxygen atmosphere for 2 mins. .............. 92
Figure 4-18. The three micrographs taken in a 3-in-1 Multi-beam (gallium, neon,
and helium ion beams) lon Microscope indicate the crystallisation of Ce-TIG in
thicker segments; the white spots are crystallised while the grey areas are not. It
can also be seen that the garnet has grown in different directions, making it poly-
crystalline with the grain size ranging from 20-50 nm. (Courtesy to Mr. Peter Chung
in ISAAC from the School of Geographical and Earth Sciences, University of
Glasgow for the MiCrographs). «uuuueeeeiiiiii ittt eiiieeeeeeeeeeeeannnnns 93
Figure 4-19. The upper two micrographs are the Bi-TIG segments after lift-off. The
lower two micrographs are the Bi-TIG segments after annealing three times at 900
deg at 120 mbar in an oxygen atmosphere for 2 mins. The clear crystalline garnet
phase can be easily seen from the micrographs after annealing. .................. 93
Figure 4-20. EBSD results of annealed Bi-TIG: (a) shows the EBSD diffraction
pattern for both the Si substrate and the Garnet segments pattern; (b) shows the
EBSD mapping results in the grating pattern in (a); the coloured spots are

crystallised. It is clearly seen that it is poly-crystalline and partially crystallised.

Figure 4-21. The micrographs (a) and (b) show the periodic alternating garnet
segments with bare Si or SixNy; micrograph (c) shows the cross-section profile of

all the layers: Si core layer, garnet cladding layer, and SixNy layer. ............. 95



Xiv
Figure 4-22. 1a) and 1b): the Optical microscope and SEM micrograph for YIG were
annealed at 8000C; 2a) and 2b): the Optical microscope and SEM micrograph for
YIG on the MgO seed layer were annealed at 8000C; 3a) and 3b): the Optical
microscope and SEM micrograph for YIG on the MgO seed layer were annealed at
825°C; and 4a) and 4b): the Optical microscope and SEM micrograph for YIG on the
MgO seed layer were annealed at 900°C. ......uuiiiiiiiiiiiieiiiiiiinneeaeanns 96
Figure 4-23. 1a) and 1b): the Optical microscope and SEM micrograph for Tb-YIG
on MgO (120nm/5nm) annealed at 9000C; 2a) and 2b): the Optical microscope and
SEM micrograph for Tb-YIG alone annealed at 8000C; and 3a) and 3b): the Optical
microscope and SEM micrograph for Ce-YIG on MgO annealed at 900°C. ......... 97

Figure 4-24. General map of well-aligned garnet islands segments on substrate.

Figure 5-1. The transmission spectra, associated FFTs, and FFT-filtered spectra of

(a) the TE mode and (b) the TM mode of HSQ-cladded waveguides, respectively.

Figure 5-2. The transmission spectra and associated FFTs of (a) TE mode and (b)
TM mode of YIG-cladded waveguides, respectively. ......coovviiiiiiiiinnnnnnnnn.. 109
Figure 5-3. Measurements rig set-up using permanent magnets. ................. 111
Figure 5-4. The right pic shows that TE-polarised radiation was coupled with the
guides using an in-line polariser followed by an in-line TM-TE converter, and the
output passed through a polarising beam-splitting cube in order to separate the
TE- and TM-polarised components; the left pic shows that a collimated objective
lens was used to inject TE-polarised light into the millimetre scale long
NV VL= <10 o = P 112
Figure 5-5. A photodiode detector linked with lock-in amplifier modulated by a
mechanical chopper (left) or a polarimeter (right) was used to receive the signal
OUt Of the WaVegUIAES. «.iiiiiiiiiiiiiiii ittt e e e e e et e e rreaeeaeeeeeens 112
Figure 5-6. The steps for the whole measurement process. ........cccevvvvnnnnnn. 113
Figure 5-7. The optical characterisation results of Ce-YIG on the MgO sample. (a)
displays that substantially bigger peaks occur after saturating the sample both
negatively and positively, while there is a small peak before saturation, most likely
due to the small mis-alighment between lithography mask writings. (b) shows that
the azimuth of the light turns in the opposite direction when saturated in different
directions at the same wavelength peak, as found in the upper graph. (c) shows

traces of the S1, Sz, and S3 Stokes parameters of the two saturated directions. It



XV

is clearly seen that there is no difference in the Stokes parameters of two opposite
directions of saturation.........c.coviiiiiiiiiiiiiiiiiiiiiii i 117
Figure 5-8. The optical characterisation results of the Ce-TIG sample. (a) displays
that good peaks occur after saturating the sample both negatively and positively,
while there is no peak at all before saturation. (b) shows that the azimuth of the
light turns in the opposite direction when saturated in different directions at the
same wavelength peak, as found in the left graph. The waveguide is with the beat
length of Ce-TIG/HSQ=10.5/10.5 pm. (c) shows traces of the S+, Sz, and S3 Stokes
parameters of the two saturated directions. It is observed that at A=1511 nm there
is an opposite change in the sign of the S; and S; Stokes parameters of the two
opposite saturation directions, which indicates that both the orientation of the
major axis and the sense of the ellipse of the transmitted polarisation state have
reversed with the reversal of the longitudinal magnetic saturation direction. .119
Figure 5-9. The optical characterisation result of the Bi-TIG device. The first plot
shows the relative fraction of the TM-polarised output as a function of the input
wavelength; a peak at A=1530 nm is observed. The second plot displays the
position of the peak points on the Poincare sphere. It is clearly seen that they are
situated on different sections of the sphere while saturated in different directions.
The third graph shows the angle between the two Stokes vectors in opposite
directions of saturation. The maximum angle is around 55°. ..................... 121
Figure 5-10. The optical characterisation result of the Ce-TIG device. The first
plot shows the relative fraction of the TM-polarised output as a function of the
input wavelength; a peak at A=1511 nm is observed. The second plot displays the
position of the peak point on the Poincare sphere. It is clearly seen that they are
situated on different spheres while saturated in different directions. The third
graph shows the angle between the two Stokes vectors in opposite directions of
saturation. The angle is nearly 180°, which indicates that the number of quasi-
phase matching periods on this device is near the ideal for an optical isolator
a0] 10T aaT<T o] - 1 [o ) PP PPN 122
Figure 5-11. Device with Ce-YIG on YIG cladding on a 500nm SOI platform: the
relative fraction of the TM-polarised output as a function of input wavelength
when the sample is not saturated, and saturated in a forward direction and back
direction; a peak at A=1612 nmisobserved. .......ccovviiiiiiiiiiiiiiiiiiieeenn, 125
Figure 5-12. Device with Ce-YIG on YIG cladding on a 500 nm SOI platform: it

presents the Stokes vector angle of opposite magnetic saturation at resolutions of



Xvi

0.01 nm, where an angle of nearly 3/4m is observed and there is fringe-like noise.

Figure 5-13. Device with Ce-YIG on YIG cladding on a 500nm SOI platform: (a) and
(b) compare the experiment results of the QPM period length to the simulation
results of QPM period length on 900 nm-wide devices and 800 nm-wide devices,
(£ o =T a 0 Y= | PP 127
Figure 5-14. Device with Ce-YIG on MgO cladding on a 500 nm SOI platform: the
relative fraction of the TM-polarised output as a function of input wavelength
when the sample is not saturated, and saturated in a forward direction and back
direction; a peak at A=1612 nmisobserved. .......ccovviiiiiiiiiiiiiiiiiiiiinnnnnn. 128
Figure 5-15.Device with Ce-YIG on MgO cladding on a 500 nm SOI platform: it
presents the Stokes vector angle of opposite magnetic saturation at a 0.5 nm
resolution, where an angle of about 1/2mis observed. .........cooviiiiiiiiinne, 129
Figure 5-16.(a), (b), (c), and (d). The relationship between isolation vs wavelength
for the four best results highlighted in red in Table 5-2. The isolation was
calculated by the method and equation 5.11 described in 5.4.4. ................ 132
Figure 5-17.(a) describes the relationship between the Isolation Ratio and Stokes
Vector Angle according to equation 5.11, which clearly shows a periodic trend
with the period of 2. The maximum value, which tends to be infinite, is obtained
at Stokes Ve Vector Angle = (2n+1)m, n=0,1,2..., where the two modes are
orthogonal to each other. (b) presents the relationship between the isolation ratio
and Stokes vector angle for half a period, and points out the best results described
LT = Lo U= T N 133
Figure 6-1. The left pic of Figure 6-1 presents the cross-section profile of trenches
of different widths after being deep etched for 20 mins, where it is clear that not
much difference in etched depth is obtained. The 5 pm-wide trench is etched
down 54 pm, while the 10 ym-wide trench is etched down 60 pm. The right pic of
Figure 6-1 includes four sets of data reflecting the change of etch depth of
different trench widths after being etched for 20 mins, 60 mins, 80 mins, and 100
mins, respectively. These results are reprinted with the kind permission of Dr.
Haiping ZhoU [158]. uiiiiiiiiiiiiiiiiiii ittt et e eeeeeeaaeeeeeaaaans 135
Figure 6-2. (a) The Cross-Section Profile of a 500 nm-thick single-moded
waveguide, while (b) is the Cross-Section Profile of the L-shaped design. ...... 137
Figure 6-3. The relationship between the effective refractive index of the two

fundamental modes and the width of the waveguide...............cccoeveveiee.t. 138



XVvii
Figure 6-4.The structure of the L shape with Si adiabatic taper coupler. ....... 139
Figure 6-5. The triangle and the quarter circle added to both ends of the L-part
to avoid the sudden change and in-continuity. ........ccooiiiiiiiiiiiiiiiiinnnnnn.. 139
Figure 6-6. The relationship between the effective refractive index of the two
fundamental modes and the width of the waveguide...................c.oooniil 141
Figure 6-7. The structure of the L-shape under SEM. The left and the middle pics
show the top-down view of the L-part with a triangle and quarter-circle taper,

respectively, while the right pic presents the cross-section profile of the L-part.

.............................................................................................. 143
Figure 6-8. Field StitCh @rrors ....evuueeiiiiiiiii it eeeees 144
Figure 6-9. Measurement rig set-up for the R-PMC part. ......ccceeeiiiieniiiiiin, 145
Figure 6-10. The measurement results of TM output vs wavelength of three devices
ON A 500 NM SOL. . .ueiiiiiiiiiii i ettt ettt errereaeaaaeees 146
Figure 6-11. The measurement results of TM output vs wavelength of three devices
ON A 340 NM SOL. . eeiiiiiiiiii i i e ettt ettt teiieeeaeaaaeees 147

Figure 6-12. The existence of the anti-reflection coating layer creates a double
interface, which, thus, leads to two reflected waves. ......cccccevvvviviiiiiennnn. 148
Figure 6-13. The structure of a potential working L-shaped R-PMC device; a wider

second layer can be added to the coupler to avoid the total square waveguide.



XViii

Acknowledgement

| am deeply grateful for my supervisors Professor David C. Hutchings, Dr.
Barry M. Holmes and Professor Marc Sorel. First, thanks Dave for accepting me as
a PhD student here to have the opportunity to work on this novel project and his
knowledge, guidance and support on both the project and life has been invaluable
in my PhD life. | still have fresh memories when we crossed the needle on Cobbler
with him, which is a very risky and exciting moment. | just followed his lead and
his word ‘make sure you have every step’ meant a lot to me in that situation.
Meanwhile, huge thanks goes to Barry. Thanks very much for your nearly day-to-
day supervisor, guidance and encouragement for the first three years of my PhD.
Even though he left this field and moved to other place, he still offers help and
guidance on both project and completing the thesis. He is a great researcher and
also a very cheerful person. His encouragement has been the sunshine through the
dark moments and frustrations of the progress of this project. | also appreciate
Professor Marc Sorel’s help and guidance as my second supervisor in the final stage
of my PhD. He has widespread knowledge in both theory, fabrication and

measurement and can always give some helpful suggestions.

| would also like to thank school of Engineering at University of Glasgow

and China Scholarship Council for the financial support during my PhD.

| also like to express my gratitude to our collaborators at University of
Minnesota - Professor Bethanie Stadler, Prabesh Dulal, Dr. Andrew Block, Dr. Sang-
Yeob Sung for providing the best quality Magneto-Optical Garnet and XRD/EBSD

characterisation of the garnet on top of our samples.

Special thanks to Vince for proof-reading some chapters of this thesis.



XiX

Special thanks to the technical assistance provided by the staff in James

Watt Nanofabrication Center (JWNC), Stephen Thoms, Ronnie Roger, Mark
Dragsnes, Ronnie Roger, Douglas Lang, Eve Aitkenhead, Susan Ferguson, Rachel
Love, Haiping Zhou, Helen McLelland, Robert Harkins, Linda Pollock, Lesley
Donaldson, Elizabeth Wyllie, Donald Nicholson, David Gourlay, Vanda Brash,
Margaret McCann, Colin Roberts, Michael Duffy, Michael Turmey. Also substantial
help has been provided by Bill ward for all the lab facilities and Thomas Reilly for

thin-film evaporation and rapid thermal annealing, which is much appreciated.

I am also thankful for all the officemates and the nice colleagues in this
department, Vince, Olesya, Ifeoma, Ope, Tania, Ili, Jharna, Ameze, Khaled, Alex,
Andy, Alistair, Lianping, Ying, Xu, Jue, Chengzhi, Johnny, Kevin, Bhavana. There
have been so many great happy moments with you guys, which are one of the

highlights and precious parts during these PhD years.

Last but not the least, | owe huge debt to all my families, my parents, my
brother and my sister-in-law. Thanks for all the emotional support over all these
years and | feel sorry not being able to offer the support in action for you guys
while | am this far away. Hopefully | can stay nearer to you guys so that family

reunions can happen more often in the future.



XX

Author’s Declaration

| declare that all the work presented in this thesis has been carried out by me

unless otherwise acknowledged or referred to.

Cui Zhang
March 2017



Abbreviation

Bi-YIG - Bismuth Yttrium Iron Garnet

Bi-TIG - Bismuth Terbium Iron Garnet

BPM - Beam Propagation Method

BSE - Backscattered Electrons

BSS - Beam Step Size

CMOS - Complementary metal-oxide-semiconductor
CM - Cotton-Mouton

CRT - Cathode Ray Tube

Ce-TIG - Cerium Terbium Iron Garnet

Ce-YIG - Cerium Yttrium Iron Garnet

DWDM - Dense Wavelength Division Multiplexing

EBL - Electron Beam Lithography

EBSD - Electron Backscattered Diffraction

EDFA - Erbium-Doped Fibre Amplifier

EDX - Energy Dispersive X-ray Diffraction

EM - Electromagnetic

EME - Eigen-mode Expansion

E-T Detector - Everhart and Thornley Detector

FDM - Finite Difference Methods

FDTD - Finite-Difference Time Domain

FEG - Field Emission Gun

FMR - Ferromagnetic Resonance

FP - Fabry-Perot

GGG- Gadolinium Gallium Garnet, Gd3:GasO12

HSQ - Hydrogen Silsesquioxane

ICP-CVD Inductively Coupled Plasma -Chemical Vapour Deposition
ICP-RIE Inductively Coupled Plasma - Reactive lon Etching
IPA - Isopropyl alcohol C3HsO or C3H70H or CH3CHOHCH;3
IPC - Integrated Optical Circuits

JWNC - James Watt Nanofabrication Centre

LCP - Left Circularly Polarized

LHCP - Left-Hand Circular Polarization

LPE - Liquid Phase Epitaxy

MBE - Molecular Beam Epitaxy

MCB - Magnetic Circular Birefringence

MIBK - Methyl isobutyl ketone, (CH3),CHCH2C(O)CH3)
MLB - Magnetic Linear Birefringence

MMI - Multi-Mode Interference

MO - Magneto-Optical

MOCVD - Metal Organic Chemical Vapor Deposition
MOE - Magneto-optic effect

MOKE - Magneto-Optic Kerr Effect

MZI - Mach-Zehnder interferometer

NPS - Nonreciprocal Phase Shift

NR-PMC - Non-Reciprocal Polarisation Mode Converter/ Conversion
OADM - Optical Add-Drop Multiplexer

OEIC - Opto-electronic Integrated Circuits

PEC - Proximity Effect Correction

PECVD Plasma Enhanced Chemical Vapour Deposition
PIC - Photonic Integrated Circuits

xxi



PLD - Pulsed laser deposition

PM - Polarisation Maintaining

PMMA - Polymethyl Methacrylate

PSF - Point Spread Function

QPM - Quasi-Phase Matching

QWP - Quarter Wave-Plate

RCP - Right Circularly Polarized

REIG - Rare Earth Iron garnets

RE-TM Rare Earth - Transition Metal

RF - Radio Frequency

RHCP - Right-Hand Circular Polarization
RIE - Reactive lon Etching

R.O water - Deionized

R-PMC - Reciprocal Polarization Mode Converter/Conversion
RTA - Rapid Thermal Annealing

RTP - Rapid Thermal Processor

SE - Secondary Electrons

SEM - Scanning Electron Microscope

SOI - Silicon on Insulator

SRS - Stimulated Raman Scattering

TE - Transverse Electrical

TEM - Transmission Electron Microscopy
TM -Transverse Magnetic

TIG - Terbium Iron Garnet

TMAH Tetramethylammonium Hydroxide
TTL Detector - Through-the-lens detector
VRU - Variable Resolution Units

VSLI - Very large scale Integration

VSM - Vibrating Sample Maghetometer
XRD - X-ray Diffraction

YIG - Yttrium Iron Garnet

XXii



1 Chapter 1— Introduction

1.1 Integrated optics

The concept of integrated optics was proposed by S. E. Miller in 1969[1]. It
is a technology aiming to construct integrated optical devices, integrated optical
circuits (I0C) (also called photonic integrated circuits or PICs) or planar lightwave
circuits composed of specific optical components to realise complex functions.
Since then, the fields of Opto-electronic Integrated Circuits(OEIC) [2]-[4] and of
PICs[2][5]-[8] have been steadily growing, as part of an inevitable trend towards
miniaturisation and the attainment of an ‘information superhighway’[2]. In order
to reach that goal faster signal processing and transmission is required and dense
wavelength division multiplexing (DWDM) PICs seem extremely promising for
improving data processing and transmission, and for increasing bandwidth
substantially with a great number of signals being de/multiplexed from a single
channel.

In comparison with bulk optical systems, composed of relatively large
discrete optical elements and conventional integrated electronics, integrated
optical systems perform better in nearly all aspects: they are alignhment-free,
vibration-proof, more stable, light-weight, portable, low-cost and, most
importantly, have lower power consumption. Furthermore, they are suitable for
signal processing and transmission with higher bandwidth and lower loss.
Nowadays, it is common to get single-mode fibres with attenuation less than 0.4
dB/km at 1.3 pm and 0.2 dB/km at 1.55 pm [2][9]. As silica fibres have their lowest
attenuation at 1550 nm, the device designed in this work is intended to work at
such wavelength.

The development of extremely effective micro- and nano-fabrication
methods, most of them borrowed from the electronics industry, has encouraged
and made possible the advancement of new integrated optic devices and substrate

structures. For example, thin film growth techniques allowed the creation of
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quantum-well devices [2][10][11], while plasma processing has been applied to
realise two- and three-dimensional photonic crystal structures[12][13].

Any integrated optical system is composed of active and passive optical
devices. Active devices include lasers, optical amplifiers, modulators, switches,
and photodetectors, whereas passive ones range from simple waveguide
interconnects to isolators/circulators, couplers, and splitters. The function
achieved by the integrated optical system will depend on the particular
combination of active and passive optical devices used. Depending on the type of
device needing integration, different materials will be suitable. Some
semiconductor materials, thanks to their direct bandgap, are capable of light
generation, and they include gallium arsenide (GaAs), gallium aluminium arsenide
(GaAlAs), gallium arsenide phosphide (GaAsP), indium phosphide (InP) and gallium
indium arsenide (GalnP). Other IlI-V&II-VI semiconductors have an indirect
bandgap, and are thus incapable of light generation, like silicon(Si), silicon on
insulator (SOI), silicon nitride(Si3N4), silica/quartz(SiO2), polymers, and lithium
niobate (LiNbOs3)[2]. No specific material has been found so far that can
accommodate the requirements of both active and passive optical devices, and
that can be used to fabricate all components with optimal performance. A
compromise needs therefore to be made when choosing a material as the
substrate platform for the corresponding integrated system.

Currently, despite some research carried out on some exotic material
platforms, mainly three materials are used commercially as substrates for PICs:
they are InP, Si/SOI, and TriPleX™ (alternating layers of SizN4 and SiO2) [7][14]-
[16]. As Si/SOIl and TriPleX™ are passive substrate platforms, difficulties arise with
regard to the integration of active devices, such as lasers and optical amplifiers.
On the contrary, InP based PICs seem to be able to integrate both active and
passive optical components, but due to their large footprint, high cost and poor
CMOS (Complementary metal-oxide-semiconductor) compatibility they present
undesired and unavoidable limits to commercialisation. Future VLSI (Very-large-
scale Integration) for integration with the mature CMOS ICs is challenging, thus
will not be able to take advantage of the mighty functions of the existing CMOS IC
system. Comparing the two passive platforms (TriPleX™ and Si/SOIl) that share the
same obstacles regarding the integration of active devices, the high-index-
contrast platform of SOI, which enables further miniaturisation, makes it

preferable.
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So far, in order to integrate laser sources and other active devices in Si/SOI
substrates, two main approaches are adopted: the monolithic approach, in which
the same substrate material is used for all devices; and the hybrid approach,
exploiting other active substrate materials bonded on top of the Si/SOI substrate
to take advantage of the existing developed technology [2][17].

In the monolithic case, Stimulated Raman Scattering (SRS) can be used to
fabricated a silicon Raman laser in the presence of a light pumping source[17]-
[19]; rare-earth doped (Er, erbium) Si is able to integrate both light emitting
devices and optical amplifiers [17]; Epitaxial growth of IlI-V/II-VI materials on
silicon surface, like GaAs, InP and Ge, is another option for monolithic integration
[20][21].

In the hybrid case instead, direct bonding and adhesive bonding have both
been employed to bond the active devices made of III-V/II-VI material on Si/SOIl
platforms [22]-[28]. However, the hybrid integration is sensitive to the alighment
of bonding, vibration and even thermal expansion between the bonding
interfaces[2] and also is not suitable for mass production. Eventually, the
monolithic approach will be needed for automated mass production. Until then,
great financial and technical efforts will be devoted to developing new ways to
make active devices on Si/SOI platforms, thus creating new fabrication methods.

Except for the lack of active devices on Si/SOI platforms, there is one
passive device not fully integrated and deployed in commercial systems yet: the
optical isolator or circulator. More precisely, it is not integrated in any of the
common substrate platforms. Currently, an integrated TE/TM mode isolator has
not been realised and most integrated optical isolators that have been reported
can only work with TM mode[29][30]. TM-mode operation cannot accommodate
the isolation needs of integrated optical systems as the vast majority of
semiconductor lasers emit TE rather than TM, due to quantum mechanical
selection rules. (A detailed literature review on the current research will be
presented later in this chapter).

To date only two TE polarised light optical isolators were realised by Ghosh
etc.[31] and Shoji etc.[32]. Despite this approach being able to achieve TE
isolation, it does not work on TM modes and has a rather large footprint. Also the
controllability of the thickness of the adhesive bonding layer remains an issue of
concern. Due to the lack of integrated optical isolators able to work with both

modes, this project aims to make an integrated waveguide TE/TM optical isolator.
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1.2 Isolators

1.2.1 Bulk Isolators

Optical Isolators are an indispensable and important component in many
optical systems. By placing them between the light source and the rest of the
system, they can prevent and block the reflected light signals which occur at
interfaces, and also prevent undesired interference from coming back to the
optical source, which would lead to instabilities. This ‘injection noise’ from the
back-reflected signal may broaden the optical laser line width and increase the
amplitude of noise[33][34] , potentially leading to severe system
degradation[35][36].

Traditionally bulk/discrete optical isolators are used[35][36], employing
Faraday rotation to eliminate spurious reflections and keep the systems operating
stably[37]. The bulk optical isolators generally consist of a polariser, a 45° Faraday
rotator and an analyser, as depicted in Figure 1-1. The angle between the
polarizer and the analyser is 45°.When the light comes out from the laser it is
linearly polarized and set at an angle of 0°, so that it is able to pass through a
polariser aligned with it. Upon passing through the Faraday rotator, the plane of
the light’s electric vector (its polarisation) rotates 45°, making it parallel to the
axis of the analyser so that the light can therefore pass through it. When any light
is reflected back, it goes through the Faraday rotator and the electric vector
rotates another 45°, thus becoming perpendicular to the optical axis of the
polariser, which therefore blocks light propagation. The 45°rotator is made from
garnet based media, employing Faraday rotation theory, while the polariser is
usually a plastic-based thin film in contact with the sides of the garnet rotator. In
addition, a ring-shaped permanent magnet is placed in a way where the direction
of the magnetic field is parallel to that of linearly polarised light(see Figure 1-
2)[38].
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Polarizer 45° Faraday rotator Analyser
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Y

‘\\(

The beam is blocked

Figure 1-1. Work flow of bulk magneto-optical isolator.

Figure 1-2.Structure of Bulk Component Optical Isolator.

Commercially available 1550 nm polarisation-independent bulk isolators on
the market can achieve 30 - 40 dB isolation with about 1 dB insertion loss, and
cost approximately £1000 - 1500[39]-[41]. However, the assembly and alignment
of these bulk systems is a rather time- and labour-consuming task, which leads to

the reduced throughput and increased production cost. Therefore, the integrated
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optical isolator has become an irresistible trend for the sake of high level of
integration system, small format and low cost.

Here in this project we intend to put the isolator in waveguide form so that
it can be part of an integrated optical system. When light from a TE-polarised
laser (as previously mentioned the vast majority of semiconductor lasers emit TE)
propagates in the forward direction along the isolator, the polarisation angle will
rotate by + 45° after traversing the Non-Reciprocal Polarisation Mode Converter
(NR-PMC) and then rotate - 45° after passing through the Reciprocal Polarisation
Mode Converter (R-PMC), so the two rotations cancel one another. When the light
propagates backwards, it will first rotate + 45° after the R-PMC but then another
+ 45° after the NR-PMC, adding to a total polarisation change by + 90°. As such, it
converts to a TM mode, which does no harm to the laser source that emits TE-
polarised light, as it is essentially transparent at the TM mode’s wavelength (which
is longer than the TE’s wavelength in the structure, as the two modes have
different effective indexes, due to the birefringence discussed previously). The

whole process for the device we intend to achieve in this project is described in

Figure 1-3.
TE/TM + 45° - 450° TE/TM
Tunable
N wemeb | NR-PMC | wwp | R-PMC |==== | Qutput

TM/TE e +45° === +45° = Reflected Signal

Figure 1-3.Schematic of how the reflected signal is isolated in the integrated system that
this project aims to achieve.

1.2.2 What is an isolator

An optical isolator allows light to pass in one direction while blocking the
light in the opposite direction. It is thus useful between the laser source and the
rest of the optical system to prevent the reflected light from the rest of the optical
system to cause disturbance to the laser source. The intrinsic characteristic of an
isolator is the non-reciprocity.

Research has been carried out to develop isolators based on various

structures and materials. Among them, some isolators have been developed which
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although reciprocal, are claimed to be non-reciprocal [42][43]; in them
asymmetric structures are used to achieve asymmetrical total power transmission,
rather than true asymmetrical modal properties.

When an ‘isolator’ based on asymmetrical total power transmission is
implemented in the system, the reflected signal is reduced but has the same
polarisation as the laser source, meaning the source will still be affected and the
‘isolator’ cannot provide sufficient protection. Comparatively, when an ‘isolator’
based on asymmetrical modal properties is implemented in the system, even
though the reflected signal is not reduced at all, it has a different polarisation
from the laser source, thus it is transparent to the laser source and can offer
sufficient protection.

In order to remove the confusion about the requirement for a ‘true’ optical
isolator, Dirk etc.[44] defines that a ‘true’ isolator needs to break Lorentz
reciprocity[45], where the relationship between an oscillating current and the
resulting electric field will not change with the interchange of the place of the
current and the detector. Breaking spatial structure symmetry and demonstrating
asymmetrical power transmission is not sufficient to indicate the break of Lorentz
reciprocity. The following equation describes the linear relationship between the
incoming waves and outgoing waves of a linear, time-independent and passive

system or device:
B =S4 (1-1)

Where 4 ,B are the incoming and outgoing waves, respectively, and S is the
scattering matrix.

In order to break Lorentz reciprocity, the scattering matrix needs to be
asymmetric. There are generally three cases that can break Lorentz
reciprocity[44]. The first is magneto-optical materials with asymmetric
permittivity tensor ¢; the second option is nonlinear materials, where the
permittivity € is a function of the electric-field strength; and finally there are the
time-dependent structures where permittivity € or permeability p or both depend
on time. In our case, the magneto-optical material is used to break the Lorentz

reciprocity to achieve non-reciprocity with asymmetric permittivity tensor.
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1.3 Obstacles of Integration of Magneto-Optical Garnets
on SOl platforms

B—>

Oxide

over-layer
Polarization
Selector

Garnet

Buffer layer

Figure 1-4.Structure of Waveguide Isolator.

A number of inherent obstacles arise when integrating bulk isolators to
planar waveguides. First of all, Yttrium Iron garnet (YIG), with its large Faraday
rotation index (Verdet Constant, 200 deg/cm) has been widely used thanks to its
magneto-optic effect [46]. Later it was found that doping (substitution) can
improve the magneto-optic effect, and Ce substituted-YIG aroused much more
attention because of their larger Faraday rotation index [47] and Faraday rotation
coefficient of -4500°/cm at 1.55 pym [48]. It therefore makes sense to use Ce-YIG
as the core layer of the waveguide on a lattice-matched GGG (Gadolinium Gallium
Garnet, Gd:GasO12) substrate with refractive index of 1.936 at 1550 nm. Such a
choice derives from ngamet>Nces, Which is a traditional layer structure in a
waveguide isolator, as seen in Figure 1-4. However, when SOI (nsi> Ngarnet) is used
as the substrate, based on the theory of mode guiding, the index of refraction of
the core layer should be larger than that of both the substrate and the cladding
layer. Therefore, Ce-YIG cannot be used as the core layer here. A solution is
provided in [48][49] in which Ce-YIG was used as the upper cladding layer to take
advantage of its magneto-optic effect through an interaction of the guided modes

evanescent tail(see Figure 1-5).
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n=202
4+ n=348
n=146

MO layer.

Core layer (Si)

Substrate (Si02) —>

Figure 1-5.Layer structure of waveguide-type isolator with Si as the core layer and the
magneto-optical garnet as the upper cladding layer. All the refractive index of the material is
given at 1.55 um wavelength.

Once a magneto-optic material has been chosen, birefringence needs to be
dealt with. Birefringence is observed when light, not polarised along the optical
axes of the material, is incident upon anisotropic material. There are primarily

four kinds of birefringence: stress-induced birefringence due to lattice mismatch
between film and substrate; growth-induced birefringence; geometrical/shape

birefringence; and finally photo-elastic birefringence [50]-[52].

Research shows that we can reduce shape-induced birefringence by growing
multilayer films. The growth-induced effect can instead be reduced by annealing

at high temperature and choosing the proper waveguide width, whereas the
photo-elastic effect is reduced by growing compressively strained films.
Additionally, by growing the top layer too thick and then thinning it, or by growing
the top layer too thin and adding a dielectric layer of suitable thickness and
refractive index, we can eliminate the remaining birefringence[51][53]. In[54],
R.Wolfe et al. overcome the inherent birefringence by using laser annealing to get
the sub-lattice magnetisation (i.e. the sign of the Faraday effect) reversed. In

order to realise phase-matching, we can sometimes choose the proper size of the

core[55], the temperature of the waveguide[56], apply stress and use periodic

structures[57]-[59].
In this project to achieve the NR-PMC we adopted a quasi-phase matching

(QPM) technique to overcome the shape-induced birefringence of the waveguide
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device, where the propagation constants of the two orthogonal modes are
different and there is phase mismatching between the two modes. The QPM
technique allows for a phase mismatch over a coherence distance (half beat-
length), but then reverses or disrupts the nonlinear interaction at positions of
coherence distance, in order to prevent the conversion to take place in the wrong
direction and to avoid the polarisation rotation going back to 0. By utilising an
upper cladding that alternates between MO material and non-MO material
periodically(Figure 1-6)[58], we can achieve QPM in waveguide structure.
Periodical structures have been long used to exploit QPM for polarisation
rotation[58][60]-[62]. S.C.C. Tseng and A.R. Reisinger [60] used a periodic
Permalloy structure to achieve periodic reversals of magnetisation and at 1.15 pm
to get an optimum dc conversion efficiency of 80+2% on Gdo.sGa1 garnet film. Y.
Shani and R. Alferness [61] made asymmetric periodic loaded rib waveguides on

InP to get polarisation rotation of 80%.

(a)  Non-MO(SixN
MO(Iron Garnet)

>

122022 (b)
n=3.48 Rotation

—N= 1.46 With quasi phase matching

Phase mismatching

Waveguide Length

Figure 1-6.(a) The periodic loading structure of NR-PMC with alternating half beat-length long
(LAB) MO segments and Non-MO segments; (b) The difference in rotation between QPM and
Phase Mismatching.

Finally, the polarisation orientation of light through the integrated
waveguide isolator should either be in plane or normal to the plane, to facilitate
following manipulations such as polarising, mode splitting and polarisation
rotation in integrated optical systems. A reciprocal polarisation mode converter(R-
PMC) is incorporated with the NR-PMC part to achieve light guiding in the forward
direction and isolation when backwards [63].

The NR-PMC section of my project is to implement the isolator function in
SOI, as part of the EPSRC (Engineering and Physical Sciences Research Council)
project ‘Materials World Network: Complex oxides for heterogeneous

optoelectronic integration’, in collaboration with Professor Bethanie Stadler’s
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group from University of Minnesota. Professor Bethanie Stadler’s group will mainly
use radio-frequency sputtering technique to provide the high-quality MO film
deposited on the pre-patterned samples that we send to them. They will deposit
the MO layer of different thicknesses and doping (substitution) on the sample
surfaces. After the sample is deposited with MO layer in the US, we use lift-off
techniques to create a patterned media, and then anneal to get the most
appropriate and optimised Garnet phase MO layer, without unwanted crystal
phases occurring, and fabricate samples with markers ready for patterning and
etching of actual waveguide based devices.

In summary, the role of the collaborator is to deposit the high-quality
garnet material on the pre-patterned samples | provide. The collaborators also
provide most of the garnet material characterisation. These activities had to be
outsourced as Glasgow does not have the facilities to carry them out. My role in
this project includes all aspects of device design (i.e. simulation and layout)
followed by nanofabrication and optical characterisation of the devices. The

contribution of each party in this project is described in table 1-1.

Device Design

Simulation

My Contribution Nanofabrication

Device Optical
NR-PMC Section Characterisation

Result Analysis

Collaborators’ MO Garnet Deposition
Contribution MO Garnet Material
Characterisation
R-PMC Section Independent Work Carried Out by Me

Table 1-1.Contribution of each party in this project.

1.4 Literature Review about Current Research conducted
on SOl substrate
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Integrated isolators currently developed are based on the destructive and
constructive interference between two 45° rotations in the forward and backward
direction, respectively. The two rotations are realised either by implementing a
nonreciprocal phase shift through structures like MZI (Mach-Zehnder
Interferometers) and rings, or by nonreciprocal mode conversion through the
combination of a 45° Nonreciprocal Rotation (45° Faraday Rotator) with a + 45°
Reciprocal Rotation. Both the phenomenon of nonreciprocal phase shift and
nonreciprocal mode conversion can be found in magneto-optic garnets in the
presence of an applied external magnetic field.

Nowadays, waveguide isolators on Si platforms integrated with the
magneto-optic garnet take advantage of either nonreciprocal phase shift or
nonreciprocal mode conversion in different structures like rings[64]-[68],
MZ1[29][31][32][69]-[76] and periodic loading on top of normal waveguide[77]-[79]
to achieve isolation. Due to lattice mismatch between garnet and Si surface, three
approaches are usually employed to integrate magneto-optic garnet: they are
deposition[64][67][77], adhesive bonding[31][72][73] and direct
bonding[29][65][69]-[71]. The structure, fabrication method and characteristics

of the devices are summarised in Table 1-2.

Researchers Mode Structure | Fabrication | Isolation | Device Wavelength | Year
Working Method Length Working
on
T.Mizumoto ’s | TM MZ| Direct >21dB NA 1530-1565 2007
group: Y.Shoji Bonding nm
etc.[74]
T.Mizumoto’s | TM MZ| Direct 21dB 4 mm 1559 nm 2008
group: Y.Shoji Bonding
etc.[71]
T.Mizumoto’s | TM MZ| Direct 18 dB >1.5x1.5 1322 nm 2012
group: Y.Shoji Bonding mm?
etc.[80]
T.Mizumoto ’s | TM MZ| Direct 28 dB >1.5x1.5 1552 nm 2013
group: Bonding mm?
Y.Shirato and
Y.Shoji[75]
T.Mizumoto ’s | TM MZ| Direct >20 dB >1.5x1.5 1550nm+4 2014
group: Y.Shoji Bonding mm? nm
etc.[76]
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T.Mizumoto ’s | TE MZI Direct 26.7dB | >1.5x1.5 1553nm 2016 (to
group: Y.Shoji Bonding mm? be
etc.[32] published)
John ™ Ring Direct 9 dB Diameter: 1550nm 2011

E.Bowers’ Bonding 1.8 mm

group: Ming-
Chun Tien
etc.[65]
John ™ Ring Direct 32dB NA 1555 nm 2016 (to

E.Bowers’ Bonding be

group: D. published)
Huang,
P.Pintus and
etc.[68]
Caroline A. ™ Ring Deposition | 19.5dB | 290 ym 1550 nm 2011
Ross’s Group:
L. Bi etc.[64]
Caroline A. ™ Ring Deposition | 13 2.2 | NA 1564.4 nm 2015
Ross’s Group: dB
X. Sun
etc.[67]
Roel Baets’ ™ MZ] Adhesive 25dB 3.46x0.46 1495.2 nm 2012
group: Bonding mm
S.Ghosh
etc.[72]
Roel Baets’ ™ MZ] Adhesive 11 dB 1.5 mmx4 1512.6 nm 2012
group: Bonding pm
S.Ghosh
etc.[73]
Roel Baets’ TE MZ| Adhesive 32dB 6 mmx0.2 1540.5 nm 2013
group: Bonding mm
S.Ghosh
etc.[31]

Table 1-2.S0Ol-based Magneto-optical Isolator

In our project we adopt the nonreciprocal mode conversion method by
applying an external magnetic field along the direction of propagation of the light
(along the z axis), so that both the TE and TM mode will be affected. The mode
conversion requires phase matching while the non-reciprocal phase shift (NPS)
method (based on MZI) does not. As such, it can be assumed that the latter may
be easier to achieve. However, the NPS can be only applied for TM modes whilst
the mode conversion method can be used for both. Also the vast majority of lasers

emit TE polarized light [81]-[83] from the heavy-hole transition and since the TE
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light becomes TM after the mode conversion, and the TE emitting devices are
essentially transparent to TM, the reflected light will not have any effect on the
system.

As shown in Table.1-1, currently all reported isolator designs on SOI
substrates are based on nonreciprocal phase shift (NPS) where devices only work
with either TM or TE mode. TM-mode isolators based on NPS are easier to
fabricate, however they do not have many applications as most semiconductor
sources have a TE-polarised output. To date the only TE polarised light optical
isolator was realised by Ghosh etc.[31] and Shoji etc.[32], where MO garnet
material was adhesively bonded on top of the waveguide and the NPS approach,
together with complicated optical serpentine circuit and complicated design of
asymmetric coupled waveguides for TE-TM mode conversion, were employed.
Despite this approach used to achieve TE isolation, it does not work on TM modes
and has quite a large footprint even designed in serpentine shape, where the total
size is 6 mmx0.2 mm with a 4x2.86 mm long nonreciprocal phase shifter section.
Additionally, the adhesive bonding method is also not ideal, being sensitive to any
thermal expansion and not suitable for mass production.

In the following we use the device with MZI| structure that works for the TM
mode as an example to explain the process of isolation based on
constructive/destructive interference [76]. Figure 1-7 shows the schematic of the
device, composed of 3 dB couplers, nonreciprocal phase shifter, reciprocal phase
shifter and Ce-YIG garnet bonded on top. An anti-parallel magnetic field is applied
for the nonreciprocal phase shifter to provide a phase difference of -m/2 in the
forward direction and +1/2 in the backward direction. The reciprocal phase shifter
provides +1/2 phase difference in both directions resulted from the asymmetric
path length of the MZI arm.

In the forward directions, when the TM-polarised light is injected in, it is
split into two waves with equal amplitude and phase. After transmitting through
the nonreciprocal phase shifter and the reciprocal phase shifter, the phase
difference between the two waves adds up, (-n/2) + (+m/2), to be 0. At the
output, the two waves have the same phase and they interfere with each other
constructively to make a wave with the same amplitude as that of the input wave.
In the backward direction, the phase difference between the two waves adds up,
(+m/2) + (+m/2), to be m. At the output, the two waves have a m phase difference

and they escape from the side waveguide and no light comes out from the central
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waveguide, so that isolation of the reflected light is achieved. The whole process
of constructive interference and destructive interference in the forward direction

and the backward direction respectively is depicted in figure 1-8.

Reciprocal Phase Shifter Qutput
Nonreciprocal Phase Shlfter

3dB Coup/
/ Magnetic Field
> S
\

\)
Mput " Ce:VIG

Si
Sio,

>

N

Figure 1-7.Schematic of a typical isolator with MZI structure based on nonreciprocal phase

shift.

Forward: — /-I-\/—> /-I-\/—’
Constructive

Interference

Backward: /\/ /\/
Destructive 0 «— % — & .
Interference \/\ /\/

Figure 1-8.The constructive and destructive interference in the forward and backward
direction of the isolator system described in figure 1-7.
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John E. Bowers [84] has proposed a novel design of TE isolator based on
nonreciprocal phase shift. According to its proposal the internal wall of an ultra-
low loss[85] Si3N4 arrayed ring waveguide, buried in a silica media, is coated with
Ce-YIG garnet under a vertical magnetic field so that part of the TE mode is
confined in the Ce-YIG garnet part. A great difference thus arises between the
resonance wavelength of the rings in forward and backward directions in the
presence of a vertical magnetic field. A top view and cross-section view of the
rings with sidewall coated with Ce-YIG is depicted in Figure 1-9. Theoretical
analysis on this device’s loss, isolation has been carried out but no actual devices
have been made yet, as there are significant fabrication challenges. Therefore,

there has not been a TE/TM isolator realised on SOI substrate yet.

Figure 1-9.Top view and cross-section view of the Si3N4 rings with sidewall coated with Ce-
YIG[84].

1.5 Approach adopted in this project

1.5.1 NR-PMC (Non-Reciprocal Polarisation Mode Converter)

The project is titled Integrated Waveguide Optical Isolators. My role in the
project is to fabricate integrated isolators that can modulate arbitrary
polarisation states through the use of NR-PMCs and R-PMCs in the SOI material
platform. These NR-PMCs are based upon the theory of Faraday rotation, and the



17
Chapter 1 - Introduction

R-PMCs are based upon mode beating polarization conversion [86]. When hybrid
polarised light (i.e. not at 0 or 90 degrees) propagates along in a planar
waveguide, the TE and TM components propagate at different speeds (due to the
different propagation constants resulting from structural birefringence in planar
systems) which leads to a different polarisation at the waveguide output. The
resultant of the two fundamental polarised modes can be linearly polarised,
elliptically polarised, circularly polarised, elliptically, or linearly polarised
periodically (Figure 1-10) depending on the phase difference y between the TE

and TM components.

Ey4 Ey4 Ey4 Ey Ey4
/) AN \

» Ex L » Ex Ex d—»Ex » Ex

={) W=mn/4 W=m/2 W=3m/4 W=n

W
Eyk\ Ey4 Ey4 Ey4 Ey4
\ /7 /)
N L/ V4
Ex Ex » Ex o Ei » Ex

W=5m/4 W=3r/2 W=7m/4 W=2n W=9r/4

Figure 1-10.Changes in resultant polarisation from two modes propagating in anisotropic
media, where y is the phase difference between the TE and TM components.

There are two approaches[70][87][88] commonly used to achieve non-
reciprocal, magneto-optical isolation in waveguide formats: longitudinal field and
transverse field. As previously discussed (see section 1.3), for the NR-PMC part, a
periodic loading structure was adopted [77][79][86][89] in this thesis. Mode
conversion is realised through the Faraday rotation effect resulting from the
evanescent tail of the mode interacting with the magneto-optical garnet cladding,
so that the first - longitudinal field approach - is employed. The relationship
between dielectric tensor and Faraday rotation effect will be explained in more
detail in Chapter 2. The simulation, fabrication and optical measurements of the

NR-PMC part will be discussed in Chapter 3, Chapter 4 and Chapter 5 respectively.
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1.5.2 R-PMC (Reciprocal Polarisation Mode Converter)

In order to obtain reciprocal polarisation mode conversion, we use an L-
shape structure which is similar to the trench structure shown in Figure 1-11, that
effectively will rotate the optical axis and excite the two TE and TM components
from the incident pure TE mode which enables beating of the polarised light and
achieves mode-conversion. Previously, slanted angled structures have been
adopted, which are based on the same principle[90]-[93]. This solution is free of
longitudinally periodic structures. However, although much effort has been put
into fabricating the slanted structures, exploiting various techniques including wet
etching[94] and dry etching at an angle[95], it still is a difficult technique.
Comparatively, the trench structure can be realised relatively easily by using
Electron Beam Lithography (EBL) and exploiting the Reactive lon Etching (RIE) lag

effect[96].But since the RIE effect is not so obvious in Si, as it will be explained

in Chapter 6, a similar structure, the L-shape, is adopted to achieve reciprocal

l.
'

polarisation mode conversion.

Figure 1-11.Trench structure realised by Electrical Beam Lithography (EBL) and Reactive
lon Etching (RIE) lag effect [96]. Got permission from Dr. Barry Holmes to reprint.

1.5.3 Integrated Waveguide Optical Isolator

An integrated waveguide optical isolator that works at a wavelength of
1550nm can be developed by integrating the 45° NR-PMC and the 45° R-PMC. The
device proposed in this thesis is described in Figure 1-12. The rotation caused by
the NR-PMC part is independent of the light propagation direction, while that
caused by the R-PMC is dependent on the light propagation direction. In the

forward direction, the TE-polarised light emitted from the laser source and
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injected in the device will experience a +m/4 rotation after the NR-PMC part,
followed by a - m/4 rotation after the R-PMC part. It thus turns back to TE-
polarised light at the output. In the backward direction, when the TE-polarised
light is reflected back into the device, it will experience a +m/4 rotation after the
R-PMC part then a + m/4 rotation after the NR-PMC part. It turns into TM-polarised
light, which is essentially transparent to the laser source, thus achieving isolation

of the optical system.

Output

Figure 1-12.The schematic of the integrated waveguide optical isolator device proposed in
this thesis.



20
Chapter 2 - Magneto-optic Effects

2 Chapter 2 — Magneto-optic Effects

2.1 Magneto-optic Effects

The term Magneto-optic effect (MOE) refers to the phenomenon in which
an electromagnetic wave propagates differently through a magnetic medium
depending on the presence or absence of a magnetic field, which alters the
electromagnetic (EM) properties of the magnetic medium. Magneto-optic (MO)
materials are also called gyromagnetic, and they give rise to two of the best known
magneto-optic effects, the Faraday and the Cotton-Mouton (CM) Effect (also
called the Voigt Effect for gas media) where the light changes when transmitted
through the MO material. The Magneto-Optic Kerr Effect (MOKE), in which the
light changes when reflected from the surface of the MO medium, is also well-
known. In materials with magnetic moments, either from atoms or ions, the type
of MOE encountered reflects the corresponding kind of magnetism:
ferromagnetism, ferrimagnetism, para-magnetism, anti-ferromagnetism and
diamagnetism. In materials without magnetic moments, Larmor precession of the
internal electron orbitals under an applied magnetic field can also change the
interaction with an electromagnetic wave.

We consider the case of light waves transmitted in optical waveguides or
fibres, applicable to, for example, optical communication systems. Thus, the
propagation properties of the transmitted light can be affected by the Faraday
Effect and the Cotton-Mouton Effect. Generally, application of MO effects is
limited by two factors, the specific MO coefficients 6, Faraday rotation coefficient
0z or linear birefringence, and the absorption coefficient a. The ratio of the two
factors is defined as the Figure of Merit (FOM) of the material[97]:
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deg H[deg/cm
F.O.M[22| = prity— (2-1)

The Faraday Effect is observed when an applied external magnetic field is
parallel to the direction in which the transmitted light propagates, and the field
induces a nonreciprocal magnetic circular birefringence (MCB). MCB causes the
phase velocity, or the index of refraction of left-rotating circularly polarised light
(n.), to be different from that of right-rotating circularly polarised light (n:). The
difference in refractive index is proportional to the longitudinal component of the
applied magnetic field. The Faraday Effect is a first-order effect.

The Cotton-Mouton Effect is observed when the applied external magnetic
field is perpendicular to the direction of propagation, and it induces a reciprocal
magnetic linear birefringence (MLB). Due to MLB the propagation velocity, or the
index of refraction of the light polarised along the parallel direction to the
magnetic field (n,/) is different from that of the light polarised perpendicularly to
the magnetic field (ny). In the MLB case, the difference in refractive index is
proportional to the square of the applied transverse magnetic field. Differently
from the Faraday Effect, the Cotton-Mouton one is a second-order effect.

When light waves are transmitted in optical waveguides, the propagation
and coupling properties of the optical modes is determined by the permittivities
of the cladding layer, core layer and substrate[98]. Since the Faraday Effect is
nonreciprocal and Cotton-Mouton Effect is reciprocal, the combination of the two
effects can be used to make an isolator[99][100]. However, implementing a design
with two orthogonal magnetisation directions on a single chip presents great
technical challenges[101]. For the magneto-optical media used in this project,
rare-earth doped garnets, over the 1 to 3 ym wavelength range the Cotton-Mouton
Effect is very small compared to the Faraday Effect. The Cotton-Mouton Effect is
thus usually neglected[98][102][103], and the Faraday Effect is the predominant
influence factor for the permittivity.

In the case of thin films waveguides, the fundamental modes of the
waveguide are conventionally called ‘transverse electric (TE)’, and ‘transverse
magnetic (TM)’. The TE modes are polarised in the plane of the wafer, whereas
TM modes are polarised perpendicularly to the plane of the wafer. This description
is an approximation, as normally some hybridisation of both modes exists, and the
quasi-TE and quasi-TM denomination is often used instead. However, in each

dimension, one of the two components is predominant and typically much larger
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than the other one, so it is common practice to still refer to them as TE and TM
polarisations [104].

The off-diagonal elements of the permittivity tensor represent the Faraday
Effect contribution from an external magnetic field, as derived from the
perturbation theory developed by Yamamoto and Makimoto [105]. As shown in
Figure 2-1, the propagation direction of the light wave is along the z axis.
According to perturbation theory, an external magnetic field applied in the
direction of any of the three axes causes a corresponding perturbation to the
waveguide system. The applied magnetic field will affect the components of the
electric field which are perpendicular to the magnetic field, but will not affect
the parallel electric field components. When an external magnetic field is applied
along the z axis, as seen in Figure 2-1(a), the perturbed system is Longitudinal (L)
and induces the ie,, and —ie,, off-diagonal elements; when an external magnetic
field is applied along the y axis, as seen in Figure 2-1(b), the perturbed system is
Equatorial (E) and induces the i¢,, and —ie¢,, off-diagonal elements; finally, when
an external magnetic field is applied along the x axis, as seen in Figure 2-1(c), the
perturbed system is Polar (P) and induces the is,, and —ig,, off-diagonal
elements. The Equatorial and Polar perturbed systems can be regarded together
as the Transverse system. Equation 2-2 describes the perturbation involving all

three axes:

Exx lexy U
e=|"lexy &y &, (2-2)

—ley, —lgy, &y
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Figure 2-1. lllustration of possible magnetisation direction. Light propagation is along the z
axis and (a) (b) (c) describe the external magnetic field along z axis, y axis and x axis
respectively.
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In a longitudinally perturbed system, the electric field components in both
the x and y directions are involved and there is coupling between TE and T™M
modes, thus mode conversion between TE and TM modes takes place, and this
phenomenon is nonreciprocal. In a transversely perturbed system, only one
component of the electric field is affected by the perturbation, either the TE or
TM mode. A phase difference is therefore induced between the forward and
backward traveling waves, when the propagation direction is parallel or anti-
parallel to the external magnetic field. This phenomenon is also a nonreciprocal
effect. When the external magnetic field is in the plane of the waveguide, along
the y axis, a phase shift is induced on the TM mode. When the external magnetic
field is normal to the plane of the waveguide instead, i.e. along the x axis, there
is a phase shift for the TE mode. By combining the phase shifts between forward
and backward directions with special structures, like 3dB splitters, constructive
and destructive interference takes place, and can be exploited to achieve devices
such as Mach-Zehnder Interferometers (MZIs). MZIs can be used as isolators and
structures have been proposed and designed to induce the right phase shift for
both modes[106]-[110].

Therefore, both the nonreciprocal polarisation mode conversion (NR-PMC)
in the longitudinal approach, and the nonreciprocal phase shift (NPS) in the
transverse approach result from the perturbation to the waveguide system caused
by the Faraday Effect. It is important to differentiate between the NPS and the
Cotton-Mutton Effect. As previously mentioned, the latter takes place when an
external magnetic field is perpendicular to the direction of light propagation, and
it might seem confusing. NPS, however, is a transverse expression of the Faraday
Effect, while the Cotton-Mutton Effect is a reciprocal effect. NPS does not exist
when light travels in bulk materials, while the Cotton-Mutton Effect does.
Discontinuities of the waveguide structure and the Faraday effect are required for
NPS[110]. It is safe to say that the Cotton-Mutton Effect is a bulk transverse
magnetisation phenomenon while NPS is inherently a waveguide
phenomenon[111]. The relationship between different kinds of magneto-optical
effects is summarised in Figure 2-2. The NR-PMC effect has been highlighted with

a red frame, since it has been employed in this thesis.
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Figure 2-2. Summary of the relationship between different kinds of magneto-optical effects.
The NR-PMC effect has been highlighted as it has been employed in this thesis.

2.1.1 Nonreciprocal Polarisation Mode Conversion (NR-PMC) -
Longitudinal approach of Faraday Rotation Effect

Despite Nonreciprocal Polarisation Mode Conversion (NR-PMC) being just
the longitudinal expression of the Faraday Effect, conventionally Faraday Rotation
Effect is used to refer to NR-PMC, whereas Nonreciprocal Phase Shift (NPS) is
preferred when referring to the transverse expression of the Faraday effect. The
Faraday Rotation Effect is a type of magnetic circular birefringence, where a
rotation of the wave polarisation plane results from the left-rotating circularly
polarised (LCP) light and the right-rotating circularly polarised (RCP) light
propagating at different speeds. Such birefringence is due to the splitting of the
ground or excited-state energy levels when an external magnetic field is applied
in the direction parallel to that of light propagation. The direction of the rotation
depends on the direction of magnetisation of the material from the external
magnetic field, but not on the propagation direction of the light, meaning the
Faraday rotation is non-reciprocal. The non-reciprocity is very useful in

applications like Faraday rotators, isolators and circulators. Rare earth iron
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garnets (REIG) R3Fes04; are a typical and popular ferrimagnetic Faraday rotation
material due to their transparency in the infrared window from 1.5 to 5 pym,
coupled with high Faraday rotation coefficient [112]. Ferrimagnetism is somewhat
similar to antiferromagnetism, but within antiferromagnetic materials equal and
opposite magnetic moments are present and they will cancel each other so that
the total magnetization is zero; in ferrimagnetic materials instead, the opposite
magnetic moments are not equal and give rise to a net remaining magnetisation.

Faraday rotation in a ferrimagnetic garnet is the response of the
ferrimagnetism to the applied external magnetic field and is related to both the
electric dipole transitions and the ferromagnetic resonance (FMR). The Zeeman
splitting of the energy eigenvalues in the ferromagnetic material at the presence

of a static internal magnetic field H;[112] determines the resonance frequency,
where hw = gugH;, with h = %, h is the Planck constant, g is gyromagnetic or

Lande factor, w = 2mv is the resonance frequency, and g is the Bohr magneton,
therefore hv = gugH;. The resonance splitting process is depicted in Figure 2-3.

The Zeeman splitting occurs at the resonance peak and the original state is split

into two quantum states of magnetic quantum number m = +%9H3Hi and m =

—%guBHl-, respectively. Summarising, the Faraday rotation results from electric

dipole transitions, while FMR from the whole sub-lattices responding to the

external magnetic field.

energy

+= gugH;
nl/’FT— > el

Figure 2-3. lllustration of the ferromagnetic resonance splitting process in presence of a static
internal magnetic field H;.
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A TEM wave subject to a magnetic field splits into two counter-rotating
circularly polarised waves as a consequence of the splitting from Zeeman
Effect[113] (see Figure 2-4 (a)). The combination of the two counter-rotating
circularly polarised waves could result in a linear, elliptical, or circular
polarisation [114]. Two equal-amplitude counter-rotating circularly polarised
waves combine into a linearly polarised wave, while two unequal-amplitude ones
with no phase difference will give rise to an elliptically polarised wave. A
circularly polarised wave outcome is a sub-case of elliptical polarisation, and it
will depend on the difference in amplitude between the two waves. The two initial
counter-rotating circularly polarised waves are called right-hand circular
polarisation (RHCP) and left-hand circular polarisation (LHCP), rotating clockwise
and counter-clockwise, respectively. In this work + and - will stand for RHCP and
LHCP, respectively. By using the Kramers-Kronig relations[115], the refractive

indices will also be modified, as Figure 2-4 (b) shows.

a(absorption) n

(a) L LI

Figure 2-4.(a) Under magnetic field, because of the Zeeman Effect, the wave splits into two
circularly polarised waves, right-hand polarised and left-hand polarised. (b) By the Kramers-
KrOnig relations the corresponding refractive indices are modified.

When the difference between the phase of LHCP and RHCP is 90°, the wave

travels a distance of half beat length,

[i=—2 =2 (2-3)

3 2|ng_ngl 2|An|

If there’s no external magnetic field, the propagation constants of the two
circularly polarised waves are equal, i.e. B, = f_. Under the influence of an
external magnetic field, the propagation constants are different (B, # B-) and the

permittivity € changes:
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Exx L&y O
€= |—l&y & O (2-4)
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And correspondingly the refractive index:

ny =+Jue (2-5)
Here u =1, so:

ny =+e (2-6)
Setting the eigenvalue of permittivity € as @, one gets the following equation:

Exx — 0 [Exy 0
—l&xy &y —0 0 =0 (2-7)
0 0 £y — D

The formula for the determinant of a 3x3 matrix yields:
(€22 = D[(exx — B)(gyy — 0) — €3, 1=0 (2-8)
For uniaxial crystals ¢,, = &,,, thus substituting one obtains:
(exx — @) —e3y =0 (2-9)

Solving for the permittivity, @ = ¢,, * &, therefore the refractive index is given
by:

ny = \/E = \/a =\ Exx T Exy =+ Exx 1+; ‘:xy (2-10)

And from (2-3), through the half-beat length L. = 90°, one can get the Faraday

rotation angle at a distance of x.
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=2 =200 . 4 = 25V g0 ]
G—Ll X = /190 x—ln090 x (2-12)

2

If £, is known, the Faraday rotation coefficient 6 can be derived: ¢, =
20pny/ky, [30], where n, is the refractive index, and k, is the vacuum
wavenumber. The Faraday rotation coefficient 6 is dependent on the
temperature and wavelength of operation, but independent of the amplitude of
the external magnetic field, thus &, will also share this feature. 6r can be
obtained experimentally or can be derived analytically as it will be shown later in
the chapter. Given all other parameters in the equation are known, the rotation

angle as after propagation along a distance x can be expressed as:

—49F gp0. .
6=2.090° x (2-13)

2.1.2 Nonreciprocal Phase Shift (NPS) - Transverse approach of
Faraday Rotation Effect

The Nonreciprocal Phase shift is the transverse expression of the Faraday
Effect, and can be achieved by properly adjusting the spatial variation of the
Faraday rotation. In order to demonstrate the nonreciprocity of the phase shift in
a waveguide cladded with a thin film of MO garnet, T. Mizumoto et. al. [116]-
[118] derived the eigenvalue equation for both TE and TM modes considering the
boundary conditions of a three-layer asymmetric slab waveguide. As seen in Figure
2-5, when light propagates along the z direction and the magnetic field is applied

along the y axis, the permittivity tensor & shows off-diagonal tensor components

Y (Exz):

&1 0 Jjy
g=10 & 0 (2-14)

—-jy 0 &
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The eigenvalue equation for the TM mode can be obtained by considering the
boundary conditions[116], [118],

(BB T p)

tan(qd) — 221 3 €181
(i) pi1p3__ Dp3Y 8

€2 €183 €1€1€3

(2-15)[118]

where

2
E1°—Y

€1

8,1:

B? =% + ko’ = p3? + e3ky” (koz = wzfoﬂo)

And k, is the wavenumber in vacuum. The quantity g is the transverse
propagation constant in the guiding layer; p;(i =1,3) indicates the decay
constants along the x direction in respective regions; finally, £ is the propagation
constant along the z axis.

From equation 2-15, a nonzero linear term in 8 can be observe, indicating

that § depends on the direction of propagation. The sign in the linear term of 8

changes for opposite directions of propagation, thus leading to different

propagation constants between forward (ﬁfw) and backward (8,,,) modes.

M@MO layer &

2 Guiding Layer &,

Figure 2-5. Schematic of a three-layer slab waveguide with MO garnet as cladding layer. The
light wave propagates along the z axis, while the external magnetic field is applied along the
y axis.
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The difference between the forward (and the backward propagation
constant AB = Br, — Bpw is the nonreciprocal phase shift. In order to get
constructive or destructive interference, a 0°/360 or 180° phase difference is
required, respectively. The lengths needed for 360°(L,) or 180°(L,) phase

differences are:

21T _2m

Ll - ,Bfw_ﬁbw h E (2-16)
LZ - ﬁfw_ﬁbw - E (2-17)

In order to calculate AB, O. Zhuromskyy et al. [108] have derived the phase
shifts for TE modes in media with magnetic field applied along the x axis, and TM
modes in media with magnetic field applied along the y axis. If the external
magnetic field is perpendicular to the direction of light propagation (i.e. along

the x or y axis), then the permittivity e becomes:

Exx 0 igxz
€= 0 Eyy L&y, (2-18)

—l&x, —l&; &

The TE and TM modes of the waveguide, as presented in Figure 2-1, are

represented by their electric and magnetic fields, respectively[107]:

TE: E = [0, E, (x), 0]exp[i(wt — frgz)] (2-19)[107]
And
TM: H = [O,H (x),O]exp[i(wt — Brmz)] (2-20)[107]

Where w denotes the angular frequency and g denotes the mode propagation
constant.

The shift §8 in one direction due to gyrotropy can be expressed as[108]:

_ [ E*AeEdxdy
O = wé [T[ExH +BxH] dxdy

(2-21)[108]
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where g, is the permittivity in absence of perturbation, A¢ indicates the part of
the permittivity tensor representing gyrotropy, and the difference between
forward and backward propagation constants is given by Af = 26f3. The light
propagating in opposite directions can be modelled by opposite signs of off-
diagonal elements &,,, ¢, and &,,,.

The applied magnetic field affects those components of the electric field
which are perpendicular to the magnetic field, but will not affect the components
of the electric field which are parallel to the magnetic field. TE modes have an
electric field component along the y axis and TM modes have an electric field
component along the x axis, since we are considering light propagation along the
Z axis, see Fig. 2.1. Thus, when the magnetisation is along the x axis, only TE

modes are affected and their phase shift is:

wEeE
8Bre = son [f £y,Ey 0, E dxdy (2-22)[108]

where N = %ff[ﬁ x H* + E* X ﬁ]zdxdy, &yz = 200 /ko
Whereas when the magnetization is along the y axis, only TM modes are

affected and the corresponding phase shift is given by:

8By = — LI ([ 221 5 H,dxdy (2-23)[108]

wegN 7Y np*

1 - =2 = — 20rm
where N = Eff[E x H* + E* x H]dedy, Exg = % No? = &xx = Eyy = &4,

Combining equations 2-22 and 2-23 with the fact that A =268, and also
exploiting equations 2-16 and 2-17, the lengths L; and L, needed for constructive

or destructive interference (360°or 180° phase difference) can be derived.

2.2 Magneto-optic Materials

Since the discovery of Magneto-Optics and of the various Magneto-optic
Effects (Faraday Effect, Magneto-Optic Kerr Effect, Cotton-Mouton Effect,

Zeeman Effect to list but a few) in the nineteenth century, various MO materials
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have been researched and developed. Magneto-optics finds application most
prominently for optical isolators and Magneto-optical memories, where the binary
information is stored/erased in the magnetic domains taking advantage of MOKE
and of the difference in magnetisation and coercivity below and above their Curie
temperature. Generally, magneto-optical materials have been divided into three
categories: (a) Magneto-optical storage materials; (b) Magneto-optical
semiconductors; (c) Antiferromagnets[119].

Magneto-optical storage materials are used for magneto-optical recording.
Initially, MnBi was the material of choice, given its large MOKE signal. Its
polycrystalline structure, however, meant high media noise. Later, the amorphous
RE-TM (rare earth - transition metal, RE = Tb, Gd and TM = Fe, Co) alloys replaced
MnBi as magneto-optical memory materials due to their large MOKE signal together
with extremely low media noise; examples of RE-TM alloys are TbFeCo films[119].

Magneto-optical semiconductors have been classified under three
categories: (a) ‘magnetic insulators’; (b) semimagnetic semiconductors (SMS, or
diluted magnetic semiconductors, DMS) and (c) ferromagnetic semiconductors.
The denomination ‘magnetic insulators’ denotes ‘large gap magnetic
semiconductors’, and it includes all magnetic ionic crystals that can be applied in
optical isolators.

Among all the ‘magnetic insulators’, cubic garnets stand out for two
reasons: their large Faraday rotation coefficient (and related Verdet constants),
and their low loss in the infrared window[97][112][119][120]. Remaining magnetic
insulating materials include magneto-optical glasses (oxides and fluorides such as
FeF; and MnO, that contain large concentrations of ions like Ce3*, Pr3*, Eu?*, Tb3*,
etc. [121]).

The semimagnetic semiconductors (SMS) are II-VI semiconductors where
nearly half of the host semiconductor material has been substituted by transition
ions of magnetic semiconductors. Usually they have strong field-induced
magnetism and large Verdet constants, and MOKE rotation has been observed at
UV wavelengths. Finally, a IlI-V ferromagnetic semiconductor, Gai.xMnxAs, has
attracted research attention for its picosecond spin dynamics of photoinduced spin
polarisation, which can be employed in ultrafast magnetic devices [119]. For the
antiferromagnets (oxides, fluorides and chlorides of the transition metals like NiO,
FeF2, NiCly, Fe1.xZnxF2), magnetic linear birefringence (MLB) has found applications

in spin electronics, magnetoelectric and multiferroic systems. Furthermore, MLB
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is excellent in determining the specific heat ¢, of optically transparent

materials[119].

2.3 Magneto-optical Garnets

Rare earth iron garnets (REIG), an elemental unit of which has chemical
formula ResFesOq;, are typical and popular ferrimagnetic Faraday rotation
materials for their transparency in the infrared window (from 1.5 to 5 pm) which
is coupled with a high Faraday rotation coefficient [97][112][120][121]. The figure
of merit (FOM) for garnet films is the ratio of Faraday rotation per unit
attenuation, i.e. degrees/decibel (dB)[122]. The FOM of YIG was found to be 800
deg/dB with 6, of 240 deg/cm and a of approximately 0.3 dB/cm at a wavelength
of 1200 nm, with doped YIG yielding even higher FOM [97]. Other MO materials
with large Faraday rotation coefficient also have high light absorption at the
wavelengths of interest, e.g. ferromagnetic metals and alloys. Fe thin films and
Fe-Ni permalloys have FOMs of less than 1 deg/dB[97] or they have much lower
Faraday rotation coefficient[97][121].

REIG ResFes0O12 gets the name from natural garnet (M2*)3(M3*)2(Si**)3012,
where M2* can be Ca and M3* can be Al, as they two share the same complex crystal
structure. The rare earth ion Re3* can be a non-magnetic ions (like Y3*) or a
magnetic ion (like Bi3*, Ce3*[120], and Tb3*[123] ). Moreover, the Fe3* ion can be
partially substituted, which enables REIGs to accommodate elements from half of
the periodic table. The key parameters used to characterise garnet films include
optical absorption, temperature and wavelength dependence of Faraday rotation
coefficient, refractive index, optical birefringence and lattice constants[120].
Different doping and substitutions will change the properties of the garnet film.
By properly tailoring the composition of the garnet film, films with the desired
properties can be grown by various techniques, like Liquid Phase Epitaxy (LPE),
sputtering, chemical vapour deposition, sol gel and Pulsed laser deposition (PLD)
[112]. The composition of the film can be changed to match the lattice constant

of the garnet films to that of the substrate surfaces, in order to reduce strain.
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2.3.1 Basics of Magneto-optic Garnets

The crystal structure of a garnet is a twisted form of the body centred cubic
crystal structure, and results from the distortion of the dodecahedron cube[124]
inside the structure frame. The chemical formula of garnets is 3Re;03-5Fe;0s.
There are 8 units of ResFes012 composing each unit cell. Re stands for the trivalent
rare earth such as non-magnetic yttrium or a magnetic rare earth such as
lanthanum through ytterbium[125]. All rare earth cations in garnets are trivalent,
which means there will not be any divalent ion of iron in garnets, and all iron will
be trivalent. There are in total 160 ions in each unit cell, arranged by 24 Fe3*
taking the position of an octahedral site (a Fe3* ion surrounded by six 0% ions), 16
Fe3* taking the position of a tetrahedral site (with the Fe3* ion surrounded by 4 0%
ions), 24 Re3* taking the position of a 12-sided polyhedral-dodecahedral site (with
Fe3* surrounded by 8 0%), and finally 96 O%.

Figure 2-6 displays two possible presentations of a unit cell [30]. The top
right section of the figure shows the location of all cation ions within the cubic
structure, while the bottom left highlights their connections with the 0% ions. The
lattice constant of the garnet unit is 12-13 A°, while that of Si is approximately 5
A°, meaning there is a strong mismatch between the two materials. Post-
deposition rapid thermal annealing (RTA) is thus needed in order to achieve

crystallisation whilst overcoming lattice mismatch.
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Figure 2-6. Two possible presentations of a unit cell, showing both the location of all the
cations within the cubic structure (top right), and their bonds with O2- ions (bottom left).

The octahedral sites Fe3* and the tetrahedral sites Fe3* have an anti-parallel
magnetic coupling, with a net magnetic moment of one Fe3* ion from octahedral
sites. The direction of the dodecahedral site Re3* can be either way, depending
on the specific ion. So the net magnetisation M.(T) of the garnet can be given
by[120]:

Ms(T) = |Ma(T) = Mo(T) £ M (T) (2-24)

Where M,(T), M,(T), and M.(T) are the temperature-dependent sub-lattice
magnetisations of the tetrahedral, octahedral and dodecahedral sub-lattices,
respectively.

Conventionally, the magnetisation of the material is thought of as being
only positive, so the absolute value is used. The saturated magnetisation of the
material is 4mMs (Gauss). A particular temperature called Compensation Point (T¢)
exists, for which the sum of the sub-lattice magnetisations is zero. The reason is

the temperature dependency of the sub-lattice magnetisations of the three sites,
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together with the fact that under the same applied field the sub-lattice
magnetisation switches direction below and above the compensation point.

However, the net magnetisation/saturation magnetisation remains in the
same direction as that of the external magnetic field while the Faraday rotation
changes sign below and above the compensation point. The process of how the
sub-lattice magnetisation switches direction below and above the compensation
temperature is shown in Figure 2-7.

The Faraday rotation coefficient 6r (T,A) can be calculated by[120]:
Op(T, 1) = C(DMc(T) + A(D)My(T) + D(A)My(T) (2-25)

O (T,A) is the sum of the Faraday rotation coefficient of each site and is a
function of wavelength and temperature, while it can be clearly seen that it is
independent of the size of the magnetic field. Attention needs to be paid to the
fact that the compensation point represents the temperature at which the Faraday
rotation changes its sigh from negative to positive (for increasing temperature),
but it does not mean that the Faraday rotation will be zero (only the magnetisation
will be) [30].

Below Compensation Temperature

‘ IH 1]

M M Md s
Applied Above Compensation Temperature
Field +

o b

Mc Ma Md Ms eF

Figure 2-7. Schematic illustrating the change of direction in the sub-lattice magnetisation
below and above compensation temperature.
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2.3.2 Radio Frequency Sputtering Deposition

Various techniques, including Liquid Phase Epitaxy (LPE), sputtering,
chemical vapour deposition, sol gel, and Pulsed laser deposition (PLD) [112] can
be used to grow garnet films. Traditionally, garnet films are grown on lattice-
matched GGG(Gadolinium gallium garnet, Gds3GasOs;) substrate by the LPE
method. This process requires the use of lead (Pb) which then ends up in the film
as an impurity and leads to an increase in the optical absorption of the film [126].

In this project, our collaborators, Prof. Bethanie Stadler’s group from
University of Minnesota, adopted a Pb-free RF(radio-frequency) multi-target
sputtering method to prepare garnet thin films of various compositions on a
semiconductor platform[127]. As targets made of different materials can be used
for deposition of different garnet films while the sputtering condition is kept
constant, RF sputtering has an improved deposition rate and offers accurate
control of the stoichiometry of the film, thus helping to produce garnet thin films
of very good quality.

After extensive research, our collaborators have succeeded in producing
different substitutions of high quality garnet films with large Faraday rotation
coefficients. All the MO films used in this project were provided by the University
of Minnesota, that deposited the films and carried out initial characterisation. The
garnets used for this work include Ce-YIG (Cerium Yttrium Iron Garnet, n=2.22 at
1550 nm) films on YIG (Yttrium Iron Garnet,+200°/cm at room temperature, n=2.1
at 1550 nm[127]) seedlayers showing a Faraday rotation of -3700 °/cm, Bi-YIG
(Bismuth Yttrium Iron Garnet) films[128] on YIG (Yttrium Iron Garnet) seedlayers
showing a Faraday rotation of -1700 °/cm, Ce-YIG (Cerium Yttrium Iron Garnet)
films on MgO (Magnesium oxide) buffer layer[129], Ce-TIG(Cerium Terbium Iron
Garnet, n=2.3 at 1550 nm) film with -2600 °/cm, TIG(Terbium Iron Garnet, n=2.3
at 1550 nm) films with +500 °/cm and Bi-TIG(Bismuth Terbium Iron Garnet, n=2.3
at 1550 nm) with -500 °/cm[123].

The sputtering deposition of TIG(Terbium Iron Garnet) film will be used as
an example to explain the deposition process, but obviously the numerical

quantitieswill vary depending on the specific garnet material and composition.
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The garnets were deposited in Minnesota on pre-masked samples prepared in
Glasgow JWNC, using RF sputtering with an argon plasma and 20.4 sccm Ar flow.
The Fe target was sputtered at 220 w of RF power and the Y and Tb (or Re) targets
were sputtered at 120 w. A 2.0 standard cubic centimeters (sccm) oxygen flow
was also perfomed during depositon, and the chamber pressure was kept at 6.0
mTorr. During the process, the Ar* ions bombard the Fe/Re targets ejecting
Fe3*/Re3* from the targets, with the ejected ions then travelling to the sample
substrate, building up a thin film. The structure of the deposition chamber and

the process is shown in Figure 2-7.
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Figure 2-8. Schematic showing the structure of the deposition chamber and the deposition
process.

2.3.3 Characterisation of the garnet thin film

All deposition, sputtering optimisation, and characterisation of the garnet
film itself were carried out by our collaborators, Professor Bethanie Stadler’s
group from University of Minnesota, so all the deposition parameters and
characterisation results discussed in this chapter have been gently provided by
them. The properties of the iron garnet film that matter for the application sought
are the chemical stoichiometry, crystallinity, refractive index, magnetic
properties (e.g. saturation magnetisation and saturation magnetic field), and the
Faraday rotation coefficient. Targeted measurement methods were adopted for
each individual property[38].

The chemical stoichiometry is related to optical absorption and

crystallinity. A lack of stoichiometry in the garnet is the main cause of optical
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absorption within the 1310 nm and 1550 nm telecommunication bands[120]. The
correct stoichiometry should have Fe3* in the garnet, while Fe** and Fe?* ions cause
strong absorption in both the visible and the infrared wavelength range. Also, only
garnets films with the right stoichiometry can exhibit perfect crystallinity, and
this in turn explains why amorphous non-crystallised garnet films have larger
optical propagation losses than crystallised films.

A scanning electron microscope (SEM) equipped with energy dispersive X-
ray spectroscopy analysis is normally used to obtain the chemical composition of
the garnet films, while information on crystal structure and crystallinity are
obtained through standard 6-26 X-ray diffraction (XRD) methods. XRD, however,
lacks the spatial resolution needed for accurate analysis of the morphology of the
film, and also it requires the film under test to be densely packed with a smooth
flat surface. Moreover, the size of garnet film also needs to be in the order of few
hundred of microns, as the smallest beam spot size of a standard commercially
available XRD tool is 100 pym.

The XRD method is therefore mainly used on wafer-scale specimens with
smooth surface. Our collaborators use XRD during a trial sputtering run on an
unpatterned wafer, to check the crystallinity of the thin film deposited before the
actual deposition on a patterned sample. XRD can also be used on samples with
dense patterns: the data will in this case be provided by the so-called
polycrystalline powder diffraction, rather than by single-crystal diffraction.

Another measuring method is the Electron Backscattered Diffraction (EBSD)
system, which can be added as an accessory in a SEM and has a lateral spatial
resolution from 0.1 to 0.01 pm, which is two orders of magnitude higher than that
of the XRD methods[130]. ESBD methods are used for smaller patterns and precise
phase examination, such as crystal orientation, crystallinity percentage, and
phase boundary.

In order to get the refractive index at a wavelength of 1550 nm (relevant
to our application) a visible/near infrared spectrometer is used to measure the
optical transmission spectra of the film. Magnetic properties, like saturation
magnetisation and saturation magnetic field, are measured using a vibrating
sample magnetometer (VSM) and the Faraday rotation coefficient is obtained using
a dedicated measurement rig which detects a net signal difference resulting from

the Faraday rotation in presence of a magnetic field.
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In this work an SEM equipped with different detector systems is used to
analyse both chemical composition and crystallography. Based on the differences
in interaction depth between the electron beam and the specimen, and on the
energy carried by the excited signal, the detected elements usually employed in
the analysis are: Auger electrons, Secondary electrons (SE), Backscattered
electrons (BSE), Characteristic x-rays and X-ray continuum (see Figure 2-9)[131].

Auger electrons usually occur at a few nm depth, SEs usually occur at 1-
10nm depth, while BSEs occur at 10 nm-1000 nm depth[132]. Auger electrons, SEs
and BSEs all result from elastic scattering, where there is only a change in
trajectory between the scattered electron and the incident electron, with nearly
no energy loss. Characteristic X-rays and X-ray continuum instead derives from
inelastic interactions with energy transfer taking place from the incident electrons
to the atoms of the sample.

Therefore, the electrons emitted from just beneath the surface can be used
to get the topography of the surface, while the electrons excited from deeper,
and carrying a characteristic energy of the atoms of the film, can be used for
chemical composition analysis. In our application, SEs and BSEs can be used for
normal SEM imaging; BSEs can be used together with the EBSD system for
crystallographic analysis, and Characteristic X-ray can be used in energy dispersive

X-ray diffraction (EDX) analysis to provide the chemical composition information.
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Figure 2-9.Describes that in the SEM chamber different forms of signals are emitted based on
the differences in interaction depth between the electron beam and the specimen and the
energy the excited signal carries.

2.3.3.1 Crystallographic analysis - XRD and EBSD

Through XRD (6-20 X-ray diffraction) and EBSD (Electron Backscattered
Diffraction), the two important crystallographic research tools, one can identify
the atomic/molecular structure, the mean positions of the atoms and their
chemical bonds, their disorder, crystallography, crystallographic orientation,
crystal systems, orientation mapping, defect studies, phase identification, and
grain boundary. In this work, only the crystallinity and the crystalline percentage
of the garnet film are the properties of primary concern. Nowadays, all
commercial XRD and EBSD tools are highly automated, so that they can collect the
information from the specimen and automatically analyse the collected data by
comparing them with a database to work out all the crystallographic information
about the specimen.

Both methods are based on Bragg’s diffraction law (see Figure 2-10), stating
that the difference between the distances travelled by two beams that interfere

constructively is an integer multiple of the wavelength:
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2d sin @ = nl (2-26)

where a beam of X-ray radiation (in the XRD case) or electrons (in the EBSD case)
is incident on a periodic crystal structure and the emitted signals satisfy the Bragg
condition to produce a constructive interference. At last, the total effect of all
constructive interferences will contribute to the XRD spectra, that will have peaks

of different intensities in preferred lattice planes.
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Figure 2-10. lllustration of Bragg’s condition, where the difference between the distances
travelled by two beams that interfere constructively is an integer multiple of the wavelength,
2d sin 8 = nA.

As previously discussed, there are limitations to the spatial resolution of
XRD, and XRD is used in research for garnet thin films deposited on a whole wafer.
Since XRD is a relatively simple-operation tool, it’s useful to quickly check the
crystallinity of the garnet thin film during the sputtering optimisation and
development process. The XRD spectra of Bi:YIG and Ce:YIG layers grown with or
without a seed layer is shown in Figure 2-11 (a) and (b), respectively[128]. The
figures show the polycrystalline garnet crystal phase having three major peaks at
orientations (400),(420),(422) and two minor peaks oriented in plane (521) and
(532), agreeing with the XRD spectrum of garnet in database.
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Figure 2-11. XRD spectra of: (a) Bi:YIG layers grown with or without seed layer; (b) Ce:YIG
layers grown with or without seed layer[35].

As the garnet film on top of the samples used in this work is patterned in
pm-scale segments and is also polycrystalline, XRD is less useful. As such, EBSD
(Electron Backscattered Diffraction) with its much higher resolution is used to
check the crystallographic orientation and also the crystal orientation mapping,
necessary to work out the crystalline percentage. Differently from standard SEM
imaging where the incident beam is perpendicular to the surface of the specimen,
the stage carrying the specimen is tilted by approximately 70°[132], so that the
angle between the incident electron beam and the surface of the specimen is
approximately 20°in order to increase the intensity of the backscattered electron
signal (see Figure 2-11)[133][134]. When the specimen is tilted, the incident beam
approaches the surface at a small angle, increasing the chance of electrons
escaping from the surface and thus maximising the intensity of the EBSD pattern,

which is depicted in Figure 2-12[134].

Figure 2-12. Schematic showing how the chance of electrons escaping from the surface
increases by tilting the specimen.
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The biggest characteristic of the EBSD pattern is the Kikuchi bands. When
the electron beam enters the tilted specimen, it is first diffused underneath the
surface and then inelastically scattered in all directions, including the ones
satisfying Bragg’s condition which can escape the surface. As the diffraction is in
all directions, the electrons that satisfy Bragg’s condition are emitted out of the
surface at the Bragg angle 0g in all directions, which makes the locus of the
diffracted trace the surface of a cone with its normal to the reflecting atomic
planes with half-apex angle as 90 - 0s. A typical Bragg angle of approximately
0.5°[133] is obtained by substituting typical values of electron wavelength and
lattice inter-planar spacing in Bragg’s law equation, which makes the cone almost
flat. The diffraction occurs at both the front and the back of the atomic planes,
so that two cones are observed from each atomic plane. When the two cones
extend to intercept the phosphor screen of the EBSD detector, a pair of nearly
straight lines with an angular width of 20 is imaged, called Kikuchi lines or bands.

Knowing the angular width of the Kikuchi lines, the inter-planar spacing can
be calculated. Each lattice plane has a pair of corresponding Kikuchi lines with
specific orientation and angular width imaged on the screen. Some of the Kikuchi
bands intersect, where the intersection corresponds to a zone axis of the garnet
structure. Thus, the EBSD Kikuchi pattern reflects both the inter-planar and inter-
zonal information. When an EBSD Kikuchi pattern is gained from the specimen, an
automated indexing is performed by the software and the specific material and
structure can be identified by comparing the collected EBSD pattern with

thousands in the database.
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Figure 2-13. lllustration of the EBSD Kikuchi pattern formation.

Figure 2-13 shows the indexed and matched EBSD Kikuchi pattern of Ce-YIG
on 5 nm MgO annealed at 750 DegC in 120 mBar O, atmosphere. Figure 2-13(a)
shows a good match with the EBSD pattern of garnet saved in the database, while
Figure 2-13(b) shows the EBSD pattern from silicon. Also by carrying out a
crystallography mapping, the garnet turns out to be partially crystallised.
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(@)

Figure 2-14. EBSP patterns of: (a) garnet, with the blue lines outlining the crystalline structure
which agrees with that in the database; (b) Si, with the red lines outlining the crystalline
structure which agrees with that in the database

2.3.3.2 Hysteresis Curve and Faraday rotation Coefficient Measurement

The magnetic properties of the garnet film are measured using the
traditional Vibrating Sample Magnetometre (VSM), where the sample is placed
inside a strong uniform magnetic field and vibrated up and down and the magnetic
moment of the garnet film is measured using “pick-up” coils placed above the
vibrating sample and orientated perpendicular to the applied field. The field from
the sample is then dected and converted to an electrical signal to be collected in
a lock-in amplifier and then analysed and converted back to corresponding
magnetic expressions. By varing the magnitude and direction of applied magnetic
field, a characteristic hysteresis curve of the material can be obtained.

Figure 2-14 shows the VSM hysteresis curves (normalised) of Ce-TIG [123],
where the saturation magnetisation (ms), remnant magnetisation (mys), coercivity
(h¢), and magnetic field needed to saturate the film (hs) are visibly presented.
Here, coercivity (hc) is the intensity of the magnetic field required to reduce the
magnetization of that material to zero after the magnetic saturation of the
sample. Therefore, when the sample needs to be magnetized in the opposite
direction, the magnetic field needs to be larger than hc In our optical
characterisation process, samples are saturated in opposite directions and
measured separately. In order to get the sample with Ce-TIG on top, the magnetic
field needs to be larger than hs around 3000 Oe. Here we use a permanent magnet,
which can provide around 1200 Oe, to magnetize the sample. After being

magnetized in one direction, the sample is taken away from the permanent
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magnet for measurement, so that remnant magnetization (m) is used in the

measurement process.

CeTlG VSM

—In plane
—Normal to plane

h
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Figure 2-15. VSM hysteresis curve of Ce-TIG. A 1.5k Oe-2k Oe magnetic field is needed to
saturate all these garnets.

The Faraday rotation coefficient is measured by using the measurement rig
shown in Figure 2-15 [38]. First, a linearly polarized and collimated beam from
the laser source passes through a halfwave plate, rotating at 45°, where the
amplitude of the TE and TM modes (conventionally, p and s orthogonally polarised
beams in free space) are the same, and the beam is then modulated to reference
frequency by the chopper. Then, it passes through the sample and is split into TE
and TM modes using a polarizing beamsplitter. A pair of magnets are set at the
sides of the sample where an external magnetic field parallel to the light
propagation direction can be applied. When there is no magnetic field, no Faraday
rotation occurs when light passes through the unmagnetised sample, and there is
no difference in the signal strength between the TE and TM modes, unless there

is remnant magnetisation present. Therefore, a net signal difference resulting
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from the Faraday rotation is detected when the sample is in the presence of a
magnetic field, from which the Faraday rotation can be calculated.

The Faraday rotation coefficient of the material adopted in this project,
measured at a working wavelength of 1550 nm at room temperature, is YIG (200
deg/cm, n=2.1[127]), Bi-TIG (-500 deg/cm, n=2.3 [123]), TIG (500 deg/cm, n=2.3
[123]), Ce-YIG on YIG (-3700 deg/cm, n=2.22 [128]), Ce-TIG (-2600 deg/cm, n=2.3
[123]).

Halfwave Sample N
Plate p Polarizing
Laser Chopper Beamsplitter
H l x & '? -
77,,,ﬂInGaAs
hﬂagnet Detectors
Lock-in Recorder

Amplifien

Figure 2-16. Faraday rotation coefficient measurement rig.
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3 Chapter 3—Simulation and Design of
Nonreciprocal Polarisation Mode Converter

3.1 Introduction

In order to avoid the mis-match in thermal expansion between the MO
(magneto-optical garnet (10.4 ppm/°C, ppm means parts-per-million, 10°¢) and Si
(2.33 ppm/°C) [135] substrate during the annealing process that is necessary to
crystalize garnet, small micron-scale widths of garnet island segments are used
[136]. For garnet-segmented cladding on Si waveguides, there are two ways
leading to it: one is to deposit whole garnet layers on Si and then getting it re-
masked by spinning HSQ, PMMA, or photoresist and patterned through e-beam
lithography or photolithography, and then to use phosphoric acid to etch down to
get garnet islands. The other is to use the lift-off process to get the garnet islands
mask, and then deposit garnet on the sample; after lift-off, no etch process is
needed, and we can get garnet islands.

Dr. Barry Holmes initially tried the first method on IlI-V (GaAs) (however,
the GaAs etched quicker than the garnet), and Sang-Yeob Sung et al. [135] tried
wet etching on a Si substrate, which led to non-vertical sidewalls and rough edges.
Therefore, Dr. Holmes pioneered the second method on IlI-V wafers - the lift-off
process - which was adopted here to obtain garnet segments on SOI [89].

Simulation of both the NR-PMC part and R-PMC part is run in MATLAB®. The
simulation of the NR-PMC section is conducted in WGMODES®, which is a MATLAB®-
based full-vector finite difference discretization mode-solver package, and is used
to calculate the electromagnetic modes of optical waveguides with transverse,
non-diagonal, anisotropy based on transverse magnetic field components
developed by Thomas E. Murphy from the University of Maryland [137]. Meanwhile,
the simulation of the R-PMC part was also carried out in a MATLAB® program.

The incorporation of the xy off-diagonal elements in the permittivity tensor
allows us to model the magneto-optical Faraday effect when applying a

longitudinal magnetic field. Magneto-optical Faraday Rotation in MO cladding
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modifies the guided modes in waveguides that are related to the off-diagonal
elements of the permittivity tensor, which was discussed in detail in Chapter 2,
and results in a significant Stokes parameter S3component. The bigger the Faraday
coefficient, the bigger the absolute value of the S; Stokes parameter, the shorter

the device required for the same rotation degree [138].

3.1.1 Stokes Parameters and Poincare Sphere

Figure 3-1. The rotation degree/azimuth () and the ellipticity angle (x of a normal elliptically
polarized lightwave in an x-y coordinate system.

Stokes parameters (S, Sy Sz, S3) [139]-[141] are a set of values used to

describe the polarization state of electromagnetic waves. They can reflect the
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total intensity (/), the rotation degree/azimuth (y), and the ellipticity angle (y)
of a normal elliptically polarized lightwave, as seen in Figure 3-1. The relationship

of the four Stokes parameters is shown in the equations below:

So=1 (3-1)
S, =1Ipcos2ycos2y (3-2)
S, = Ipsin 2y cos 2y (3-3)
S3 =Ipsin2y (3-4)

S, describes the total intensity of the optical beam, which is usually
normalized as unit 1. As shown in Figure 3-2, S, describes the preponderance of
LHP (linearly horizontal polarized) light, of which the Stokes parameters are (1,
0, 0) over LVP (linearly vertical polarized) light, of which the Stokes parameters
are (-1, 0, 0). S, describes the preponderance of L+45°P (+45° linearly polarized)
light, of which the Stokes parameters are (0,1,0) over L-45°P (-45° linearly
polarized) light, of which the Stokes parameters are (0, -1, 0). S; describes the
preponderance of RCP (right circularly polarized) light, of which the Stokes
parameters are (0, 0, 1) over LCP (left circularly polarized) light, of which the
Stokes parameters are (0, 0, -1). Thus, the S; parameter is an indication of the
gyromagnetic effect. The Faraday rotation effect is a kind of gyromagnetic effect.
The absolute value of the S; parameter is used in the simulation in this chapter as
an indication of the magnitude of magneto-optical Faraday rotation. The bigger
the Faraday coefficient of the magneto-optical garnet material, the bigger the
absolute value of the S3 Stokes parameter, the shorter the device required for the

same rotation degree [138].

The Poincaré sphere [142] (Figure 3-2) is a sphere used to

visualise (5,5, S5). Then, for polarised light with a given power I, there is:

[=S$, (3-5)
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f512+s 24552
=3 =7 (3-6)

So
2 = tan—lj—z O0O<y<m) (3-7)
1
2y =tant—— (-Z=<y<% (3-8)
S12+5,°2 4 4

Where p denotes the degree of polarisation of the lightwave.

Each point on the Poincaré sphere represents a specific polarisation state.
Points on the equator stand for all orientations of linearly-polarized light; the
north and south poles stand for right and left circular polarization, respectively.
All other points on the sphere represent elliptically polarised states, with
ellipticity increasing with the distance from the equator. Two diametrically
opposite points on the Poincare sphere represent two orthogonal modes, such as
the TE mode and TM, shown in Figure 3-2, with the axis through them
corresponding to the optic axis [138]. The Stokes vector angle of the two
orthogonal modes is m. The Stokes Vector (51,32,33) angle between opposite
directions of magnetization is used to indicate the magnitude of Faraday rotation
of the device in the optical characterisation process, detailed in Chapter 5. An
angle of m indicates that the two modes are orthogonal to each other while
magnetized in opposite directions, and total isolation can be achieved combined

with appropriate waveplate and polarisers.
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Figure 3-2. The Poincaré sphereis asphere used to visualise (S1, Sz, Ss). Points on the equator
stand for all orientations of linearly polarized light; the north and south poles stand for right
and left circular polarization, respectively. All other points on the sphere represent elliptically
polarised states, with ellipticity increasing with the distance from the equator.

As an excellent way to visualize the polarised light, and also to describe
the trace of the change of the polarisation of the light, the Poincaré sphere has
been widely used [138][143][144] to show the changes in the state of polarised
light.

3.1.2 Simulation Methods

In order to compute the electromagnetic modes of waveguides, finite
element methods, mode-matching techniques, the Eigen-mode expansion (EME)

method, mode-solving techniques, the beam propagation method (BPM), the
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method of lines, the finite-difference time domain (FDTD) method, and finite
difference methods are commonly used [145]. Among them, the Eigen-mode
expansion method/mode-solving techniques, the beam propagation method, and
the finite-difference time domain method are the most popularly integrated and
commercialized in software like Rsoft™ BeamPROP™ (BPM), FUllWAVE™ (FDTD),
ModePROP™ (EME), Lumerical® FDTD, and Lumerical®ModeSolutions (EME, FDTD).

Since the beam propagation method relies on the slowly varying envelope
approximation, it is not accurate for devices with high refractive-index contrast,
like silicon photonics (5i:3.48, Si02:1.44 at A=1550 nm) [146]. To use FDTD,
however, the entire computational domain must be gridded sufficiently, and very
large computational domains can be developed, requiring large PC storage and
extremely long computational hours [145]. For other methods, they either ignore
the material’s anisotropy, or they require the off-diagonal elements to be very
small compared to the diagonal elements.

WGMODES® is a full-vector finite difference discretization mode-solver
package based in MATLAB®, and is used to calculate the electromagnetic modes of
optical waveguides with transverse, non-diagonal, anisotropy based on the
transverse magnetic field components developed by Thomas E. Murphy from the
University of Maryland [137].

Here, in our case, in order to calculate the basic modes properties (modes
guiding, effective refractive index, half-beat length), as well as incorporate the
off-diagonal elements in the permittivity tensor to model the Faraday effect in
the longitudinal approach in an asymmetric magneto-optical waveguide, the
WGMODES® package [137] run in MATLAB® turns out to be the simplest and

quickest method. Each simulation only takes around 1-2 minutes, even on a
computer with an Intel® core™ i3 processor.

Through simulation, the range of the half-beat lengths and the optimum
width of the waveguides were obtained. Based upon the results from the
simulation, a lift-off mask for e-beam lithography was designed and optimised.
Here, all simulations were done at a wavelength of 1550 nm, at which the fibres
have the lowest attenuation over all wavelengths, so the device we designed is

also intended to work at 1550 nm.
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3.2 Faraday Rotation Effect Simulation

A software package called WGMODES®, written as MATLAB® scripts by the
University of Maryland run in MATLAB®, was utilized for the simulation to get the
optimum range of the half-beat length, the width of the waveguides, and also the
effect of different thicknesses of seed/buffer layers on S; Stokes parameters (the
Faraday rotation effect). In order to mitigate the asymmetry in the waveguide
(where any slight misalignment of the garnet islands creates an anisotropic
waveguide cross section - leading to reciprocal rotation effects), a layer of SixNy,
with a similar refractive index to garnet, is coated on the sample before applying
HSQ on top to make waveguides (Figure 3-3). Therefore, there are two layer
structures: SixNy-Garnet-SOI and SixNy-SOI (Figure 3-4). The model we used is based
on the SOl wafer we are going to use in fabrication: a 500 nm-thick Si layer on a 3
pum-thick SiO2 lower cladding layer on an Si substrate. When making waveguides

in the 500 nm Si core layer, all 500 nm Si is etched down to the SiO; layer.

n=20272
n=3.48
n=1.46

Non-MO(SixN
MO(Iron Garnet)

Core(Si
SiO,

Si

Figure 3-3. The Si core is cladded by garnet segments alternating with SixNy segments.
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Figure 3-4. a) A cross-sectional profile of the Si Waveguide on SiO, with garnet segment
claddings capped in SixNy; b) A cross-sectional profile of the Si Waveguide on SiO; with
SixNy capped on top.

Although various magneto-optical materials were researched throughout
the project: TIG (Terbium Iron garnet), Bi-TIG (Bismuth Terbium Iron garnet), Ce-
YIG (Cerium Yttrium Iron garnet) on MgO (Magnesium Oxide), and Ce-TIG (Cerium
Terbium Iron garnet), the refractive index of the four are much alike at 1550 nm
(n(Ce-YIG)=2.22, n(YIG)=2.2, n(T1G)=2.1)), and there is nearly no difference in the
results of the simulations done to obtain the half-beat lengths of the materials.
Hence, a refractive index of 2.2 is used in all simulations (for a wavelength of 1.55
pgm).

Of all the garnets, Ce-TIG is very promising since it has a very large Faraday
coefficient and, more importantly, does not need any seed layer or buffer layer
[123], unlike Ce-YIG - the only other garnet with such a comparatively large
magneto-optical effect at 1550 nm. Multi-mode waveguides result in a conversion
between the TE-polarised component and TM-polarised component of different
orders. Consequently, here, only the fundamental modes were considered and
studied, where mode conversion only happens between the two fundamental
modes, which, thus, simplifies both the research and analysis process. Therefore,
single mode waveguides were required. Conditions for cut-off and multi-mode

behaviour were first obtained by judging from the effective refractive index of



58
Chapter 3 - Simulation and Design of Nonreciprocal Polarisation Mode Converter

the mode. Only those with the effective refractive index n ranging between 1.44
(5i02) and 3.48 (Si) were guided.

Based on previous measurement experience of garnet-clad waveguides on
a 500 nm-thick SOI platform, waveguides with a width less than 500 nm will not
be able to guide any light at a working wavelength of 1550 nm as a result of high
propagation loss, even though the simulation results show that all fundamental,
15t order, and 2™ order modes are guided in 500 nm wide waveguides. This is
believed to be due to stress induced from both the deposited SixNy layer and the
garnet layer, or the large scattering loss resulting from the rough interface
between the garnet layer and the Si substrate layer, or the absorption loss from
the non-crystallized MO garnet material that is partially crystallized [79].

The reason that a thick core of SOI (340 nm, 400 nm, 500 nm) was used
here, in spite of the unavoidable multi-mode behaviour, is that the higher order
modes are more lossy than the fundamental modes, and also need thick cores to
realise either the L-shaped design or RIE trench design to achieve reciprocal mode
conversion sections. As such, it was decided to continue using a thick core SOI,
even whilst being multi-moded, in order to prove the concept of the Faraday
Rotation Effect from the garnet-cladding layer. Widths ranging from 500 nm-1000
nm were chosen to get the half-beat length of garnet on SOI for the reason
mentioned above, and confirmed using a mode-solver in MATLAB®.

Later, a 220 nm core SOI was also used to test the effect of the thickness
of the core on the interaction between the evanescent guided wave and the garnet
layer, thus testing the effect on the Faraday rotation. For both the SixNy-Garnet-
SOI model and the SixNy-SOI model, where the thickness of the Si core layer is 500
nm, it turns out that even the 500 nm wide waveguides are multi-moded:
fundamental, 1%t order, and 2" order of both the TE-polarised component and TM-
polarised component were obtained.

Table 3-1 shows the effective refractive index of all the guided modes
(fundamental modes, 1t order modes, and 2" order modes) in 500 nm-wide
waveguides on a 500 nm SOI platform for the SixNy-Garnet-SOI model and the SixNy-
SOl model, respectively. For waveguides wider than 500 nm (600 nm-1000 nm),

more modes are supported.
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Effective Refractive

Index

Effective Refractive

Index

Modes

SixNy-Garnet-SOI Model

SixNy-SOI Model

Fundamental modes

2.955301, 2.934846

2.946493, 2.923915

15t order modes

2.321610, 2.060357

2.280050, 2.014293

2" order modes

2.009915, 1.614194

1.917639, 1.537461

Table 3-1. The effective refractive index of all the guided modes (fundamental modes, 1%t order
modes, and 2" order modes) in 500 nm-wide waveguides on a 500 nm SOI platform for the
SixNy-Garnet-SOI model and the SixNy-SOI model, respectively.

In mode solver - MATLAB®, a mode solver was utilized and modified to our
needs in order to calculate how many modes are guided within the waveguide, as
well as to obtain the half-beat length. When the hybrid light traverses a half-beat
length L, the major axis of the resultant polarisation vector effectively rotates
m/2,

s

- |BrE—BTM|

Lm (3-14)

or Lm = & (3-15)

T 2neprrE-TNeff M

Where Brr and B are the propagation constants of the two fundamental modes
and AB = Brg — Bry is the difference of the propagation constant between the
two fundamental (single-lobed) modes that propagate in the asymmetric
waveguides [77]. The effective refractive index of TE- and TM-polarised
components will change with the shape asymmetry (height and width) of the
designed waveguide. Here, the height of the waveguide is fixed, so the width
would be the only factor that is affected.

Figure 3-5 shows how the effective refractive index of the two single-lobed
fundamental modes changes with width for the SixNy-Garnet-SOI model and the
SixNy-SOI model at a working wavelength of 1550 nm, while the relationship
between L, and the width for both of the two models is indicated in Figure 3-6. It
is obvious that the two models have much the same changing trend, and that the

half-beat length decreases with the increase of the width and equivalent length.
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It agrees with what is shown in Figure 3-5, where the difference in nesf between

the two fundamental modes increases with the increase of width.

neff
3.25
3.2 |
3¢15
3.1
3.05
—==SixNy-Garnet-500nmSOI TEO
—=SixNy-Garnet-500nmSOIl TMO
3 ——SixNy-500nmSOI-TEQ
-=-SixNy-500nm§50I1 TMO
2:95: <
29
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Width(nm)

Figure 3-5. How the effective refractive index of the two single-lobed fundamental modes
changes with width for the SixNy-Garnet-SOIl model and the SixNy-SOI model, respectively,
at a working wavelength of 1550 nm.
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Figure 3-6. The relationship between L and the width for both of the two models for the
500nm SOI platform at a working wavelength of 1550 nm.

Therefore, by defining the correct beat length using equation (3-14) for the
MO-cladding segments, quasi-phase matching (QPM) can be achieved in the MO-
cladded waveguides. Later on, by carrying out the corresponding optical
measurements, the Faraday rotation degree per cm length can be obtained for
the actual device. From this, the total length of the QPM waveguides and the
number of periods required for a polarisation state change necessary for an
integrated isolator, 45° nonreciprocal rotation, or any other arbitrary angles of
polarisation can be decided.

All fabrication errors, simulation errors, and the influence of garnet on light
guiding are considered, for both SixNy-Garnet-SOI and SixNy-SOI (as shown in Figure
3-4). The width range of 600 nm-1100 nm is chosen for the Si core layer of the
waveguide. The width of the garnet-cladding segments needs to be 100 nm-200
nm less than that of the Si waveguides to be sure that all garnets are situated on
top of the Si waveguides; otherwise, part of the garnet cladding may fall out and

act as a dry etch mask in the following process. This would both affect the
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evanescent interaction, as the majority of interaction occurs in the middle of the
guide, and also increase propagation loss, resulting from the rougher edge of the
waveguide with garnet masking in the dry etch process. Thus, the widths of garnet
islands were chosen as 500 nm-900 nm.

The designed half-beat length of garnet-covered areas (length of the garnet
islands) ranged from 10 pm-15 pym, with an increment of 0.5pm, and different
ranges of gaps, starting from 10 um, were chosen according to the length of the
half-beat length for the non-garnet-covered areas. This takes account of the
different refractive index of the garnet-clad areas to the non-garnet-clad areas.
(This is not an issue when over-coating with SixNy). As a result, different duty
cycles of waveguides were designed to test the Faraday rotation that resulted
from the garnet islands on top. For example, for the half-beat length of 12 pm,
gaps vary from 10 pum-12 pm with an increment of 0.5 pm; therefore, duty cycles
start from 22 ym and end at 24 pm when the half-beat length is 12 pm, which
applies to all widths. Based on what we learned from the results of the simulation,
a suitable mask for fabrication can be constructed using L-edit®.

The same simulation method applies to 400 nm SOI, 340 nm SOI, and 220
nm SOI platforms. Similarly, we can get the relationship between L, and the width
for both of the two models for these three platforms, which is indicated in Figure
3-7. The same parameters selection rules applied as for 500 nm SOI and 600 hm-
1000 nm are chosen for the width range. For the 400 nm SOI platform, the designed
half-beat length of garnet-covered areas (length of the garnet islands) ranged
from 5 pm-14 pm, with an increment of 0.5 pm. Different ranges of gaps starting
from 5 ym were chosen according to the length of the half-beat length for the
non-garnet-covered areas. For the 340 nm SOI platform, the length of the garnet
islands ranged from 3 pm-5.5 pm, with an increment of 0.5 ym, and different
ranges of gaps, starting from 3 ym, were chosen for the non-garnet-covered areas.
For the 220 nm SOI platform, the length of the garnet islands ranged from 1.1 pm-
2.4 pm, with an increment of 0.1 ym, and different ranges of gaps, starting from

1.1 ym, were chosen for the non-garnet-covered areas.
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Figure 3-7. The relationship between L1 and the width for both the SixNy-Garnet-SOI and
SixNy-SOI models on 400 nm SOI, 340 nm SOI, and 220 nm SOl platforms, respectively.

3.3 Effect of Seed/Buffer Layer of Different Thicknesses
on the Faraday Rotation

Here, all of the simulation was done on a 500 nm SOI platform with a
working wavelength of 1550 nm. The various kinds of magneto-optical garnet
materials (YIG (Yttrium Iron Garnet), TIG (Terbium Iron garnet), Bi-TIG (Bismuth
Terbium Iron garnet), Ce-YIG (Cerium Yttrium Iron garnet) on MgO, and Ce-TIG
(Cerium Terbium Iron garnet)) researched had different Faraday Rotation
Coefficients. It leads to the difference in the off-diagonal elements in equation
(3-12), where &,,, = 26;n4/k, and €,, = ny® and 6 is the amount of the Faraday
rotation. YIG has the smallest Faraday rotation coefficient of 200°/cm. TIG and

Bi-TIG have the same amount of 500°/cm but with the opposite sign, which,
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however, can be used to advantage in the MO(+)/MO(-) alternating design (Figure
3-8) to enhance the Faraday rotation [79] over a given length. Ce-YIG is reported
to have the biggest coefficient, reaching -4500°/cm [72] or -3700°/cm [128].
However, in our application, as the garnet layer acts as a cladding layer and only
the evanescent tail of the guided mode interacts with it, the garnet is patterned
in segments instead of a full thin film, which was researched by our collaborators.
Therefore, the quality of the garnet is uncertain, and a relatively smaller Faraday
coefficient was used here, -2000° /cm.

Knowing the Faraday rotation coefficient, we can get &y used in the
modesolver®, and use the simulation to find out the optimal thickness needed to
achieve the best performance. All of the characteristics are shown in Table 3-2.
The first column shows the Faraday rotation coefficients of the garnet material,
which was obtained from the Faraday rotation measurement obtained by our
collaborators. The second column is the off-diagonal parameter &,,, calculated
using equation &, = 26pn,/k, and &, = ny* and 6y is the amount of the Faraday
rotation coefficient displayed in the first column. The third column is the optimal
thickness needed as the upper-cladding layer for each garnet material obtained

from the simulation result shown in Figure 3-9.

n=20v22
n=348
n=146

MO(-)

MO(+)

Core(Si)
SiO,

Si

Figure 3-8. The Si core is cladded by garnet segments MO(+) alternating with MO(-) segments.
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Faraday Rotation | ¢, (x10%) Thickness for
Coefficient (°/cm) optimal
performance (nm)
(Figure 3-9)
YIG 200 4 110
TIG 500 10 150
Bi-TIG -500 -10 150
Ce-TIG -2000 -40 200
Ce-YIG -2000 -40 200

Table 3-2. The Faraday rotation coefficient, &y, and thickness for optimal performance of
different garnet layers.

Figure 3-9 shows how different thickness of the garnet layer affect the
Average S3 parameters of the quasi-TE and quasi-TM mode. Here, the S3
component is taken as a characteristic to show the Faraday rotation in the
magneto-optical cladding [86]. From the S3 component, the length of device

needed for a certain degree of rotation (6) can be calculated as: L =N x

(L7 yarner + Ltsizny), N = 2%_3 . Here, we suppose 2sin~'S; ~ 253, N is the period

needed, and 6 is the degree rotated [86]. As the absolute value of the Faraday
coefficient of TIG and Bi-TIG is the same, they are present together; the same
applies to Ce-TIG and Ce-YIG. It is clear that the garnet layer of the bigger Faraday
rotation coefficient gets bigger absolute Average S; parameters, and it increases
with the increase of the thickness of the garnet layer until it reaches an optimal
thickness and goes steady.

The garnet material is employed as upper cladding in our structure. The
evanescent tail of the mode extends into a limited thickness of the upper cladding
layer. Thus, after a certain thickness, the absolute Average S; parameters stop

increasing with the increase of the upper cladding thickness. The optimal
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thickness for the YIG layer is 110 nm, for TIG/Bi-TIG it is 150 nm, and for Ce-
TIG/Ce-YIG it is 200 nm.
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Figure 3-9. How different thickness of the garnet layer affect the Average Sz parameters of the
quasi-TE and quasi-TM mode. As the absolute value of the Faraday coefficient of TIG and Bi-
TIG is the same, they are presented together; the same applies to Ce-TIG and Ce-YIG. It is
clear that the garnet layer of the bigger Faraday rotation coefficient gets bigger absolute
Average Sz parameters, and it increases with the increase of the thickness of the garnet layer
until it reaches an optimal thickness and goes steady. The optimal thickness for the YIG layer
is 110 nm, for TIG/Bi-TIG it is 150 nm, and for Ce-TIG/Ce-YIG it is 200 nm.
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Of all the garnet materials, terbium-based novel garnet is the most
promising material as it does not require any seed/buffer layer, usually using
YIG/MgO to achieve the crystallised phase [123]. This is a very important
advantage when integrated into an integrated system as the adoption of a
seed/buffer layer weakens the magneto-optical performance of the garnet layer
[77]. However, in the early stage of research into terbium-based garnets, samples
with/without an MgO buffer layer had to be checked to discover whether terbium-
based garnets needed a seed/buffer layer to get crystallized or not (discussed
more fully in Chapter 4).

Simulation of the existence and different thickness of MgO buffer layers on
the performance of all the garnets were carried out and are displayed in Figure 3-
10. Here, the optimal thickness of the garnet layer is used, YIG (110 nm), Bi-
TIG/TIG (150 nm), and Ce-TIG/TIG (200 nm). It is demonstrated that the MgO
buffer does severely decrease the Average S3; parameters. Compared to the quasi-
TE mode, the quasi-TM mode is more sensitive to the MgO layer. Only 10 nm of
the MgO layer will weaken the S3 component by more than half of its original
value. Also, the S3 component completely vanishes when the MgO layer reaches
100nm. In actual fabrication, as the Tb (Terbium) family of garnets, like Bi-TIG,
TIG, and Ce-TIG, do not require a buffer/seed layer to get crystallized [123], the

S3 component will stay at its maximum value and not decrease at all.
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Figure 3-10. The existence and different thickness of the MgO buffer layer on the performance
of all the garnets. It is demonstrated that the MgO does severely decrease the Average Ss
parameters. Compared to the quasi-TE mode, the quasi-TM mode is more sensitive to the
MgO layer. Only 10nm of the MgO layer will weaken the S; component by more than half of
the original value. Also, the S; component completely vanishes when the MgO layer reaches
100 nm.
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From Figure 3-10 we can see that, among the terbium-based garnets, Ce-
TIG has the same level quantity of Faraday coefficient as Ce-YIG, and can get
crystallized without any buffer/seed layer and, thus, becomes the best material.
Comparatively, in order to crystallize Ce-YIG, a seed layer (YIG) or buffer layer
(MgO) is required as a precursor before the deposition of Ce-YIG, or else the
Cerium oxide phase forms instead of the Ce-YIG garnet phase. Our collaborators,
Professor Bethanie Stadler’s group from the University of Minnesota, have made
enomous endeavors and produced some of the best quality Ce-YIG film [129] [136]
to date. A seed/buffer layer of MgO/YIG will be deposited before the Ce-YIG; the
MgO layer acts as the block layer for the interaction between GaAs and Ce-YIG
[147][148]; the YIG layer can act as a virtual substrate to enhance Ce-YIG’s
crystallization [149] at a lower temperature.

The effect of the MgO buffer layer on the magneto-optical performance of
Ce-YIG is shown in Figure 3-10. Alternatively, the YIG seed layer can also be used
to help in the garnet-phase-forming process. As predicted, the presence of a YIG
seed layer underneath the Ce-YIG layer does even more harm to the performance
(Figure 3-11) than an MgO layer (Figure 3-10), as YIG (+200 deg/cm for thin film)
has the opposite Faraday rotation coefficient to Ce-YIG (-3700 deg/cm for thin
film). Meanwhile, MgO behaves neutrally and, what is worse, in order to use YIG
as a seed layer, the fabrication process becomes much more complicated and
troublesome compared to the single deposition process using an MgO buffer layer.
The YIG layer needs to be deposited, lifted-off, and annealed first, and then a
new lift-off mask needs to be prepared for the deposition of Ce-YIG.

Block et al. [128] reported that 15 nm of a YIG layer is needed to get the
Ce-YIG layer 86.1% crystallised, and 45 nm is needed for nearly 100% crystallised.
From Figure 3-11, we know that if we want 100% crystallised Ce-YIG film with a
45 nm seed layer, the Faraday rotation effect is substantially decreased; while, if
we want a bigger magneto-effect with a 15 nm thick seed layer, then the Ce-YIG
film is only partially crystallised. There is always a compromise between the
magneto-optical performance and the garnet quality.

However, recently, an MIT group [67] have come up with a single-step

deposition using the YIG layer as a cap layer deposited on top of the Ce-YIG layer,
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which gets the Ce-YIG crystallised as well as avoids hindering the magneto-optical

performance and strengthens and broadens the usage of Ce-YIG in the future.
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Figure 3-11. The presence and different thicknesses of the YIG layer underneath the Ce-YIG
layer, and on top of the Ce-YIG layer on the performance of Ce-YIG. It is seen that it will not
affect the magneto-optical effect of the Ce-YIG layer when the YIG layer acts as a cap layer
put on top of it.
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4 Chapter 4 - Fabrication of Nonreciprocal
Polarisation Mode Converter

4.1 Introduction

A solution is provided in papers[48][49], where we can use garnet as the
cladding layer to take advantage of its magneto-optical effect, through an
interaction of the guided modes’ evanescent tail (see Figures 4-1 (a) and 4-1 (b)).
To use the garnet as cladding, people have used deposition [64], adhesive bonding
[31][72], and direct bonding [71][80] techniques, combined with non-reciprocal
phase shift sections to achieve isolation. In our application, the garnet material is
deposited on a SOI platform using RF (radio frequency) sputtering. Additionally,
we adopted a quasi-phase matching technique to overcome the inherent
birefringence effects from planar waveguides, by utilising an upper cladding that
alternates between magneto-optical (MO) material and non-magneto-optical
(Non-MO) material, or, between MO(+) segments and MO(-) periodically, like Bi-
TIG (-500°/cm) and TIG (500°/cm), respectively (Figures 4-1 (a) and 4-1 (b)).
Figures 4-1 (a) and (b) show the two structures of alternating segments, and Figure
4-1 (c) indicates the difference in conversion efficiency between the QPM design

and designs that are not phase matched.
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MO(+) + MO(-)

h

MO + Non-MO

Phase Mismatching

Efficiency ( Arb Units)

Propagation Length (Arb units)

Figures 4-1 (a) and (b). The layer structure of a waveguide-type isolator with Si as the core
layer and the magneto-optical garnet as the upper cladding layer indicates the structures of
NR-PMC alternating between MO segments and Non-MO segments, and between MO(+) and
MO(-), respectively, All of the refractive index of the material is given at a 1.55um wavelength.
(c) demonstrates the difference in rotation efficiency between QPM (MO+ Non-MO structure
and MO(+)+MO(-) structure) and Phase Mismatching.

4.2 Whole Fabrication Process
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4.2.1 Electron-Beam Resist: PMMA (Polymethyl Methacrylate) and
HSQ (Hydrogen silsesquioxane)

An electron-beam resist was used in the fabrication process to help define
the structure features. There are two types (tones) of e-beam resist: positive tone
resist and negative tone resist. The exposed areas of the positive tone resist clear
out after development in appropriate chemical solvents, while that of the
negative tone resist stays and the non-exposed areas are removed. The relation is

described in Figure 4-2.

l l\l/\l/ E-beam exposure

# 3

P
.~ After develop \,\,&

Positive Resist Negative Resist

Figure 4-2. Two kinds of electron-beam resist are used in the fabrication process: PMMA
(Polymethyl Methacrylate, positive-tone resist) and HSQ (Hydrogen silsesquioxane, negative
tone resist).

Two kinds of electron-beam resist were used in the fabrication process:
PMMA (Polymethyl Methacrylate, positive-tone resist) and HSQ (Hydrogen
silsesquioxane, negative tone resist). As an EBL resist, PMMA has been used for
decades, and is still very popular for excellent definition of ultra-high resolution
patterns, and multiple layers of any combination of molecular weights can be used
to minimise pinholes in the resist or provide improved undercut profiles for lift-
off.
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The two most common molecular weights used are the PMMA 2010 series
with an average molecular weight of 150,000 g/mol, and the PMMA 2041 series
with an average molecular weight of 500,000 g/mol. The one with the heavier
molecular weight is less sensitive to the electron beam, based on which bilayers
of these two molecular weights can create various different resist profiles for
different purposes. Figure 4-3 shows two examples of bilayer structures. The left
can be used as the mask for T-gate devices while the right structure is very useful
in the lift-off process. However, the PMMA resist has very poor dry etch resistance

when acting as the dry etch mask in many types of plasma.

llllE-beam exposure llllE-beam exposure

After develop After develop

Figure 4-3. The two kinds of bilayer structures.

Comparatively, the HSQ resist has very high dry-etch selectivity, and can
also provide ultra-high resolution features. The HSQ has negative resist. After e-
beam exposure, the Si-H bonds in the net structure are broken and cross-linking
occurs. After development, the cross-linked structures form a porous silicon
dioxide [150], as shown in Figure 4-4 [151]. HSQ can be adopted to achieve clear

sub 10 nm resolution features [152].
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Figure 4-4. The network structures and Cage structures before and after exposure [14].

4.2.2 Whole Fabrication Process
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0
Y

Figure 4-5. The whole device fabrication process: Sample clean — Spin PMMA on — E-beam
exposure — Development — Etch markers down — PMMA removed — Spin bi-layer PMMA
for lift off — E-beam exposure — Sent to US — Garnet deposition — Lift-off — RTA — SixNy
coating — Spin HSQ on to — E-beam exposure — SixNy etch — Si etch.

4%2041

The whole fabrication process is described in Figure 4-5. At step ), a
sample clean process was carried out. The SOI (Silicon on Insulator) wafers are
usually 6-inch or 8-inch depending on different manufacturers. The larger wafers
need to be cut into small pieces, usually 15x15 mm square pieces, for different

purposes of processing. In order to protect the sample surface and prevent more
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pollutants (like particles from the scribed line) being introduced during the
cleaving step, a layer of PMMA resist is applied beforehand to the whole wafer.
Then, a solvent cleaning process was used to clean the SOl sample pieces -
opticlear, Acetone ((CH3)2C0O), Methanol/IPA (Isopropyl alcohol, C3HgO or C3H70H
or CH3CHOHCH?3) in an ultrasonic bath, each for 5 mins. Finally, the substrate was
rinsed under the running tap of RO (Deionized) water and was dried with a nitrogen
blow dryer. The whole process for sample cleave and clean steps is presented in
Figure 4-6. If the substrate surface is not clean enough, contamination will act as
an etch mask in the following pattern-transfer process, and ‘grass’ will form all
over the sample surface (Figure 4-7), which will lead to poor device performance

like high optical loss.

6/8 inch
SOl wafer

k4

PMM
Spinned

:

Cleave to
pieces

\ 4

5 mins Ultrasonic
Bath in Opticlear

A 4

5 mins Ultrasonic
Bath in Acetone
5 mins Ultrasonic
Bath in IPA

v

2 mins Rinse under
Running RO water
2 mins O,
plasma ash

Figure 4-6. Sample cleave and clean process.
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10.0kV 12.0mm x6.00k SE(U)

Figure 4-7. Contaminated surface and ‘grass’ after etch.

For step (2), before getting the PMMA lift-off mask, etched markers used
for alignment between layers were prepared in e-beam lithography (Au is not used
due to the high anneal temperatures in subsequent steps). Two layers of 12% 2010
PMMA were used as the etch resist mask and written at a dose of 650 uC/cm? with
a 64 nA e-beam current along with a VRU (variable resolution unit) of 16 under
100 kV at step (3). The sample was developed in 2.5:1 IPA: MIBK for 140 s followed
by 45 s IPA at 23.5 Degrees. At step (4), an Si etch tool was used to etch the
markers down into the Si layer on the SiO2, which was confirmed using the end
point detector to get the interferometer trace. Therefore, all of these markers
are 500 nm deep, the same thickness as that of the Si core layer. At step (5),
overnight, hot acetone (50 Deg C) and then 2 mins Oxygen Plasma ash were
adopted to remove the remnant PMMA resist.

At step (6), a lift-off mask was patterned on the SOI samples for MO garnet
material deposition. Two layers of 15% 2010 PMMA and 4% 2041 PMMA were applied
on the sample. After spinning the 15% 2010 PMMA, 10 mins on the hotplate at 180
Degrees, and 1.5 hours in a 180 Degree oven were conducted for thermal curing.
At step (7), the lift-off mask was written at a dose of 1000 pC/cm? with a 64 nA
e-beam current along with a VRU of 16 under 100 kV. Then, the lift-off mask was
developed in 2.5:1 IPA: MIBK for 65 s followed by 45 s in IPA at 23.5 Degrees. At
step and (9), samples were carefully packed and sent to the US for magneto-
optical garnets deposition by our collaborators, Andrew Block (involved in the
project in the first year), then Prabesh Dulal (main collaborator throughout the

project) in Professor Bethanie Stadler’s group at the University of Minnesota.
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According to the simulation results in Chapter 3, the optimal thickness for the YIG
layer it is 110 nm, for TIG/Bi-TIG it is 150 nm, and for Ce-TIG/Ce-YIG it is 200 nm.
As there is atomic trajectory restriction in the RF deposition process, thicker
garnet, 300 nm, was deposited.

Once returned, a lift-off process was carried out at step (0). Four hours in
hot acetone would lift-off the bi-layer PMMA mask and 5 mins in acetone and 5
mins in IPA in an ultra-sonic bath were used to give thorough PMMA lift-off and a
good clean of the whole sample. Then, it was annealed in an RTA (rapid thermal
annealing) tool in an oxygen atmosphere at 900° for 2 mins to achieve
crystallisation at step (7). Afterwards, the crystallisation phase was analysed in
an XRD (X-ray diffractometer) and with an EBSD (electron backscatter diffraction)
by our collaborators.

Hereafter, at step (2), a 100 nm thick SixNy of the same refractive index as
the garnet material, around 2.1 at a wavelength of 1550nm, was coated all over
the sample surface to exclude the observed periodic loading effect that arose
from slight offsets of the garnet segments on top of the Si waveguides. The slight
offsets led to a reciprocal mode conversion from the periodic garnet segments (as
the offset led to asymmetric profiled guides, in turn leading to mode conversion).
The SixNy film was deposited in an ICP-CVD (Inductively Coupled Plasma Chemical
Vapor Deposition) tool. The standard recipe for SixNy deposition is with
SiH4/N2=7/6 sccm, ICP/Platen=100/0 w at a pressure of 4 mTorr at 25 °C.

Then, at step (3) and step (4), HSQ (Hydrogen silsesquioxane)-negative resist
was spun at 2000 rpm and baked on a hotplate for 15 mins and written at a dose
of 650 pC/cm?with an 8 nA e-beam current along with a VRU of 8 under 100 kV.
Afterwards, the mask was developed in neat TMAH for 30 s, followed by 30 s in RO
(de-ionsed) water, 30 s in RO (de-ionsed) water, and 45 s in IPA.

Then, at step (5, the pattern was transferred to the SixNy layer by etching
into the SixNy layer with the 80 PLUS RIE tool. Gas CHF3/0, = 50/5 sccm was used
to get vertical features at room temperature while setting the platen power to
150 w and the pressure at 55 mTorr.

Afterwards, at step (6), the STS-ICP dry etch tool was usually used to etch
Si to obtain the Si waveguide. Gas SF¢/C4Fs at 30/90 sccm was demonstrated to
get a straight sidewall for Si. The recipe was run at the pressure of 10 mTorr with
the platen at 12 w and the coil power 600 w at room temperature. The He/Cool

rate was 7/4, and the DC-bias votage was 152 V. The etch rate was measured at
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150nm/min with the selectivity to HSQ of 3:1. Meanwhile, an ICP 180 dry etch tool
can be also used for this sample if the STS-ICP is not available. In this tool, gas
Cl2/BClz at 18/2 sccm is used to etch Si (Temp=20 Deg, ICP Power=1000 w,
Platen=60 w, Pressure=20, Back cooling=10 Torr). It took 3 mins and 40 s to etch
down 500 nm Si. The HSQ remaining on top was taken as an SiO; cap rather than
removed after the dry etch.

The whole fabrication process was then finished. Waveguides with
alternating magneto-optical garnet-HSQ upper cladding segments were completed
and ready to cleave. The two sides of the sample were cleaved to form a Fabry-
Perot cavity in order to adopt the Fabry-Perot loss measurement method. Before
cleaving, the sample was coated with PMMA resist for protection against particle
pollution from the cleaving process. After cleaving, the cleaved piece was soaked
in Acetone and IPA for 5 mins to remove the resist and any other introduced
particles or organics in the cleaving process.

All fabrication processes were carried out in the James Watt
Nanofabrication Centre (JWNC) based at the University of Glasgow. Finally, the
cleaved central piece was used for all optical measurements and the two cleaved
side pieces were used to check the thickness and profile of each layer, the sidewall
roughness, and the cross-section profile under a scanning electron microscope
(SEM).

Below, Figure 4-8 (a) displays the cross section of a waveguide on the
completed sample with Bi-TIG as upper cladding. From top to bottom, HSQ, SixNy,
Bi-TIG, and Si are clearly shown. Figures 4-8 (b), (c), and (d) show the octant and

the cross section of the structure with SixNy removed by HF.
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Figure 4-8 (a). The cross section of a waveguide on the Bi-TIG sample. From top to bottom,
HSQ, SixNy, Bi-TIG, and Si are clearly shown in the micrograph. Figures 4-8 (b), (c), and (d)
show the octant and the cross section of the structure with SixNy removed by HF.

Among all the fabrication steps, great effort was spent on the optimization
of the lift-off process (including the preparation of the lift-off mask, MO garnet
deposition, lift-off) and the RTA process.

4.2.3 Lift-off

As discussed above, the bilayer structure of PMMA with different
sensitivities results from the different molecular weights of the resist. After
development, a decent undercut profile can be created (the right bilayer structure
of Figure 4-3). Using the heavier resist on top of the lighter resist, it is very useful
for the lift-off process. The ideal lift-off mask for our application is the one that,
after lift-off, has no ‘buttresses’ or edges on the garnet segments [77]. They will
lead to an increase of optical propagation loss in finished devices, mainly through

scattering loss. A nice undercut profile for garnet deposition is shown in Figure 4-
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9 [77]. The two layers of PMMA resist is a layer of 15% 2010 series underneath and
a layer of 4% 2041 series on top. The optimised e-beam mask writing and
development parameters are confirmed to be: the lift-off mask was written at a
dose of 1000 pC/cm? with a 64 nA e-beam current along with a VRU of 16 under
100 kV. Also, the lift-off mask was developed in 2.5:1 IPA: MIBK for 65 s, followed
by 45 s in IPA at 23.5 Degrees. The garnet segments after lift-off under optical

microscope and SEM are shown in Figure 4-10.

I 1 I I
15.0kV 12.9mm x25.0k SE(M) 2/22/13 14:50

Figure 4-9. Cross section undercut profile of two layers of PMMA for the garnet lift-off.

Figure 4-10. Left a) is the optical micrograph for the garnet islands after lift-off, and right b) is
the 2.2 um-wide garnet islands under SEM when written with the dose of 976 uC/ cm?.

The lift-off profile is especially sensitive to the parameters in the
development step. The development temperature, time, and the concentration
of the developer solvent (the ratio of MIBK and IPA, MIBK - Methyl isobutyl ketone,
the chemical formula is (CH3),CHCH2C(O)CH3) heavily affect the resist profile. The
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higher the temperature of the developer or the longer the development process
is, the further along the continuum of solubility the dissolution will extend [153],
causing the feature width to widen, and the undercut profile to resolve. The
concentration of the developer solvent plays a vital role in the formation of the
feature. Table 4-1 [154] lists the sensitivity of different concentrations of
developer and how they affect the resolution of the pattern features. The more
concentrated the developer solvent is, such as neat MIBK and 1:1 MIBK/IPA, the
more sensitive it is; in particular, the development time and temperature. By
contrast, the more dilute the developer solvent is, such as 1:3 MIBK/IPA, the
better the resolution that can be provided. Depending on applications, the proper

combination of these parameters can be employed.

Developer Composition | Resolution Sensitivity/Throughput
1:1 MIBK to IPA High High

1:2 MIBK to IPA Higher Medium

1:3 MIBK to IPA Very high Low

MIBK Low High

Table 4-1. [23] The characteristics of different ratios of developers.

At the first stage, the sample was developed 1:2 MIBK/IPA developer at
22°C for 75 s, followed by 45 s in RO water, and finished with 15 s in IPA. Here, a
rinse in RO water after the 75 s in the developer helps to neutralise the developer
and prevent further reaction by the remaining developer on the surface of the
sample. However, buttresses were found at the corner of the segments after lift-
off (Figure 4-11), which might result from the 1:2 developer solvent being
aggressive to the features. Subsequently, a 1:2.5 MIBK/IPA developer solvent was
adopted. The pattern was developed at 23.5°C for 35 s then directly in an IPA
solvent for 45 s. Here, the RO rinse step was omitted so that the reaction kept
going, but very slowly and mildly in the rinse step in the IPA solvent. It turned out
that some of the resist was not cleared out totally. There were 30 s more
development in the 1:2.5 MIBK/IPA developer carried out, and also finished with
a 45 s rinse in the IPA solvent. This time, edges instead of buttresses were found
around the islands (Figure 4-12). Based on this process, the final development

process was taking shape. This time, the sample was developed at 23.5°C for 65
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s, then directly in the IPA solvent for 45 s, from which lift-off segments without

buttresses or edges were obtained (Figure 4-10).

I
10.0kV 12.5mm x18.0k SE(U) 10.0kV 12.5mm x25.0k SE(U)

Figure 4-11. Buttresses are found at the corners of the segments after lift-off.

\
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10.0kV 16.3mm x50.0k SE(U) 10.0kV 16.2mm x35.0k SE(U) 1.00um

Figure 4-12. Edges instead of buttresses are found around the islands.

4.2.4 RTA (Rapid Thermal Annealing)
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Rapid Thermal Annealing (RTA) after lift-off was carried out to get the
deposited magneto-optical layer crystallized. Here, the RTA process helped
reduce the thermal budget of crystallization. It also offered the optimized
crystalline conditions during the process where reactions between the deposited
cladding layer and under-layer are decreased. Research carried out by our
collaborators, Professor Bethanie Stadler’s group from the University of
Minnesota, shows that samples with YIG/TIG films on top should be annealed at
no more than 800°C, and those with Ce-YIG films should be annealed at no more
than 750°C, as higher temperature annealing will lead to cracks in the garnet film
[136]. Figures 4-13 (a), (b), and (c) describe 100x100 pm square of Bi-TIG, Ce-TIG,
and Ce-YIG on MgO material after annealing at 900°C for 2 mins. Cracks existed in
all of the three patterns, and the square of Ce-YIG on MgO even started to peel
off, which means that the stress was beyond the limit that part could bear.

This also explains why the rapid thermal annealing process needs to happen
before the coating of the porous SixNy layer, which also attributes a certain
amount of stress to the substrate surface and waveguide structure, or else the
stress from the SixNy layer will be enlarged and the interaction and tension
between the layers can lead to cracks during the thermal process. This gives
damage to the waveguide structure and, therefore, gives such substantial

propagation loss that no light is guided through.
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(a) BITIG

10.0kV 13.8mm x900 SE(V)

Figures 4-13 (a), (b), and (c). 100x100um square of Bi-TIG, Ce-TIG, and Ce-YIG on MgO material
after annealing at 900°C for 2 mins. Cracks exist in all of the three patterns and the square of
Ce-YIG on MgO even starts to peel off, which means that the stress is beyond the limit.
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Here in our application, periodic segments instead of wafer-scale whole
thin film were deposited. Patterning the garnet material in small segments prior
to the crystallisation process under rapid thermal annealing (RTA) helps to
increase the stress tolerance and compensate the mis-match in thermal expansion
between the garnet material and the substrate [136], thus avoiding any cracks in
the garnet material after annealing. It turns out that all kinds of magneto-optical
cladding layers can be annealed at or over 900°C, which also helps improve the
crystallization percentage of the segments.

Before the actual annealing step, a 10 s Oxygen inlet and 10 s gas purge
process was repeatedly performed (three times) to give a nice clean chamber, and
also prepare the chamber for an O, atmosphere. Afterwards, O, process gas was
inlet into the process chamber without pumping out until the pressure reached
80mBar. This ensures that the pressure was around 120-130mBar when the
temperature rose over 900°C.

Then, the temperature was first raised to 350°C in 20 s at a ramp rate of
17.5°C/s, and stayed the same for 20 s, after which it was increased to the desired
temperature (like 900/950°C) in 20 s and stayed for 120 s/2 mins. At the end of
this step, it entered the cooling step. The default cooling process of the system
lasted for 180 s with N2 filling in the process chamber and cooling water circulating
in the metal chamber walls. The simulated process and the actual annealing

process for 900°C and 950°C is shown in Figure 4-14 and Figure 4-15, respectively.
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Figure 4-14. The simulated process (a) and the actual annealing process (b) for 900°C,
respectively.
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Figure 4-15. The simulated process (a) and the actual annealing process (b) for 950°C,

respectively.

4.2.5 Garnet Material Characterisation

Figure 4-16 displays the X-ray emission spectrum on the bright spot where

the crystalline phase of Ce-YIG was found, from which we can confirm the

existence of O, Fe, Y, Ce, and also an Si signal from the substrate surface on which

the Ce-YIG islands sit. The ratio of all the elements can help work out the

stoichiometry of the Ce-YIG garnet.
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Figure 4-16. The X-ray emission spectrum on the bright spot where the crystalline phase of
Ce-YIG was found, from which we can confirm the existence of O, Fe, Y, Ce, and also an Si
signal from the substrate surface on which the Ce-YIG islands sit. The ratio of all the elements
can help work out the stoichiometry of the Ce-YIG garnet. (Courtesy to Mr. Peter Chung in
ISAAC from the School of Geographical and Earth Sciences, University of Glasgow, for the

pics).

The Ce-TIG and Bi-TIG material is used to demonstrate how the
characterisation for garnet material is carried out in SEM with different detector
systems, including the topography (both the top-down view and the cross-section
view) and the crystallographic structure.

There was 300nm Ce-TIG/Bi-TIG deposited in the multi-target radio-
frequency (RF) sputtering tool in an oxygen atmosphere in various ranges of
length, from 10-15 pm long segments, at a step of 0.5 ym to accommodate the
substantive thermal expansion mis-match between garnets and semiconductor
substrates, (in the University of Minnesota) before annealing. Because of atomic
restriction where narrower deposition space restricts the angular trajectory of the

ions, around 100nm-thick Ce-TIG/Bi-TIG material was deposited in the segments
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area after lift-off[77]-[79]. Afterwards, the magneto-optical material was
partially crystallised by rapid thermal annealing three times, at 900 Degrees, at
120 mbar in an oxygen atmosphere for 2 mins.

Figure 4-17 and Figure 4-19 show the Ce-TIG and Bi-TIG before and after
annealing under a scanning electron microscope (SEM), respectively. The clear
crystalline garnet phase can be easily seen from the micrographs of Bi-TIG after
annealing. The three micrographs in Figure 4-18, taken in a 3-in-1 Multi-beam
(gallium, neon, and helium ion beams) lon Microscope, indicate the crystallisation
of Ce-TIG in thicker segments; the white spots are crystallised while the grey areas
are not. It can also be seen that the garnet has grown in different directions,
making it poly-crystalline with the grain size ranging from 20-50 nm.

Some Electron Backscattered Scanning Diffraction results of Bi-TIG are
displayed in Figure 4-20. (a) shows the EBSD diffraction pattern for both the Si
substrate and the Garnet segments pattern; (b) shows the EBSD mapping results
in the grating pattern in (a); coloured spots are crystallised. It is clearly seen that
it is poly-crystalline and partially crystallised. Later, in order to remove the
periodic loading effect of the garnet segmented islands, 100 nm SixNy with the
same refractive index of 2.1 with garnets was coated all over the sample in an ICP
deposition tool. Therefore, the garnet segments of different lengths were
alternating with SixNy of different lengths in the gap, corresponding to the
calculated half-beat length/coherence length between the fundamental quasi-TE
and quasi-TM modes [86]. Silica waveguide masks aligned to the garnet segments
were written by electron-beam lithography of spun HSQ, with widths from 600 to
1100 nm. Silicon-core waveguides were formed with fluorine-based plasma
processes to etch through the SixNy layer and Si layer in an 80+ RIE tool and an STS
ICP etcher. Here, all the waveguides were etched down 500 nm to the SiO; layer
(Figure 4-21).
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Figure 4-17. The upper two pics show the position of the segment in an e-beam mask taken
under SEM. The upper SEM micrograph is the Ce-TIG segments after lift-off. The lower SEM
micrograph is the Ce-TIG segments after annealing three times at 900 deg at 120 mbar in an
oxygen atmosphere for 2 mins.
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Figure 4-18. The three micrographs taken in a 3-in-1 Multi-beam (gallium, neon, and helium
ion beams) lon Microscope indicate the crystallisation of Ce-TIG in thicker segments; the
white spots are crystallised while the grey areas are not. It can also be seen that the garnet
has grown in different directions, making it poly-crystalline with the grain size ranging from
20-50 nm. (Courtesy to Mr. Peter Chung in ISAAC from the School of Geographical and Earth
Sciences, University of Glasgow for the micrographs).

Figure 4-19. The upper two micrographs are the Bi-TIG segments after lift-off. The lower two
micrographs are the Bi-TIG segments after annealing three times at 900 deg at 120 mbar in
an oxygen atmosphere for 2 mins. The clear crystalline garnet phase can be easily seen from
the micrographs after annealing.
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Figure 4-20. EBSD results of annealed Bi-TIG: (a) shows the EBSD diffraction pattern for both
the Si substrate and the Garnet segments pattern; (b) shows the EBSD mapping results in the

grating pattern in (a); the coloured spots are crystallised. It is clearly seen that it is poly-
crystalline and partially crystallised.
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Figure 4-21. The micrographs (a) and (b) show the periodic alternating garnet segments with
bare Si or SixNy; micrograph (c) shows the cross-section profile of all the layers: Si core
layer, garnet cladding layer, and SixNy layer.

4.2.6 Effect of MgO Buffer Layer on the Crystallisation of the
Magneto-optical Garnets

Rapid Thermal Annealing (RTA) tests after lift-off were carried out to find
whether a buffer layer, MgO, or a seed layer, YIG, is needed for different garnet
materials to crystallize. Even using the RTA process, the problem for optimal
crystallization of Ce-doped YIG with rather high Faraday rotation quality (giving
about 3700 deg/cm) still remains. Our collaborators, Professor Bethanie Stadler’s
group from the University of Minnesota, have conducted extesive trials and made
some of the best quality Ce-YIG film [129] [136] to date. A seed/buffer layer of
MgO/YIG will be deposited before the Ce-YIG; the YIG layer can act as a virtual
substrate to enhance Ce-YIG’s crystallization [149] at lower temperatures.

However, though our collaborators have developed mature skills to produce
garnet films of high quality, as it is garnet segments and not a whole thin film that
is used in this project, research needed to be carried out by ourselves to confirm
whether garnet material patterned in segments of a much smaller scale before
annealing hold the same material properties as the whole thin film.

For the first set of samples, YIG was tried with or without the MgO buffer
layer annealed at several different temperatures: pure YIG were annealed at
800°C (Figure 4-22 (1a) and (1b)); YIG on the MgO seed layer were annealed at
800°C (Figure 4-22 (2a) and (2b)); YIG on the MgO seed layer were annealed at
825°C (Figure 4-22( 3a) and (3b)); and YIG on the MgO seed layer were annealed
at 900°C (Figure 4-22 (4a) and (4b)).
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Figure 4-22 presents the four situations in both optical pictures (top) and
scanning electron micrographs (bottom). All annealing processes were performed
in about 150 mB oxygen for 120 s. Some erosion of the YIG segment was observed
for the YIG alone on SOl annealed at 800°C, while, for the other three tests, no
erosion was seen. However, for the YIG on the MgO seed layer that were annealed
at 825°C and 900°C, there were some obvious and visible changes to the segment
morphology under both optical microscope and SEM, which is more obvious for the
one annealed at 900°C. It seems that there is some unclear phase within the grains
at a comparable size to the segment width. Judging from the micrographs taken
in a 3-in-1 Multi-beam (gallium, neon, and helium ion beams) lon Microscope
(Figure 4-18), which clearly shows the poly-crystalline phase with the grain size
ranging from 20-50 nm in the segments after annealing, it can be inferred that
higher temperatures help the crysatllisation of YIG on MgO. While YIG can get
crystallied without an MgO buffer layer, the MgO buffer layer seems to increase
YIG’s tolerance for higher temperature annealing. From the EBSD analysis

provided by our partners, all samples here were partially crystallized.

Anneal Anneal Anneal Anneal

At 800°C At 800°C At 825°C At 900°C

Under /A YIG on MgO YIG on MgO
Optical
Microscope

(1b)

Under
SEM

Figure 4-22. 1a) and 1b): the Optical microscope and SEM micrograph for YIG were annealed
at 8000C; 2a) and 2b): the Optical microscope and SEM micrograph for YIG on the MgO seed
layer were annealed at 8000C; 3a) and 3b): the Optical microscope and SEM micrograph for
YIG on the MgO seed layer were annealed at 825°C; and 4a) and 4b): the Optical microscope
and SEM micrograph for YIG on the MgO seed layer were annealed at 900°C.

a)
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In addition to YIG, other magneto-optical materials were also researched,
including Ce-YIG and TIG, which demonstrate a larger and opposite sign for the
saturated magneto-optic Faraday rotation effect at room temerature when
compared to YIG. This time, we tried Tb-YIG alone annealed at 800°C, Tb-YIG on
MgO (120 nm/5 nm) annealed at 900°C, and Ce-YIG on MgO annealed at 900°C. All
annealing processes were performed in about 150 mB oxygen for 120 s. From the
EBSD analysis provided by our partners, all samples here were partially

crystallized. Both optical and SEM micrographs are shown in Figure 4-23.

Anneal Anneal Anneal
At 900°C At 800°C At 900°C

Under iia) (2a)

Optical == owass  a—  TESTHAVEGUIDES

Tb-YIG Tb-YIG on MgO

Microscope

Under
SEM

Figure 4-23. 1a) and 1b): the Optical microscope and SEM micrograph for Tb-YIG on MgO
(120nm/5nm) annealed at 9000C; 2a) and 2b): the Optical microscope and SEM micrograph
for Th-YIG alone annealed at 8000C; and 3a) and 3b): the Optical microscope and SEM
micrograph for Ce-YIG on MgO annealed at 900°C.

Our partner group provided the analysis for the crystalisation of garnets
using electron backscatter diffraction (EBSD). The research result on the effect of
the buffer/seed layer (MgO/YIG) on the crystallisation of various garnets is
summarized in Table 4-2. It uncovers that YIG, TIG, Bi-TIG, and Ce-TIG do not
require a buffer/seed layer to get crystallized, while Ce-YIG needs either a buffer
layer/MgO or seed layer/YIG to prevent it from getting oxidised first, and to

enable it to achieve the garnet phase upon annealing.



98

Chapter 4 - Fabrication of Nonreciprocal Polarisation Mode Converter

As discussed in Chapter 3, compared to YIG, MgO is a better candidate as a
buffer layer. MgO is a non-magnetic material, while YIG is of the opposite Faraday
rotation coefficient to that of Ce-YIG. Placed under a Ce-YIG layer, YIG will
weaken the MO effect of Ce-YIG. However, better controllability has been
achieved in the crystalline process of Ce-YIG on YIG. Thus, both Ce-YIG on YIG and
Ce-YIG on MgO have been chosen in this research. From the simulation in Chapter
3 and also in paper [77], we know that just a 10nm seed/buffer layer will make a
big difference and substantially decrease the interaction between the garnet layer
and the guided evanescent tail. Ce-TIG becomes the optimal material. It has a
comparative level quantity of Faraday coefficient of about -2600° /cm to Ce-YIG,
and gets crystallized without the need of a buffer/seed layer. Thus, the range of
promising material used in this project was chosen as TIG (6r(TIG)=500 deg/cm at
1550 nm), Bi-TIG (Br(Bi-TIG)=-500 deg/cm), Ce-YIG on MgO (6r(Ce-YIG)=-3700
deg/cm), Ce-YIG on YIG (Or(Ce-YIG)=-3700 deg/cm), and Ce-TIG (Br(Ce-TIG)=-2600
deg/cm).

Considering that high temperature annealing (900°C) will not provide any
obvious harm to the garnets in our application, later on, the garnet segments used

in actual devices were all annealed at 900°C, or even higher at 950°C.

Material Thickness(nm) Thickness of | Annealing EBSD Result
MgO/YIG(nm) Temp(°C)
YIG 120 0 800 Partially
Crystallized
TIG 120 0 800 Partially
No Crystallized
Buffer/Seed | Bi-TIG 200 0 900 Partially
Layer Crystallized
Ce-TIG 200 0 900 Partially
Crystallized
Ce-YIG 200 20nm YIG 800/900 Partially
With Crystallized
Buffer/Seed | Ce-YIG 200 12nm MgO 900 Partially
Layer Crystallized

Table 4-2.The effect of a seed layer (MgO/YIG) on the crystallisation of various garnets.

Besides, the garnet islands are well aligned so as to act as the magneto-
optic alternating upper cladding on top of the Si waveguides (Figure 4-24). We can

see from the picture that a set of waveguides with different widths have been
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designed, 600 nm-1100 nm. The width of the garnet is about 100-200 nm less than
that of the waveguide in order to inrease the misalignment tolerance. In each
waveguide set of fixed width, there are five sets of waveguides of different lengths
of garnet segments and gaps. Here, as shown in the bottom graph of Figure 4-24,
the width of the waveguide is fixed at 600 nm and the width of the garnet
segments is 500 nm. The length of the garnet segments ranged from 9 pm-11 pm
with an increment of 0.5 pm. From bottom to top, the length of the garnet islands
were 9 uym, 9.5 pm, 10 um, 10.5 pm, and 11 pm, respectively. Within each sub-
set, different gaps are considered to get different duty cycles. For the length of
9 um, the gap starts from 6ym and ends at 9 ym with an increment of 1 ym, making

the duty cycles 15 um-18 pm.
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Figure 4-24. General map of well-aligned garnet islands segments on substrate.
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5 Chapter 5 — Optical Measurement for
Nonreciprocal Polarisation Mode Converter

When characterising waveguides, the key characteristics include: layer
thickness, refractive index, optical coupling, optical losses, and non-linear
properties [155]. The layer thickness can be inspected by checking the cross-
section profile under a scanning electron microscope (SEM) or by using a DEKTAK
stylus surface profiler after patterning and etching down the layers of the
waveguides. The refractive index can be confirmed using an ellipsometer for
multi-layer thin films. Usually this step is omitted as the wafer manufacturers will
provide the tested parameters. Here, for my application, the end coupling method
was adopted to couple the laser beam into the waveguides. Using this technique,
the propagation loss and Faraday rotation magneto-optical effect were checked.

Initially, a lensed-fiber was used to couple TE-polarised light emitted from
a 1550 nm Tunable laser into the waveguide. Later, a free space (Lens) coupling
technique was adopted for increased stablity. Generally speaking, the free space
coupling technique is used to couple TE-polarised light by converting the TM-
polarised light emitted from a 1550 nm tunable laser into the waveguide using an
in-line polariser and a TE-TM in-line converter. Additionally, a polarising beam-
splitting cube is placed before the input lens, which couples this light out from
the laser into the sample in a pure TE-polarised plane. Moreover, a second
polarising beam-splitting cube is placed at the end of the output, before the
detector, to separate the TE component from the TM component for the purpose
of measurement. In the measurement process, TE-polarised light is injected and
the TM component is measured. Thus, any substantial TM power measured at the
output is from the polarisation conversion process based on the Faraday rotation
effect introduced by the periodic upper magneto-optical garnet cladding at the
presence of an external magnetic field.

In all measurements in this work, TE-polarised light is used as the input as
the majority of semiconductor lasers used in integrated optical systems are TE-

polarised as a result of the quantum mechanical selection rule. Here we have
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successfully demonstrated the achievement of an integrated Faraday rotator by
integrating periodic magneto-optic garnet as cladding on top of the waveguide,
which acts as the nonreciprocal part of the designed isolator device.

In the future, the same optical characterisation methodology can be
applied for TM-input or circularly-input to further confirm the feasibility of the
integrated Faraday rotation device and support the claim that it can work for light

with arbitrary polarisation.

5.1 Introduction

5.1.1 Coupling Method

In order to couple the laser beam into the waveguides, four methods can
be used: prism coupling, end-fire coupling, tapered/non-tapered launch coupling,
and grating coupling. Among them, prism coupling and end-fire coupling are the
most popular methods for their high coupling efficiency and relatively easier
realisation [155]. Prism coupling was discarded in our application for the complex
setup and high accuracy requirement of the gap between the prism and the
waveguide surface. End-fire coupling was implemented in all of our optical
measurements, which requires the coupling-in/out end facet to be flat and defect-
less when preparing it by cleaving. Also, strict alignment accuracy is needed in

order to get good coupling.

5.1.2 Propagation Loss Measurement — The Fabry-Perot
Measurement Method

There is attenuation or loss of the lightwave signal while it propagates
through an optical waveguide. There are mainly five aspects that can contribute
to propagation loss [155], which are depicted in Table 5-1. When the refractive
index of the core layer film is close to that of the substrate, or the thickness of

the core layer film is close to cut-off thickness, the mode will be radiated into the
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substrate and/or the cladding layer/air. When there is mode conversion from an
excited mode to other guided modes, the optical energy can also be lost,
especially in a device where a guided mode performs a function. There can be
inherent absorption or induced absorption arising from the fabrication process of
the waveguide itself, mainly consisting of inter-band absorption, impurity
absorption, and carrier absorption. The inherent or induced imperfections, like
surface roughness, rough sidewalls, porosity, cracks, pores, grain boundaries,
etc., can also lead to diffusion/scattering losses.

Apart from the tunnelling losses, the four other kinds of losses exist in our
waveguide. First of all, the thickness of the core layer is 500 nm, which is not
thick enough to confine all the light. Part of the light will radiate in the upper
cladding layer and finally radiate away while propagating along. Our device also
involves TE-TM mode conversion sections, which induce mode conversion loss.
Interactions between layers, the porous SixNy cladding layer, the rough garnet
layer, and the rough sidewall, etc., can give substantially large scattering losses.
Also, the grain size of the garnet is 20-50 nm, while a nano-crystal structure larger

than 10-15 nm will increase the propagation losses dramatically [155].

Type of Loss Origin of the Loss

Radiation losses The refractive index of the core layer
is close to that of the substrate, or the

thickness is close to cut-off thickness

Mode conversion losses Conversion from the excited mode to

other guided modes

Absorption losses Light absorption in the waveguide
materials

Diffusion losses/Scattering losses Imperfection of the waveguide
structure

Tunnelling losses Only in barrier optical waveguide

caused by lon modification

Table 5-1. Different types of losses and the origin of them.

There are essentially four ways to measure the propagation losses: the
Cutback Method, Sliding-Prism Method, Fabry-Perot Resonances Method, and
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Scattered Light Measurement Method [155]. As discussed above, end-coupling is
used in the measurement. Therefore, only the Cutback Method and Fabry-Perot
Resonances Method are suitable, since the Sliding-Prism Method needs prism
coupling and the Scattered Light Measurement uses optical fibres to collect the
scattered light.

For the Cutback Method, the device needs to be cut short after the first
measurement, which makes a change to our device and will affect the function as
it changes the periods of the garnet, and most probably will change the rotation
degree. Besides, there is a higher requirement for the coupling-in/out facets to
produce repeated measurements, and it is also much harder to cleave the sample
the second time (as they get smaller each time). Additionally, the Fabry-Perot
Resonances Method is more stable, repeatable, and more accurate than the
Cutback Method, thus it is adopted in this thesis.

After cleaving the two sides of the sample, the waveguides on top form a
Fabry-Perot cavity with the two cleaving facets acting as two semi-mirrors. The

ratio of the output and the input powers can be expressed by:

Pout _ (1-R)Ze~ 4k i
P (1-Re~L)244Re=aL sin?(9/2) (5-3) [155]
Where R stands for the facet reflectivity, and can be expressed as:
_ (n-1)? i
T (n+1)? (5-4)

While @ = 2nkL cos 6 + ¢, is the phase difference related to the optical
path difference of the resonator, and 6 = 0 is the incident angle.
If the ratio of the maximum intensity to the minimum intensity of the Fabry-

Perot resonances fringes can be expressed as:

Imax _ (1+Re~%L)2

= Tmin — (1_Reah)2 (5-5) [155]
Then the propagation loss a can be depicted as:
a=-nGED (5-6) [155]

L “R.J&+1
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_ (3.45-1)2

Here, n = 3.45 (Si at A = 1550 nm), R = >
(3.45+1)

= 0.3031. So, once we get

the Fabry-Perot resonances fringes from the measurement, ¢ = Imax can be easily

obtained from the traces and L is the device length, which can be easily measured.

The propagation loss can be calculated from equation (5-6). As in the third graph

of Figure 5-1 (a), I,,,, reads as around 55 while I,,,;,, reads as 43.5. So ¢ = I”ﬂ =
i
435’

to equation 5-6, we can get the propagation loss a« = 11.2 dB/cm.

The length of the device is measured at 6.2 mm and R = 0.3031. According

During the measurement process, FP fringes were obtained by putting a
beamsplitting cube at the output to measure only the TE or TM polarised
components at 1550 nm when scanned at a step of 0.005 nm over the 1nm
wavelength range from 1550 nm-1551 nm. The choice of the wavelength range
needs to be near 1550 nm, and is fairly flat on the response, which also indicates
that it should be away from the quasi-phase matching/peak wavelength. However,
proper FP fringes can only be obtained from the waveguides with just HSQ or YIG
on top as cladding along the whole waveguides, but not from the waveguides with
periodic garnet cladding, which probably resulted from the perioidicity of the
cladding layer.

Figure 5-1 shows the transmission spectra, associated FFTs, and FFT-
filtered spectra of (a) the TE mode and (b) the TM mode of HSQ-cladded
waveguides, respectively. We can see that in the second graph of (a), a peak is
shown at a frequency of 20.18 nm™', which corresponds to the spatial frequency

of the TE mode in a 6.2mm-long SOI waveguide at a wavelength around 1550 nm,

ZneffL
102 b

and can be calculated by f = where n.¢f is the effective refractive index

of the corresponding mode, L is the length of the Febry-Perot cavity/device, and
Ao is the central transmission wavelength. In the second graph (b), a peak is shown
at a frequency of 20.98 nm™', which corresponds to the spatial frequency of the
TM mode in a 6.2 mm-long SOl waveguide at a wavelength around 1550 nm. Based
on equation 5-6, knowing the readings of the maximum and minimum output from
the third graph of Figure 5-1 (a) and (b), we will be able to get the propagation
loss for the TE mode, 11.2 dB/cm, and the TM mode, 14.7 dB/cm. Also, the

AA=0.04nm from the received FP modulation agrees well with the theoretical
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calculated results from 44 = %, which suggests that the FP fringes loss pattern

is correct (Figure 5-1).

Figure 5-2 shows the transmission spectra and associated FFTs of (a) the TE
mode and (b) the TM mode of YIG cladded waveguides, respectively. We can see
that in the second graph of Figures 5-2 (a) and (b), a peak is shown at the same
frequency of 7.79 nm™' for both the TE and TM modes, while no peak is shown at
the frequency around 20 nm!, which correspondes to the spatial frequency of the
TE mode in a 6.2 mm-long SOl waveguide at a wavelength around 1550 nm. Also,
the value of AA does not match the theoretical value, which makes it a potentially
false result (Figure 5-2), and probably resulted from other cavities in the setup,
like the cavity between the lens to the sample facet, the cavity between the
couple-in and couple-out lenses, etc., or resulted from the polarisation
modulation of the laser itself. Therefore, FP fringes cannot always be used to
measure the propagation loss of the waveguides with garnet cladding on top
because they are too lossy.

Lei Bi et al. [156] reported that the losses of YIG, Bio.sYIG, and Ce-YIG films
of nearly fully polycrystalline garnet films were around 50 dB/cm, 150 dB/cm, and
40 dB/cm, respectively. The more amorphous the garnet film is, the higher the
optical loss will be. For our example, the garnet cladding is partially
polycrystalline, which leads to a larger optical loss. Another option to measure
optical loss is the Cutback Method. Because of the destructive nature of this
method, it is not suitable for our application for now. In the future, spare samples
will be prepared in order to measure the propagation loss through the Cutback
Method.
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Figure 5-1. The transmission spectra, associated FFTs, and FFT-filtered spectra of (a) the TE
mode and (b) the TM mode of HSQ-cladded waveguides, respectively.
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Figure 5-2. The transmission spectra and associated FFTs of (a) TE mode and (b) TM mode of
YIG-cladded waveguides, respectively.
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5.2 Measurements with Permanent Magnets

5.2.1 Setup of the Whole Measurement Rig

In experimentation, both lensed fibre and optical microscope objective
lenses of different magnifications can be used to couple the laser beam with the
waveguides. Compared to the optical lens, lensed fibre is getting more attention
for its simplicity of alignment and better coupling efficiency. However, the lensed
fibre is less stable, and the slightest vibration of the lensed tip can be a potentially
serious problem for delicate measurement, especially when the output signal is
relatively small. Thus, in our experiment, only the optical lens was used in order
to get better stability and to separate the TE and TM components of the input
beam.

In the early stage of measurement, a periodic longitudinal magnetic field
provided by a pair of Helmholtz coils (one on either side of the sample) driven by
a waveform amplifier with the periodic signal coming from the wave function
generator was used to magnetize the sample. However, there is a problem using
the Helmholtz coils as a source of magnetic field. On one hand, the heat
interaction of light and the magnetic field leads to a slight mechanical movement
off/in the pinhole, which presents as a false signal of the periodic modulation of
light. This inherent noise factor cannot be ruled out easily. On the other hand, at
least a 1.5 kOe-2 kOe magnetic field is needed to saturate the MO garnet material,
and over 0.4 kOe is needed to switch the direction of magnetization. The
Helmholtz coils cannot provide such a high magnetic field. A maximum of 150 Oe
(11936 A/m) can be achieved, and 300 Oe (23873 A/m) can be shortly achieved
while starting to heat up and overload. Here, in our experiment, permanent
magnets of around 1.2 kOe were used to saturate the samples with subsequent
optical characterisation undertaken using the remnant magnetisation only.

The two sides of the sample were cleaved to form a Fabry-Perot cavity. The
schematic of the whole measurement setup is shown in Figure 5-3. As the output

of the tunable 1550 nm laser is TM-polarised, TE polarised radiation was coupled
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with the guides using an in-line polariser followed by an in-line TM-TE converter
together with a 20x optical lens, and the output passed through a polarising beam-
splitting cube in order to separate the TE- and TM-polarised components (Figure
5-4, right). The in-line polariser is to only allow TM-polarised light through. Then,
the in-line TM-TE converts TM-polarised light to TE-polarised light. Next, the
polarising beam-splitting cube after the 20x lens is a double guarantee for a pure
TE injection. Subsequently, a collimated 40x (f=4.5 mm) objective lens was used
to inject TE-polarised light into the millimetre scale long waveguides (Figure 5-4,
left), while a second 40x optical lens was used to couple the light signal out from
the waveguide. Here, all lenses and the sample were situated on 3-axis micro-
positioning stages, of which all 3 axes can be adjusted to achieve the best
alignment. A photodiode detector linked with a lock-in amplifier modulated by a
mechanical chopper or a polarimeter was used to receive the signal out of the
waveguides (see Figure 5-5). In the measurement process, TE-polarised light was
injected and the TM component was measured. Thus, any substantial TM power

measured at the output is from the polarisation conversion of the device.

Monitor
Camera
TM-TE
Lens
Chor.:perﬁ Lens Lens R
] ! 1.55pum
Detector - Sample ' Tunable Laser
i In-line
Pin Hole _ Polarising Beam PolarisingBeam  polariser

S splitting cube splitting cube
Z
S

Lock-in
Amplifier

Figure 5-3. Measurements rig set-up using permanent magnets.
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==
E

Figure 5-4. The right pic shows that TE-polarised radiation was coupled with the guides using
an in-line polariser followed by an in-line TM-TE converter, and the output passed through a
polarising beam-splitting cube in order to separate the TE- and TM-polarised components;
the left pic shows that a collimated objective lens was used to inject TE-polarised light into
the millimetre scale long waveguides.

Figure 5-5. A photodiode detector linked with lock-in amplifier modulated by a mechanical
chopper (left) or a polarimeter (right) was used to receive the signal out of the waveguides.

5.2.2 Measurement Process
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1.Wavelength scan, no magneticfield:
TE is injected and only the TM output is measured;

l

2.Wavelength scan with sample saturated in the

same direction in which the light is coupled in:

TE injected and only TM output is measured and recorded using
the Lock-in amplifier;

l

3.Wavelength scan with sample saturated in the
opposite directionin which the light is coupled

IN: TE injected and only TM is measured and recorded using
the Lock-in amplifier;

l

4. Saturatethe sample in the same direction in which the
light is injected, Wavelength scan and record Azimuth and

other data with polarimeter: (step: 0.5nm; range: 30nm, in which
the peak found by using Lock-in is; delay: 3s)

l

5. Saturatethe sample in the oppositedirection in which
the light is coupled in, Wavelength scan and record

Azimuth and other data with polarimeter: (step: 0.5nm; range:
30nm, in which the peak found by using Lock-in is; delay: 3s)

Figure 5-6. The steps for the whole measurement process.

The steps for this method of measurement are described in Figure 5-6. In
the 15t step, a wavelength scan (1500 nm-1630 nm) is performed, while no
magnetic field is applied, with the results recorded by a Lock-in amplifier. Here,
any large rotations observed were actually due to a slight misallignhment in the
position of the MO garnet islands relative to the Si waveguides (slightly off-
centre). This resulted in the waveguides being asymmetric in the cross-sectional

profile, and, hence, led to the reciprocal mode conversion. In order to avoid this
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problem in future, new samples were prepared with SixNy overcladding (which has
a much closer refractive index to garnet). Figure 5-7 and Figure 5-8 describe the
optical characterisation results of samples on a 500 nm SOI platform with Ce-YIG
on MgO and Ce-TIG as upper cladding, respectively. We can see that there is a
small peak in Figure 5-7 (a) before saturation, most likely due to the small mis-
alignment between lithography mask writings, and there is no peak confirmed at
all in Figure 5-8 (a) before saturation, which means that there is no misalighment
between the two mask writings.

In the 2" and 37 steps, a wavelength scan was carried out when a
longitudinal magnetic field (=1 kOe, around 1.2 kOe) was applied to saturate the
samples with subsequent optical characterisation undertaken using the remnant
magnetisation only, with the results recorded by a Lock-in amplifier. It was found
that the polarisation mode conversion exhibits a peak when the phase-matching
criterion is satisfied, and different quasi-phase matching periods lead to different
wavelength peaks [89]. Peaks purely resulting from the magneto-optical Faraday
rotation effect can be spotted, and peaks resulting from the combination of the
reciprocal loading effect and MO Faraday rotation effect experienced an
enhancement compared to the same peak obtained in the 15t step. As shown in
both Figure 5-7 (a) and Figure 5-8 (a), substantially bigger peaks were found after
saturating the sample both negatively and positively.

In the 4t and 5% steps, wavelength scans with a smaller range (30nm; even
smaller for finer resolution scans) centred at the peak wavelength were done on
the saturated sample, and the output signal was recorded by polarimeter, which
analysed the signal and records Si, Sz, S3, azimuth, ellipticity, etc. When
saturating the sample in opposite directions, the azimuth turns in opposite
directions, as seen in Figure 5-7 (b) and Figure 5-8 (b), and the Stokes parameter
of the traces should behave differently from each other at the same peak
wavelengths.

A potential difficulty using azimuth and ellipticity to characterize
polarisation states is that these are essentially periodic functions, and that small
changes in the polarisation state can appear as large changes when they occur
near the limits of the measurement range. For example, the azimuth could appear
to switch randomly between + and - in the vicinity of +90°, as + 90° and - 90° are
equivalent to each other on Poincare sphere. However, there can be just a small

difference between the polarisation states as shown in the Poincare sphere.
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Therefore, the opposite changes observed can potentially be interpreted as false
signals. Further analysis was required on these opposite azimuths at the peak
positions to exclude this possibility. Stokes parameters, on the other hand, are
continuous functions bound by -So, +So and, hence, Stokes vectors were chosen for
the following analyses. Thus, the Stokes parameters were used to confirm that
the signal is true when the azimuth turns in opposite directions at the same peak
wavelengths when saturated in oppostie directions.

Initially, a comparison of S1, Sz, and S3 of the two opposite directions of
saturation was carried out, where the points of oppositely saturated directions
determined by the three Stokes parameters should be situated in opposite sections
on the Poincare sphere, while the points of the false signal resulting from the
system should be the same in both saturated directions. Hence, the true non-
reciprocal polarisaton change resulting from a magneto-optical effect can be
identified. As predicted, some of the results are false signals, as the traces of S1-
S3 are exactly the same both ways, as seen in Figure 5-7 (c). Figure 5-8 (c) presents
the true signals. It is observed that at A=1511nm there is an opposite change in
the sign of the S; and S; Stokes parameters of the two opposite saturation
directions, which indicates that both the orientation of the major axis and the
sense of the ellipse of the transmitted polarisation state have reversed with the

reversal of the longitudinal magnetic saturation direction.
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Figure 5-7. The optical characterisation results of Ce-YIG on the MgO sample. (a) displays
that substantially bigger peaks occur after saturating the sample both negatively and
positively, while there is a small peak before saturation, most likely due to the small mis-
alignment between lithography mask writings. (b) shows that the azimuth of the light turns in
the opposite direction when saturated in different directions at the same wavelength peak, as
found in the upper graph. (c) shows traces of the S1, Sy, and S; Stokes parameters of the two
saturated directions. It is clearly seen that there is no difference in the Stokes parameters of
two opposite directions of saturation.
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Figure 5-8. The optical characterisation results of the Ce-TIG sample. (a) displays that good
peaks occur after saturating the sample both negatively and positively, while there is no peak
at all before saturation. (b) shows that the azimuth of the light turns in the opposite direction
when saturated in different directions at the same wavelength peak, as found in the left graph.
The waveguide is with the beat length of Ce-TIG/HSQ=10.5/10.5 um. (c) shows traces of the
S1, Sy, and S Stokes parameters of the two saturated directions. It is observed that at A=1511
nm there is an opposite change in the sign of the S, and Sz Stokes parameters of the two
opposite saturation directions, which indicates that both the orientation of the major axis and
the sense of the ellipse of the transmitted polarisation state have reversed with the reversal
of the longitudinal magnetic saturation direction.
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5.2.3 Analysis of the Results — Poincare Sphere and Angle
Between Two Stokes Vectors

In order to simplify the identification and quantify the nonreciprocal
magneto-optic component of the quasi-phase-matched polarisation mode
conversion of the two real results, the position of the points on the Poincare
sphere corresponding to the Stokes parameters and the angle between the Stokes
vectors were adopted. The positions of the Stokes vectors corresponding to the
peak points were displayed in the Poincare sphere. Orthogonal polarisations
states, as are required for an optical isolator, will appear as diametrically opposite
points and an angle between the vectors of .

Here, a Bi-TIG sample (Figure 5-9) and a Ce-TIG sample (Figure 5-10) on a
500 nm SOI platform are used to explain the analysis process. For the Bi-TIG
sample in Figure 5-9, it was noticed that there was a 1-1.5 nm shift of peak
wavelength while analysing by Polarimeter from that analysed by the Lock-in
amplifier measurement system. Unfortunately, there is no way to automatically
couple the two measurement systems together. Furthermore, it is time scans of a
tuning laser instead of absolute wavelength scans in the Polarimeter
measurement, so the wavelength difference can be simply caused by switching
between absolute wavelength scans vs time using the Lock-in amplifier
measurement system and time scans using the Polarimeter. There was also an
estimate in time for the starting point of the scan.

The angle between the two Stokes vectors of scans of different directions
of magnetic saturation was used to quantify the non-reciprocity and isolation
extinction of the device. For devices with 100% isolation, the two vectors should
rotate +90°, which makes the angle between the two vectors 180°. The third
graph of Figure 5-9 (the Bi-TIG sample on the 500 nm SOI platform) and Figure 5-
10 (the Ce-TIG sample on the 500 nm SOI platform) plots the angle between the
two Stokes vectors vs wavelength. For Bi-TIG, it reached around 55° at A=1531.5
nm. For the Ce-TIG sample, the angle got to nearly 180°, which indicates that the
number of quasi-phase matching periods on this device is near ideal for

implementation in an isolator.
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Figure 5-9. The optical characterisation result of the Bi-TIG device. The first plot shows the
relative fraction of the TM-polarised output as a function of the input wavelength; a peak at
A=1530 nm is observed. The second plot displays the position of the peak points on the
Poincare sphere. It is clearly seen that they are situated on different sections of the sphere
while saturated in different directions. The third graph shows the angle between the two
Stokes vectors in opposite directions of saturation. The maximum angle is around 55°.
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Figure 5-10. The optical characterisation result of the Ce-TIG device. The first plot shows the
relative fraction of the TM-polarised output as a function of the input wavelength; a peak at
A=1511 nm is observed. The second plot displays the position of the peak point on the
Poincare sphere. It is clearly seen that they are situated on different spheres while saturated
in different directions. The third graph shows the angle between the two Stokes vectors in
opposite directions of saturation. The angle is nearly 180°, which indicates that the number
of quasi-phase matching periods on this device is near the ideal for an optical isolator
implementation.
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In order to calculate the isolation ratio of the NR-PMC part according to the
obtained Stokes vector angle, we suppose that in the forward direction the output
light from the NR-PMC part first goes through an integrated quarter-wave plate,
where the circularly polarized light is converted into linearly polarised light. It
then goes through a polariser oriented at the same angle as the output linearly
polarised light, which makes sure that 100% of the output light is getting through
in the forward direction. We set the optical power of the output light as unit 1. In
the backward direction, a similar integrated quarter-wave plate and polariser
were placed at the output of the NR-PMC section, where the polariser was
oriented orthogonally to the polariser in the forward propagating direction. We
set the angle between the two Stokes vectors of opposite propagation directions

as 6; thus, the angle between the azimuths of the output light of opposite
propagation directions was g, as was the angle between the output light and the
polariser in the backward direction. Therefore, the optical power of the output

light that passes through the polariser and goes back to the laser source is

2
(cos g) . We know that isolation is defined as:
d = —10log = (5-10)

Where P,,,; is the optical power of the output light and P;, is the optical power
of the input light.

Therefore, the isolation ratio becomes:
0 2
d =-10log (cosz) (5-11)

Where 8 = cos™? (%), §is the Stokes vector of forward direction, while S_,; is
flISp

the Stokes vector of backward direction. The Stokes vector angle for the Ce-TIG
on the 500nm SOI platform in Figure 5-10 is 0.8158 m, i.e., 2.563 rad, and the
isolation ratio d = 10.9 dB.
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5.2.4 Observed Promising Results on Both 500 nm SOl and 340
nm SOI Platforms with Different Garnets on Top

As discussed in Chapter 4, for the fabrication of the NR-PMC part, different
kinds of MO garnets, including Bi-TIG, TIG, Ce-TIG, and Ce-YIG on YIG/MgO were
used as cladding layers on both 500 nm SOl and 340 nm SOI platforms, and
corresponding devices were fabricated and measured. Though there was a mis-
alignment problem in the fabrication process of the devices on 340 nm SOI
platforms, there are still some devices that were well aligned, with the MO
Faraday rotation effect observed on both the 340 nm SOI substrate and 500 nm
SOI substrate. Depending on the quality of the garnet and the number of quasi-
phase matching periods, the Faraday rotation degree and, thus, Stokes vector
angle vary among these devices. All of the results presented below (on the 500
nm SOI platform) and in the Appendix (on the 340 nm SOI platform) indicate that,
with proper optimisation of the quality of the garnet and the right device length,
all of the garnets presented here can be used to achieve non-reciprocal mode

conversion as part of the isolator device.

5.2.4.1 500 nm SOl Platform with Bi-TIG, Ce-TIG, Ce-YIG on YIG, and Ce-YIG
on MgO as a Cladding Layer

The measurement results of the devices with 300 nm Bi-TIG and 300 nm Ce-
TIG as an MO cladding layer on a 500 nm SOI platform, the wavelength scan with
the sample unsaturated and saturated positively and negatively, the peak
wavelength point on the Poincare sphere, and the angle between Stokes vectors
are presented in Figure 5-9 and Figure 5-10, respectively.

Figure 5-11 and Figure 5-12 display the measurement results of the device
with Ce-YIG on YIG (330 nm/50 nm) as cladding. Figure 5-11 shows the relative
fraction of the TM-polarised output as a function of input wavelength when the
sample is not saturated, and saturated in a forward direction and back direction;
a peak at A=1612 nm is observed.

Figure 5-12 presents the Stokes vector angle of opposite magnetic

saturation at a resolution of 0.01 nm, where an angle of nearly 3/4m is observed
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and there is fringe-like noise. By calculating the frequency spacing AA in the free
spectral range (FSR), it can be confirmed that the fringe-like noise came from the
Fabry-Perot fringes, which can be avoided by applying an anti-reflection coating
on the facets of the cleaved sample. Besides, quasi-phase matching (QPM) is found
on 800 nm-wide and 900 nm-wide devices of different lengths of beat-length at
different peak wavelengths (Figure 5-13). Compared to the simulation results,
though there is a small difference in the QPM period length, there is good
agreement in the general development trend, where devices with a shorter QPM

period length tend to have a longer peak wavelength.
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Figure 5-11. Device with Ce-YIG on YIG cladding on a 500nm SOl platform: the relative fraction
of the TM-polarised output as a function of input wavelength when the sample is not
saturated, and saturated in a forward direction and back direction; a peak at A=1612 nm is
observed.
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Figure 5-12. Device with Ce-YIG on YIG cladding on a 500 nm SOI platform: it presents the
Stokes vector angle of opposite magnetic saturation at resolutions of 0.01 nm, where an angle

of nearly 3/41 is observed and there is fringe-like noise.
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Figure 5-13. Device with Ce-YIG on YIG cladding on a 500nm SOl platform: (a) and (b)

compare the experiment results of the QPM period length to the simulation results of QPM
period length on 900 nm-wide devices and 800 nm-wide devices, respectively.
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Figure 5-14 and Figure 5-15 display the measurement results of the device
with Ce-YIG on MgO (300 nm/20 nm) as cladding. Figure 5-14 shows the relative
fraction of the TM-polarised output as a function of input wavelength when the
sample is not saturated, and saturated in a forward direction and back direction;
a peak at A=1614 nm is observed. Figure 5-15 presents the Stokes vector angle of
opposite magnetic saturation at 0.5 nm resolution, where an angle of about 1/2n

is observed.
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Figure 5-14. Device with Ce-YIG on MgO cladding on a 500 nm SOI platform: the relative
fraction of the TM-polarised output as a function of input wavelength when the sample is not
saturated, and saturated in a forward direction and back direction; a peak at A=1612 nm is
observed.
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Figure 5-15.Device with Ce-YIG on MgO cladding on a 500 nm SOl platform: it presents the
Stokes vector angle of opposite magnetic saturation at a 0.5 nm resolution, where an angle
of about 1/21 is observed.

5.2.5 Summary of the Observed Promising Results

Table 5-2 summarises the measurement results of all the NR-PMC devices
fabricated on both 500 nm SOI and 340 nm SOI, which have been described above.
The actual device lengths in measurement (Ln), angle between Stokes vectors (9),
and calculated Isolation ratio (dc) of the devices fabricated are presented.
However, the isolation ratio we got here from the measurements is not the
optimised performance that each device should have. Here, the isolation ratio
depends on the number of QPM (Quasi-Phase Matching) periods on the device.
Thus, the longer the device is, the more QPM periods there are. When the device
is cleaved at the proper length, a Stokes vectors angle of m is expected, where
the lightwaves of opposite propagation directions are orthogonal to each other
and there is 100% isolation theoretically, and ideally more than 60 dB can be

achieved, integrated with some other necessary components, like wave-plates and
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polarisers, as discussed above. The lengths needed to achieve m between Stokes
vectors (Loptimal) for all devices are also calculated and presented in the table.

Among all the devices on 500 nm SOI platforms, the one with Ce-YIG/YIG
claddings stands out to be the best, where 0.74m has been obtained on a 4.07 mm-
long device, and 5.5 mm will be needed to get total isolation. The second best is
the one with Ce-TIG cladding, where 0.816m has been obtained on a 6 mm-long
device, and 7.35 mm will be needed to get total isolation. This, however, does
not agree with what was discussed in Chapter 2, whereby devices with the Ce-TIG
MO (magneto-optical) cladding should have the best performance with the
smallest footprint. Besides, the performance of the device with Ce-YIG/YIG
cladding outbids that of the device with Ce-YIG/MgO cladding, which, in theory,
should be the other way around, as YIG has an opposite Faraday coefficient from
that of Ce-YIG, which weakens the performance, while MgO has a neutral
magneto-optical performance.

Among all of the devices on 340 nm SOI platforms, the one with Bi-TIG
claddings stand out to be the best, where 0.84m was obtained on a 3.4 mm-long
device, and 4.1 mm will be needed to get total isolation. The second best is the
one with Bi-TIG + TIG cladding, where 0.81m was obtained on a 3.7 mm-long
device, and 4.57 mm will be needed to get total isolation. This, also, does not
agree with what was discussed in Chapter 2, whereby devices with the alternating
MO cladding (MO+/MO-) should have the better performance with a much smaller
footprint than the devices with just a single sign of MO cladding.

All of these contradictions between theory and application can most
probably be attributed to the inconsistency of the quality of the partially
crystallised garnet materials. Full crystallisation is a worldwide problem yet to be
overcome. Recently, our collaborators have been using low temperature laser
annealing to improve the crystallinity of the garnet materials. The results seem
very promising and re-producible and are to be published. Therefore, in the
future, devices with different lengths and with different MO garnet materials can
be designed and fabricated to get further confirmation, and better repeatable

performances should be expected.
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Substrate 1 Substrate 2

500nm SOI 340nm SOI
Garnet Ln(mm) | ©p(rad) | dc(dB) | Loptima(mm) | Ly(mm) | ©n(rad) | dc(dB) | Loptimat(mm)
Bi-TIG 5.4 0.28m 0.88 | 19.3 3.4 0.83m 11.57 | 4.1
Bi- NA NA NA NA 3.7 0.81m 10.63 | 4.57
TIG+TIG
Ce-TIG 6 0.816m | 10.9 | 7.35 4.5 0.32m 1.15 14
Ce- 4.07 0.74m 8.02 |5.5 5.74 0.10m 0.11 57.4
YIG/YIG
Ce- 7 0.51m 3.1 13.7 NA NA NA NA
YIG/MgO

Table 5-2. Summary of the measurement results of all the NR-PMC devices fabricated on both
500 nm SOl and 340 nm SOIl. In the table, L, - Measured Device Length, O, — Measured Stokes
vectors angle, d. — Calculated Isolation ratio based on O, Lopiima - Device Length Needed to
achieve 1T between Stokes vectors. The best results are highlighted in red.

Below, Figure 5-16 (a), (b), (c), and (d) present the relationship between
isolation vs wavelength of the four best results highlighted in red in Table 5-2.
Isolation was calculated by the method and equation 5.11 described in 1.2.3, while
the relationship between the Isolation Ratio and Stokes Vector Angle based on
equation 5.11 is described in Figure 5-17. Figure 5-17 (a) shows the periodic
relationship between the isolation ratio and Stokes vector angle according to
equation 5.11 with the period of 2m. The maximum value, which tends to be
infinite, is obtained at Stokes Vector Angle = (2n+1)m, n=0,1,2..., where the two
modes are orthogonal to each other. Figure 5-17 (b) presents the relationship
between the Isolation Ratio and Stokes Vector Angle for half a period (0-m), and

points out the best results described in Table 5-2.

d =-10log (cosg)2 (5-11)
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Figure 5-16.(a), (b), (c), and (d). The relationship between isolation vs wavelength for the

four best results highlighted in red in Table 5-2. The isolation was calculated by the method
and equation 5.11 described in 5.4.4.
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Figure 5-17.(a) describes the relationship between the Isolation Ratio and Stokes Vector
Angle according to equation 5.11, which clearly shows a periodic trend with the period of 21r.
The maximum value, which tends to be infinite, is obtained at Stokes Ve Vector Angle =
(2n+1)m, n=0,1,2..., where the two modes are orthogonal to each other. (b) presents the
relationship between the isolation ratio and Stokes vector angle for half a period, and points

out the best results described in Table 5-2.
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6 Chapter 6—Design, Fabrication, and Optical
Measurement for Reciprocal Polarisation Mode
Converter

6.1 Introduction

Chapters 3, 4, and 5 discussed the simulation, design, fabrication, and
optical measurement of the NR-PMC part. This chapter is going to describe the
simulation, design, fabrication, and optical measurement of the R-PMC (reciprocal
polarisation mode conversion) part. Here, an L-shaped structure was adopted to
achieve reciprocal polarisation mode conversion, similar to the trench structure.
The asymmetric profile of the L-shaped waveguide effectively rotates the optical
axis of the waveguide, such that, when a single mode from a symmetric waveguide
is incident upon this asymmetric section, it excites both polarisation modes within
the asymmetric structure. Beating between these two excited modes results in a
modification of the state of the polarization that varies with propagation through
the asymmetric section. Thus, through careful design of the length and degree of
asymmetry of this section, various desired polarisation state conversions may be
achieved.

The trench structure has been realised in Ill-V materials by Electrical Beam
Lithography (EBL) and the Reactive lon Etching (RIE) lag effect [96] [157] where,
after the same amount of etch time, the etched depth of patterns with smaller
feature sizes is smaller than those of bigger feature sizes. But, primarily due to
its smaller dimensions, but also due to the etch parameters adopted for Si, the
control of the RIE-lag approach is not straightforward in Si. The left pic of Figure
6-1 presents the cross-section profile of trenches of different widths after being
deep etched for 20 mins, where it is clear that not much difference in etched
depth vs trench width is obtained. The 5 pm-wide trench is etched down 54 pm,
while the 10 pm-wide trench is etched down 60 pm. The right pic of Figure 6-1
includes four sets of data reflecting the change of etch depth of different trench

widths after being etched for 20 mins, 60 mins, 80 mins, and 100 mins,
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respectively. We can see that for the same trench width range, the difference in
etch depth increases with the increase of the etch time. The RIE lag effect is small
even for features of both the trench width and the trench depth at the 100 pm
scale. It will become much smaller for our case, where the width and depth of the
trench is only at the 500 nm scale.

Therefore, an equivalent structure, the L-shaped profile, achieved through
a two-step etch and re-mask process, is adopted to achieve the required

asymmetry and reciprocal polarisation mode conversion.

20min etch Bosch1-HPTest4
400 100min
§300. ? 80min
= L
e’ 60min
o
: L
L
w 100 1 [ 20min ! ' '

0 10 20 30 40 50
Trench width (um)

Figure 6-1. The left pic of Figure 6-1 presents the cross-section profile of trenches of different
widths after being deep etched for 20 mins, whereit is clear that not much difference in etched
depth is obtained. The 5 pm-wide trench is etched down 54 pm, while the 10 um-wide trench
is etched down 60 um. The right pic of Figure 6-1 includes four sets of data reflecting the
change of etch depth of different trench widths after being etched for 20 mins, 60 mins, 80
mins, and 100 mins, respectively. These results are reprinted with the kind permission of Dr.
Haiping Zhou [158].

6.2 Simulation and Design on 500 nm SOI and 340 nm SOI

6.2.1 500 nm SOI

The Reciprocal Polarisation Mode Converter (R-PMC) is designed to be made
in an L-shaped (Figure 6-2b) cross-section on 500 nm SOIl, where a big dimension
gives more fabrication tolerance and offers enough space for modes conversion

compared to thinner core SOI platforms. Simulation is conducted in a modesolver
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program [137] in MATLAB® to ascertain the whole width (=Wi+W;) of the
waveguide and also W1, W2, and h4, the depth to be etched down to. Here, 50%,
not 100%, modes polarization conversion (i.e., the equivalent of a half-waveplate
orientated at 22.5°) has been previously identified as better implementation for

the integrated isolator. The Stokes vectors relating to the effective optic axis

1
\/E’

First of all, an initial simulation was carried out to find out the width range

orientations are S = (% i%, 0) and S = ( i\/—lz, 0), respectively [86].

for single-mode guided 500nm-thick waveguides. The cross-section profile is
shown in Figure 6-2 (a). The height of waveguide H is 500 nm. The relationship
between the effective refractive index of the two orthogonal single-lobed
fundamental modes and the width of the waveguide is described in Figure 6-3,
from which we can obtain the width range of single mode waveguides, 150 nm-
300 nm. Then, for the L-shaped simulation, 250 nm, half of the whole Si core
thickness, was chosen as the etched-down depth hi. The cross-section profile is
shown in Figure 6-2 (b). Based on the obtained single-mode width range and the
etched depth h4, simulations were conducted to find the proper dimensions to
achieve 50% mode conversion by varying W1 and W,. The single-mode width range
150 nm-300 nm was used as the width range for W1. By increasing the value of W,
structures with different optic axis orientations, which also only allow the guiding
of the single-mode, can be found from the Stokes vectors. The simulation result
is summarized in Table 6-1.

In the actual e-beam mask design, a wider range of widths for W, were
chosen for each W1 value to accommodate any fabrication error/difference.
Taking W1 = 150 nm as an example, the simulated value for W, was 168 nm, while
165 nm-175 nm was chosen for W2 when designing the e-beam mask. Three lengths
of the L part were chosen based on the half-beat length L, to achieve a different
percent of mode conversion, L, 1.5Ls, and 2L., from which a 50%, 35.36%

T2

( vz, 50%), and 0% mode conversion should be expected.

As the waveguides were thin, in order to ensure they were guiding the light
and avoiding bad facets of these thin waveguides after the cleaving process, a
linear Si adiabatic taper coupler was added to both sides of the waveguides, as
shown in Figure 6-4. Here ‘adiabatic’ means that the taper changes so slowly that
the power is maintained in the two fundamental modes, and the power that

couples to other higher order modes is nearly negligible [159][160][161]. A long
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and gently changing taper is one solution to achieve adiabatic coupling [161]. An
adiabatic taper coupler does not require a precise power-transfer length [162] as
long as it is long enough to satisfy the adiabatic condition. The width of the taper
varied from W1 to 2 pm through a 350 pm length on an SOI platform [163]. In actual
design, waveguides with adiabatic tapers of different lengths can be designed and
tested. Additionally, tapers of two forms, the triangle and the quarter circle, were
also added to both ends of the L-part to avoid the sudden change and in-
continuity, as seen in Figure 6-5. Also, there is an overlap between the layer of
the L-part and the layer of the straight waveguide to allow for a greater

fabrication tolerance.

(a) W

Figure 6-2. (a) The Cross-Section Profile of a 500 nm-thick single-moded waveguide, while (b)
is the Cross-Section Profile of the L-shaped design.
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Figure 6-3. The relationship between the effective refractive index of the two fundamental
modes and the width of the waveguide.

hi(nm) Wi(nm) | Wz(nm) | W(nm) | Lit(um) | S1(1) S2(1) S1(2) S2(2)
250 150 168 318 | 2.5384 | 0.7009 | 0.6041 | -0.7080 | -0.5722
250 160 168 328 | 2.6596 | 0.6979 | 0.6099 | -0.7013 | -0.5772
250 170 165 335 | 2.7276 | 0.7079 | 0.6026 | -0.7076 | -0.5716
250 180 165 345 | 2.8816 | 0.7054 | 0.6083 | -0.7020 | -0.5782
250 190 165 355 | 3.0536 | 0.7027 | 0.6142 | -0.6965 | -0.5856
250 200 163 363 | 3.1713 | 0.7113 | 0.6086 | -0.7029 | -0.5833
250 210 163 373 | 3.3820 | 0.7074 | 0.6159 | -0.6971 | -0.5928

Table 6-1. The optimised parameters of the L-shaped waveguide of each specific width to
achieve a 50% mode conversion on 500 nm SOI.
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Figure 6-4.The structure of the L shape with Si adiabatic taper coupler.

Figure 6-5. The triangle and the quarter circle added to both ends of the L-part to avoid the
sudden change and in-continuity.
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6.2.2 340 nm SOI

The same rules and methods apply to the simulation and design of the L-
shaped design on the 340 nm SOI platform, except that the thickness of the core
Si layer is now 340 nm and not 500 nm. Figure 6-6 indicates the relationship
between the effective refractive index of the two fundamental modes and the
width of the waveguide, from which we can get the width range of single mode
waveguides, 200 nm-400 nm. Interestingly, there is a crossover for square cross-
section guides.

For waveguides with widths less than 340 nm, represented by the points at
the left side of the crossover point (340,340) in Figure 6-6, the difference in the
effective refractive index between the two fundamental modes decreases with
the increase of the width in the horizontal dimension. This means that the half-
beat length increases and the difference becomes 0 when the width in the
horizontal dimension equals the height in the vertical dimension.

For waveguides with widths more than 340 nm, represented by the points
at the right side of the crossover point (340,340) in Figure 6-6, the difference in
the effective refractive index between the two fundamental modes increases with
the increase of the width in the horizontal dimension. Meanwhile, the height in
the vertical dimension stays the same, at 340 nm; hence, the half-beat length
decreases. For waveguides with a fixed value of the vertical dimension (height),
the bigger the difference between the horizontal dimension (width) and the
vertical dimension (height), the bigger the effective refractive index between the
two fundamental modes, the shorter the half-beat length.

For the L-shaped simulation, 170 nm, half of the whole Si core thickness,
was chosen as the etched down depth his. Here, no proper 50% mode conversion
structures were found in waveguides where W1 was wider than 320 nm, as the
horizontal dimension (W1 + W) is much bigger than the vertical dimension (hi + h;
= 340 nm), and there is always more power scattered in the horizontal dimension

than in the vertical dimension. The simulation result is summarized in Table 6-2.
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Figure 6-6. The relationship between the effective refractive index of the two fundamental
modes and the width of the waveguide.

hi(nm) | Wi(nm) | Wa(nm) | W(nm) | Lit(um) | Sa(1) S2(1) S1(2) S2(2)
170 200 90 290 2.6592 | 0.6837 | 0.6185 | -0.6943 | -0.6327
170 210 85 295 | 2.7996 | 0.6879 | 0.6169 | -0.6965 | -0.6306
170 220 80 300 2.9899 | 0.6898 | 0.6177 | -0.6970 | -0.6304
170 230 75 305 | 3.2401 | 0.6891 | 0.6211 | -0.6953 | -0.6324
170 240 70 310 3.5642 | 0.6853 | 0.6276 | -0.6909 | -0.6373
170 250 65 315 3.9830 | 0.6774 | 0.6378 | -0.6828 | -0.6457
170 260 60 320 | 4.5266 | 0.6643 | 0.6525 | -0.6696 | -0.6586
170 270 50 320 5.1111 | 0.7039 | 0.6144 | -0.7107 | -0.6183
170 280 45 325 | 6.0714 | 0.6838 | 0.6367 | -0.6907 | -0.6387
170 290 40 330 7.4204 | 0.6510 | 0.6689 | -0.6584 | -0.6690
170 300 30 330 | 9.2702 | 0.6997 | 0.6228 | -0.7082 | -0.6200
170 310 25 335 | 12.5990 | 0.6404 | 0.6795 | -0.6506 | -0.6745
170 320 15 335 | 19.0707 | 0.7124 | 0.6109 | -0.7247 | -0.6007

Table 6-2. The optimised parameters of the L-shaped waveguide of each specific width to
achieve a 50% mode conversion on a 340 nm SOI.
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6.3 Fabrication

First of all, etched markers used for alignhment between layers were
prepared using e-beam lithography. Two layers of 12% 2010 PMMA were used as
the etch resist mask, and written at a dose of 1000 pC/cm? with a 64 nA e-beam
current along with a VRU (variable resolution unit) of 16 under 100 kV. The sample
was developed in 2.5:1 IPA: MIBK for 140 s followed by 45 s IPA at 23.5 Degrees.
These markers are sets of 20 umx20 pm of 4 squares plus 700 pmx20 pm crosses.
A Si etch tool (STS-ICP, Estrelas, or ICP-180) was used to etch the markers down
into the Si layer to the SiO;, which was confirmed using the end-point detector to
get the interferometer trace. Therefore, all these markers are 500nm/340nm
deep, the same thickness as that of the Si core layer. Overnight soaking in hot
acetone (50 Degrees C) and then 2 mins Oxygen Plasma ash were adopted to
remove the remnant PMMA resist.

Afterwards, 1:1 MIBK diluted HSQ (Hydrogen silsesquioxane)-negative resist
was spun at 2000 rpm and baked on a hotplate for 15 mins before being sent to
the e-beam to write the waveguides patterns. Only the straight waveguide part
and the taper couplers were written this time as the first layer. The patterns were
written with a 2 nA beam with VRU as 6 and at a dose of 1350 uC/cm?. At the same
time, the cover strips to cover the markers, to protect them from being damaged
in the subsequent dry etch procedure, were written.

Afterwards, the mask was developed in neat TMAH for 30 s followed by a
30 s rinse in RO (de-ionsed) water, another 30 s in RO (de-ionsed) water and 45 s
in IPA. Then, an Si dry etch tool was used to etch away half of the core Si layer,
using an end-point detector, 250 nm deep for the 500 nm SOl and 170 nm deep for
the 340 nm SOI. Then, an acetone, IPA rinse, and an oxygen ash were carried out
to remove any ‘etch residues’ on the sample surface, after which a second layer
of 1:1 MIBK diluted HSQ resist was applied on the sample, to have the second layer
of the L-part written, without stripping off the remaining HSQ, which was used as
the dry etch mask for the second etch as well. The same spinning speed, bake
time, e-beam beam size,VRU, dose, and develop condition were used as in the
first layer. Then, the device was etched down another half thickness of the Si core

layer in the Si etch tool. The device was completed and ready for cleaving.
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Before cleaving, a layer of photoresist was spun on top without any hot-
plate curing. Careful cleaving was carried out using the scribe+cleave tool to get
a 4-5mm-long device with straight edges. Finally, a 5 mins acetone rinse was
applied to remove the photoresist on top, and the device was ready for
measurements. Figure 6-7 indicates the structure of the L-shape under SEM. The
left and the middle pics show the top-down view of the L-part with a triangle and
quarter-circle taper, respectively, while the right pic presents the cross-section

profile of the L-part.

10.0kV 13.0mm x20.0k SE(M) 2.00um 10.0kV 11.8mm x26.0k SE(V) 2.00um 10.0kV 13 Imm x130k SE(U) 400nm

Figure 6-7. The structure of the L-shape under SEM. The left and the middle pics show the
top-down view of the L-part with a triangle and quarter-circle taper, respectively, while the
right pic presents the cross-section profile of the L-part.

During the fabrication process, the alignment between the layers is very
critical as there is very small fabrication tolerance in this design. Only mis-
alignment under W1/2 (75 nm-105 nm for a 500 nm SOI and 100 nm-160 nm for a
340 nm SOI) is allowed if a W1/2 wide overlap is placed between the first straight
waveguide layer and the second L-part layer, while the normal drift in the VBé6
tool is ~30 nm every 15 mins [164]. So, in order to achieve a good alignment, a re-
calibration every 15 mins is needed during the e-beam job-writing process, or a
job shorter than 15 mins should be designed by varying the e-beam mask, e-beam
spot size, or VRU.

Another fabrication problem will be the stitch error (Figure 6-8), resulting
when the whole e-beam mask is divided into many 1.2 mmx1.2 mm or 1 mmx1 mm
subfields [164]. Therefore, there will be many stitches between the sub-fields,

and it becomes worse when there is drift in the process of switching fields. To
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avoid the stitch error, overlap can be placed in the mask between subfields if the
mask is too large to be put in a single subfield, and an effort should be made to
design the mask to be in a single subfield if it is within a single subfield size.

A cell registration process can be developed to solve the alignment issue
and the stitch error where the whole mask is divided into small cells whose mask-
writing time is shorter than 15 mins, and there is a re-calibration between two
cells writing and a bit of mask overlap between two cells. As the mis-alighment
for the last set of devices fabricated is within the tolerance range because of the
good performance of the EBL tool, the cell registration process is not applied in
the fabrication process of the R-PMC part yet. However, in the future, the cell
registration process, which guarantees the good alignment between layers
regardless of the performance of the EBL tool, is a must, and has to be applied in

the fabrication process of the L-shape device.

10.0kV 13.0mm x40.0k SE(V) 1.00um 10.0kV 11.8mm x80.0k SE(V)

Figure 6-8. Field stitch errors

6.4 Optical Measurements

The measurements method for the R-PMC part is much the same as that
described for the NR-PMC part in Chapter 5. The same free space end-coupling
method was adopted with pure TE injected in, and TM and TE modes of the output
measured by the photodiode detector together with the lock-in amplifier system.

The whole setup of the measurement system is shown in Figure 6-9.
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Figure 6-9. Measurement rig set-up for the R-PMC part.

Figure 6-10 shows the measurement results of TM output vs wavelength of
three devices on a 500 nm SOI, where W1=200 nm, W2=163 nm, and h1=250 nm;
the only difference between the three devices is the length of the L-part with the
three different values as L1=Lx, L2=1.5Ly, and L3=2L, from which we should expect
V2

50%, 35.36% (= 5 50%), and 0% mode conversion. We can see that there is a
trend whereby, with the increase of the L-part length, the TM output power
increases, which hints that there is more mode conversion. However, there is not
one outstanding obvious peak in any results of the devices of different L-part
lengths. The peaks are quite randomly scattered. There are also fringes resulting
from the Fabry-Perot cavity of the device in the traces. Similar results are
obtained from devices of different lengths in the L-part on the 340 nm SOI (Figure
6-11), where W1=280 nm, W2=50 nm, and h1=170 nm.

Later, the reason why the measurement results did not match what should
be expected was discovered: there was a problem with the designs we had for
both the 500 nm SOI and 340 nm SOI platforms. From the dimension parameters
of the structure designs on the 500 nm SOI and 340 nm SOl in Tables 6.1 and 6.2,
respectively, we can see that, in the L-part, the total width (w) of the waveguide
is smaller than the height of the waveguide (500 nm for a 500 nm SOI and 340 nm
for a 340 nm SOI), while, in the adiabatic taper section, the input/output side,

2pum wide, is larger than the height of the waveguide. Thus, there will be a square
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cross-section part in the design where the width of the waveguide equals the
height, which leads to polarisation scattering between the modes with a similar

effective refractive index, and random polarisation states will be obtained.
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Figure 6-10. The measurement results of TM output vs wavelength of three devices on a 500
nm SOI.
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Figure 6-11. The measurement results of TM output vs wavelength of three devices on a 340
nm SOI.

6.5 Discussion and Future Work

More work needs to be done in order to develop a working R-PMC device in
the future. On one hand, in order to remove the Fabry-Perot fringes noise, an
anti-reflection coating (ARC) can be applied to both facets of the devices after
cleaving. The existence of the anti-reflection coating layer creates a double

interface, which, thus, leads to two reflected waves, as seen in Figure 6-12. When
the coating layer is a quarter-wavelength thick d = ﬁ with a refractive index of

n = /nyng,[165], there will be a m phase difference between the two waves, so
the two waves will completely cancel each other. SixNy with a refractive index of
around 2-2.1 at the infra-red wavelength range is a good candidate for the AR

n{—m

2
coating. According to the reflectivity equation,R = (n +n) , only 4% of the wave
1

is reflected.
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Figure 6-12. The existence of the anti-reflection coating layer creates a double interface,
which, thus, leads to two reflected waves.

On the other hand, a defect was found in the design of the L-shape.
Between the wide taper (2-3 pym wide) and the straight waveguide (200-300 nm),
there is a part where the width of the waveguide equals the height of the
waveguide, which makes it a total square waveguide (500x500 nm for a 500 nm
SOI and 340x340 nm for a 340 nm SOI). This leads to unwanted mode conversion
between the guided modes as it can be either mode component. The mode
scattering at the square cross-section part gives a random incoherent polarisation
state.

Later measurements carried out in a polarimeter system can be done to
identify whether the output is a polarisation coherent state or a polarisation mode
scattering state, which is an incoherent state that can result from a structure with
total square cross-section dimensions. Polarisation coherent state outputs are
represented by points on the Poincare sphere, and the relationship of the Stokes
parameters of the points can be expressed by equations about Stokes parameters,
as discussed in Chapter 5. The polarisation mode scattering states are described
by random points in the middle of the Poincare sphere, and the relationship of the
Stokes parameters is not coherent. Revisions need to be made to avoid the total
square area, including making the taper area a half-etch down by applying a wider
second layer, as seen in Figure 6-13. Also, waveguides with adiabatic tapers of
different lengths can be designed and tested. Besides, the QPM periodic loading
on top of the Si waveguide can be another promising option, as observed and

discussed in Chapter 5.
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Figure 6-13. The structure of a potential working L-shaped R-PMC device; a wider second
layer can be added to the coupler to avoid the total square waveguide.
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7 Chapter 7—Discussions, Conclusions, and
Future Work

As an indispensable component in optical circuits/systems, an optical
isolator helps to keep the performance of the whole system stable, by preventing
and blocking reflected light signals that occur at interfaces. The isolator also
prevents undesired interference and interactions between connected devices and
pathways/routes from coming back to the optical source, which will make the
source suffer and lead to instabilities. To date, the optical isolator is the most
significant device that has not been successfully commercialised.

The core technique of the integrated isolator requires non-reciprocity.
There are commonly two approaches taking advantage of magneto-optical (MO)
garnet material in waveguides: the Faraday Effect (longitudinal) - Nonreciprocal
Polarisation Mode Conversion (NR-PMC), and the transverse approach -
Nonreciprocal Phase Shift (NPS), where a phase shift between forward and
backward traveling light is generated, but which only normally applies to TM mode
designs.

Currently, almost all of the research into the development of integrated
isolators correspond to TM (Transverse Magnetic) modes by applying NPS in
structures like ring isolators [64]-[67] and MZI (Mach-Zehnder Interferometers)
[29][31][69]-[73]. This, however, does not the match the needs of many integrated
systems, like PICs (Photonic Integrated Circuits) or OEICs (Opto-Electronic
Integrated Circuits), as most of the lasers within these systems emit TE
(Transverse Electric)-polarised light as a result of quantum-well selection rules. A
detailed literature review can be found in Chapter 1.

A few TE mode integrated optical isolators have been proposed based upon
NPS [31] [32] [84] [110]. To date, the only two TE polarised light optical isolators
were realized by Ghosh et al. [31] and Shoji et al. [32]. In these experiments, MO

garnet material was adhesively bonded on top of the waveguide and the NPS
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approach, together with a complicated optical serpentine circuit or complicated
design of asymmetric coupled waveguides for TE-TM mode conversion, was
employed, although the controllability of the thickness of the adhesive bonding
layer remains an issue of concern.

Obstacles remain in the integration of MO garnet material on semiconductor
substrates. In most cases, adhesive bonding or direct bonding is utilized for the
integration [29][65]-[67][69]-[73], which is sensitive to any thermal expansion and
currently unsuitable for mass production.

This project aimed to realise the integration of an optical waveguide
isolator that works for both TE and TM modes on the Silicon-on-Insulator platform.
We have targeted a design with two core components that are required to build
such an isolator. One is a 45° NR-PMC (Nonreciprocal Polarisation Mode
Conversion), where the NR-PMC approach, which works for both TE and TM modes,
is adopted. The other is a 45° R-PMC (Reciprocal Polarisation Mode Conversion),
where an asymmetric structure, with an L-shaped cross-section waveguide is
employed, so that the resultant rotation of the optical axis of the guide enables
the excitation of hybrid modes from an injected linear polarisation mode and
reciprocal mode conversion between the two modes.

For the NR-PMC part, in order to resolve the problems of phase matching
and the integration of MO garnet material on the SOI substrate, a bilayer PMMA
lift-of mask was developed to form a periodic loading MO garnet segments pattern
in order to achieve quasi-phase matching. This was achieved by forming MO
segments that alternate with SixNy segments, or by forming MO segments (+) with
a positive Faraday rotation coefficient alternating with MO segments (-) with a
negative Faraday rotation coefficient. Radio-frequency (RF) material deposition
techniques were adopted, followed by a rapid thermal annealing process (RTA) to
achieve crystallinity of the MO garnet. This section of the project was in
collaboration with Professor Bethanie Stadler’s group from the University of
Minnesota. All the MO garnet materials deposition and all the material
characterisation with VSM, XRD, EBSD, and Faraday rotation measurements were

carried out in Minnesota, where | spent several weeks.
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7.1 Nonreciprocal Polarisation Mode Converter (NR-PMC)

7.1.1 Conclusions

On the NR-PMC part, different SOl substrates with the Si core layer
thicknesses of 220 nm, 340 nm, 400 nm, and 500 nm, together with different MO
garnet materials (YIG, Ce-YIG on MgO, Ce-YIG on YIG, Ce-TIG, Bi-TIG, and TIG)
were chosen to be researched. Among them, Ce-TIG, which posses a considerable
Faraday rotation coefficient, and, additionally, does not require a buffer/seed
layer to achieve crystallinity, was the most promising garnet.

As there was a quality problem with the 220 nm SOl and 400 nm SOI wafers
we were supplied with, simulation has only been conducted on these two substrate
platforms, and devices have only been fabricated and optically characterized on
340 nm SOI and 500 nm SOI platforms.

First of all, simulation of the structure with MO garnet on top was carried
out in WGMODES® [137], a Modesolver® package based in MATLAB®, primarily to
get the parameters of the effective refractive index, half-beat length, and Stokes
parameters. The effect of the seed layer (YIG) and buffer layer (MgO) on the MO
behaviour of different garnets was also simulated. Then, an e-beam mask was
designed in L-Edit©, based upon the obtained parameters from MATLAB®.
Afterwards, a nanofabrication process, including e-beam lithography, plasma
processing, RF sputtering, and RTA, mainly conducted in the James Watt
Nanofabrication Center (JWNC) of the University of Glasgow, was used for the
device definition. The development of a suitable bilayer undercut PMMA lift-off
layer for periodic loading MO garnet islands and the optimisation of the crystalinity
of the MO garnet materials have been critical steps during the process. Once
fabricated, the two sides of the device can be cleaved to form an Fabry-Perot (FP)
cavity, and used for free space measurement.

During the measurement, pure TE mode light was injected into the
waveguide. In the beginning, TM output separated by a polarisation splitting cube

was measured by a Lock-in amplifier under situations when the waveguide was
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unsaturated. It was then magnetically saturated in the forward and backward
directions, where only the remenant magnetization of the garnet was used, so
that the quasi-phase matching (where a peak should appear) wavelength, together
with the MO Faraday effect, can be identified.

Devices were saturated using a permanent magnet providing a ~1200 Gauss
magnetic field. A pair of Helmholtz coils were also employed as a source of
variable magnetic field and placed at the two sides of the device under
measurement, which also enables simultanous measurements with changing
magnetic fields. Later, they were abandoned as they could only produce a
relatively weak magnetic field of ~200 Gauss, and also for undesirable thermal
effects upon propagation modes, arising from the heating of the coils.

Afterwards, the total output of the waveguides where quasi-phase
matching occured was analysed by the Thorlabs© polarimeter system, in which
various parameters of the output mode can be obtained, such as Stokes
parameters, azimuth, and ellipticity. Later, further analysis was done on these
parameters to present the nonreciprocity of the device.

The angle between the two Stokes vectors of opposite magnetization
directions was elected as the optimum index to show the nonreciprocity and
isolation of the measured device. Here, an angle of m indicates that the two output
modes of opposite magnetization saturation directions are completely orthogonal
and, as such, demonstrates that it could achieve 100% isolation with appropriate
polarisers and waveplates.

A nonreciprocal isolation performance has been found in devices with many
kinds of MO garnets on both 340 nm SOI and 500 nm SOI platforms. Among these,
more than a 3/4m Stokes vector angle was observed in devices with Bi-TIG and Bi-
TIG + TIG as MO periodic cladding on a 340 nm SOI, and Ce-YIG on YIG and Ce-TIG
as MO periodic cladding on a 500 nm SOI, which corresponded to about an 11 dB
isolation ratio if combined with proper polarisers. The length of these devices
ranged between 3mm and 6 mm.

Also, in this design, the number of periods of the alternating MO segments
and SixNy segments or MO segments (+) with a positive Faraday rotation coefficient
and MO segments (-) with a negative Faraday rotation coefficient decides the
isolation ability of the device. Thus, 100% isolation can be achieved in every device
where quasi-phase matching is satisfied and nonreciprocal behaviour is identified,

as long as an appropriate length of the device is designed.
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7.1.2 Future Work

So far, a producible device fabrication process and optical characterisation
and analysis process have been fully developed for the NR-PMC part, and isolation
has been demonstrated in devices on both 500 nm SOI and 340 nm SOI platforms.
However, effort is still required to to optimize the performance of the device and

make the fabrication process more controllable.

Firstly, research can be conducted on SOl platforms with different
thicknesses of Si core layer to find the optimum platform. Thinner cores of SOls,
340 nm SOl and 220 nm SOI, have been used to make waveguides that enable more
interaction between the mode and the garnet on top, as modes become less
confined/more radiative and pushed up in thinner core waveguides. However,
more evanescent wave interaction in thinner core SOl waveguides can also lead to
more propagation loss as more light is confined in the garnet layer. Usually, garnet
waveguides are quite lossy [156], while less interaction in thicker core SOI
waveguides requires a longer device length to achieve an equivalent amount of
rotation, which also increases the propagation loss. Therefore, a compromise
might be needed according to the relationship between the Faraday rotation and
propagation loss.

There is a large mis-alighment problem in the processing of 340 nm SOI, as
mentioned in Chapter 4, while the 220 nm SOI wafer we were supplied with was
of poor quality, resulting from manufacturing defects from the producer. Actually,
400 nm SOI was first considered as it is also practical for the R-PMC. However,
there was the same material problem with the new 400 nm SOI wafers as with the
220 nm SOI wafers. As such, fabrication parameters need to be optimised on 400
nm SOI, 340 nm SOI, and 220 nm SOI of good quality. Also, the whole fabrication
and optical measurement process will be carried out, from which the best
structure can be decided based on the results of the figure of merit (isolation
ratio/propagation loss) of waveguides on SOl platforms of different core

thicknesses.
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Secondly, from the aspect of MO garnet material, an increase in the
crystalline percentage of the garnet segments, ideally fully crystallized, are to be
achieved.

Thirdly, optical characterisation-wise, the measurement results are to be
improved by removing the FP fringes noise found in the optical measurements of
the devices currently fabricated. Tapers and polymer couplers can be added to
both the input and output of the waveguides. Also, anti-reflection coating (AR)
can be applied to both sides of the cleaved facets.

Besides, in all measurements in this work, TE polarised light is used as
input, as the majority of the lasers used in optical systems are TE-polarised as a
result of the quantum mechanical selection rule to demonstrate the feasibility of
the design of the NR-PMC part and R-PMC part, and the nonreciprocity of the NR-
PMC device, the integrated Faraday rotator. Here, we have successfully
demonstrated the achievement of an integrated Faraday rotator by integrating
periodic magneto-optic garnet as cladding on top of the waveguide, which acts as
the nonreciprocal part of the designed isolator device. In the future, the same
optical characterisation methodology can be applied for TM-input or circularly-
input to further confirm the feasibility of the integrated Faraday rotation device
and support the claim that it can work for light with arbitrary polarisation.

Fourthly, from the aspect of specific application, though isolation has been
achieved in the current devices, the required 45° mode converison devices for the
integrated waveguide isolator are not realised yet. Waveguides with different
numbers of quasi-phase matching periods can be designed to find out the right

number of periods/device length to achieve a 45° mode conversion.

7.2 Reciprocal Polarisation Mode Converter (R-PMC)

7.2.1 Conclusions

On the R-PMC part, an asymmetric structure, an L-shape waveguide, was
chosen so that the rotation of the optical axis could enable the excitation of hybrid
modes from an injected linear polarisation mode and reciprocal mode conversion

between the two modes. The L-shape design is similar to the trenches structure
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due to the RIE (Reactive lon Etching) lag effect [157], which is not applicable in
our situation, as the RIE lag effect is less flexible in Si etching and even less so for
shallow etching.

R-PMC might be able to be accomplished in a 500 nm SOI, 400 nm SOI, or
340 nm SOI, but not on a 220 nm SOI as it is too thin (here, possibly, we can deposit
amorphous Si selectively on top of a section of the waveguides to increase the
thickness of the core layer to complete the whole device on a 220 nm SOI wafer
[31D).

To start with, simulations in MATLAB® were formed to aquire the half-beat
lengh and the right dimensions - the widths and height of each section of the L-
shaped part. Then, a similar method of mask design, device nanofabrication, and
optical characterisation process was applied. Designs of waveguides were made
with different lengths of the L-shaped part, at both sides of which an inverted
adiabatic Si taper was placed in order for better light coupling in/out. During the
device fabrication process, the alignment between the two mask layers was very
critical for the success of the device. The same free space measurement setup
was used to measure the reciprocal mode conversion. The only difference is that
an external magnetic field is not needed any more.

The measurement results turned out to be quite different from what was
expected. The mismatch between the measured and expected results led to a re-
check in the design of the device, where it was discovered that a total square
cross-section waveguide part was included in the design, where the two modes
cross with one another and, thus, the polarisation got messed up. A new design
was proposed for further research by making an inverted adiabatic taper area a
half-etch down by applying a wider second layer to avoid the total square cross

section.

7.2.2 Future Work

Initial simulation and fabrication of the L-shaped design have been
conducted to show that more trials and efforts are required in order to create a
working reciprocal 45° mode converter.

On one side, optimization can be done to the simulation, fabrication, and

optical measurements of the design, as suggested at the end of Chapter 6. To start
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with, simulation in R-soft® is to be conducted to find out the optimized
dimensions. Then, during the fabrication process, cell registration in e-beam
lithography can be used to achieve critical layer-to-layer alignment. Additionally,
an AR coating can also be applied to both sides of the cleaved facets to avoid the
FP fringes noise.

On the other side, from the optical measurements of the NR-PMC part, it is
verified that offsetting the quasi-phase matching loading periods on top of the
waveguides can lead to reciprocal mode conversion. There are both reciprocal and
non-reciprocal mode conversions in the waveguides with magneto-optical (MO)
garnet material as periodic upper cladding at the presence of an external
magnetic field, and an offset between the waveguide and the upper garnet
cladding layer. The device itself can be an isolator when a proper half-beat length

and the right number of quasi-phase matching loading periods are defined.

7.3 Integration of the NR-PMC Part and R-PMC Part

When success has been made in both the 45° NR-PMC part and 45° R-PMC
part, the optimized NR-PMC section and the R-PMC section will be combined and
integrated together with polarisers to make an integrated isolator. A quarter-wave
plate also needs to be integrated between the NR-PMC and R-PMC parts to provide
the necessary phase shift to convert between linear polarization and circular
polarization [138]. Also, a SmCo permanent magnet layer [136] or a metallic strip
(Ti/Au) [68] can be added on top of the garnet cladding layer to help bias the
garnet layer for Faraday rotation, which exempts the presence of an external
magnetic field and makes the optical system more integrated.

In addition, by deciding the length of each part, control of the arbitrary
angle can be achieved. There will be 30 deg, 45 deg, and 60 deg polarisation
converters made to confirm the control of arbitrariness. Also, a complete optimum
recipe with good repeatability will be created for integration with other optical
devices’ fabrication processes and, later, even massive production in industry. For
example, tapers will also be made on the same device to help couple in from the
laser and couple out the signal to another optical device.

Furthermore, the garnet lift-off technique where tapers can be added to

the garnet pattern can be transferred for other applications, like ring isolators
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[64]-[68] and the MZI (Mach-Zehnder Interferometer) [29][31][69]-[73] to avoid
the discontinuity brought by adhesive bonding [32][72][73] or direct bonding
[29][65][68]-[71]. Therefore, rings and the MZI with magneto-optical garnets on
top, which adopt the non-reciprocal phase shift theorem, are also considered to

achieve light isolation, and can be investigated in the future.

7.4 Conclusions

This thesis presented research work to realise the integration of an optical
waveguide isolator that works for both TE and TM modes on the Silicon-on-
Insulator platform. Two core components are required to build such an isolator.
One is a 45° NR-PMC (Nonreciprocal Polarisation Mode Conversion), where the NR-
PMC approach, which works for both TE and TM modes, is adopted and periodic
magneto-optical (MO) rare-earth doped yttrium iron garnet (RE-YIG) segments are
deposited on top of the Si waveguides as upper cladding to achieve quasi-phase
matching. The other is a 45° R-PMC (Reciprocal Polarisation Mode Conversion),
where an asymmetric structure, with an L-shaped cross-section waveguide, is
employed. This is so that the resultant rotation of the optical axis of the guide
enables the excitation of hybrid modes from an injected linear polarisation mode,
and reciprocal mode conversion between the two modes.

On the NR-PMC part, different SOl substrates with the Si core layer
thicknesses of 220 nm, 340 nm, 400 nm, and 500 nm, together with different MO
garnet materials (YIG, Ce-YIG on MgO, Ce-YIG on YIG, Ce-TIG, Bi-TIG, and TIG)
were chosen to be researched. Nonreciprocal isolation performance has been
found in devices with many kinds of MO garnets on both 340 nm SOI and 500 nm
SOI platforms.

Among these, more than a 3/4m Stokes vector angle was observed in devices
with Bi-TIG and Bi-TIG + TIG as MO periodic cladding on a 340 nm SOI, and Ce-YIG
on YIG and Ce-TIG as MO periodic cladding on a 500 nm SOI, which corresponded
to about an 11 dB isolation ratio if combined with proper waveplates and
polarisers. The length of these devices ranged between 3 mm and 6 mm.

However, the isolation ratio we got here from the measurements is not the
optimised performance each device should have. Here, the isolation ratio depends

on the number of QPM (Quasi-Phase Matching) periods on the device. Thus, the
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longer the device, the more the QPM periods. When the device is cleaved at the
proper length, a Stokes vector angle of m is expected, where the lightwaves of
opposite propagation directions are orthogonal to each other and 100% isolation,
ideally more than 60 dB, can be achieved integrated with some other necessary
components, like wave-plates and polarisers, as discussed before.

On the R-PMC part, an asymmetric structure, an L-shaped waveguide, was
chosen so that the rotation of the optical axis enables the excitation of hybrid
modes from an injected linear polarisation mode and reciprocal mode conversion
between the two modes. Devices have been fabricated on both 500 nm SOI and
340 nm SOI platfroms. However, the measurement results turned out to be quite
different from what was expected. A new design was proposed for further research
by making an inverted adiabatic taper area a half-etch down by applying a wider
second layer to avoid the total square cross section.

In summary, this work has successfully realised the first integrated SOI
polarisation-independent Faraday rotator, which works for both TE and TM modes,
based on nonreciprocal polarisation mode conversion (NR-PMC) on both 500 nm
SOI and 340 nm SOI platforms. Both the performance and the footprint are
promising and suitable for optical integration. Instead of bonding, RF sputtering
was adopted to integrate MO garnet materials on an SOI substrate, which improves
the controllability and is more favourable in massive production.

By contrast, all other isolators realised nowadays are based on
nonreciprocal phase shift (NPS) and usually employ either direct bonding or
adhesive bonding to achieve MO garnet integration, which suggests that these
isolators can only work on either TE mode light or TM mode light, which has limits
in mass production. The TM isolators cannot accommodate the isolation needs as
the vast majority of semiconductor lasers used in the integrated optical system
emit TE rather than TM due to quantum mechanical selection rules. The TE
isolators based on NPS need a complicated optical serpentine circuit or a
complicated design of asymmetric coupled waveguides for TE-TM mode

conversion, which leads to a large footprint.



160
Appendix A - Observed Promising Results on 340nm SOI platforms with Different
Garnets on Top

Appendix A — Observed Promising Results on 340
nm SOl Platforms with Different Garnets on Top

1. 340 nm SOI platform with Bi-TIG, Bi-TIG+TIG, Ce-TIG, and Ce-YIG on YIG

as cladding layer

Figure a-1 and Figure a-2 display measurement results of a device with 300
nm Bi-TIG as cladding. Figure a-1 shows the relative fraction of the TM-polarised
output as a function of input wavelength when the sample is not saturated, and
saturated in a forward direction and back direction; a peak at A=1546.5 nm is
observed. Figure a-2 presents the Stokes vector angle of opposite magnetic
saturation at a resolution of 0.001 nm, where an angle of more than 3/4m is

observed.
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Figure a-1. Device with Bi-TIG cladding on 340 nm SOl platform: it shows the relative fraction
of the TM-polarised output as a function of input wavelength when sample is not saturated,
and saturated in a forward direction and back direction; a peak at A=1546.5 nm is observed.
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Figure a-2. Device with Bi-TIG cladding on 340 nm SOl platform: it presents the Stokes vector
angle of opposite magnetic saturation at resolution of 0.001 nm, where an angle of more than
3/41r is observed.

Figure a-3 and Figure a-4 display measurement results of a device with 300
nm Bi-TIG and 300 nm TIG as cladding, the MO(+) + MO(-) design. Figure a-3 shows
the relative fraction of the TM-polarised output as a function of input wavelength
when the sample is not saturated, and saturated in a forward direction and back
direction; a peak at A=1541 nm is observed. Figure a-4 presents the Stokes vector
angle of opposite magnetic saturation at 0.5 nm resolution, where an angle of

more than 3/4m is observed.
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Figure a-3. Device with Bi-TIG + TIG as cladding on a 340 nm SOI platform: it shows the
relative fraction of the TM-polarised output as a function of input wavelength when the sample
is not saturated, and saturated in a forward direction and back direction; a peak at A=1541 nm
is observed.
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Figure a-4. Device with Bi-TIG + TIG as cladding on a 340 nm SOI platform: it presents the
Stokes vector angle of opposite magnetic saturation at 0.5 nm resolution, where an angle of
more than 3/41r is observed.

Figure a-5 and Figure a-6 display measurement results of a device with 300
nm Ce-TIG as cladding. Figure a-5 shows the relative fraction of the TM-polarised
output as a function of input wavelength when the sample is not saturated, and
saturated in a forward direction and back direction; a peak at A=1548 nm is
observed. Figure a-6 presents the Stokes vector angle of opposite magnetic
saturation at a resolution of 0.01 nm, where an angle of more than 1/4m is

observed.
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Figure a-5. Device with Ce-TIG cladding on a 340 nm SOl platform: it shows the relative
fraction of the TM-polarised output as a function of input wavelength when the sample is not
saturated, and saturated in a forward direction and back direction; a peak at A=1548 nm is
observed.
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Figure a-6. Device with Ce-TIG cladding on a 340 nm SOI platform: it presents the Stokes
vector angle of opposite magnetic saturation at a resolution of 0.01 nm, where an angle of
more than 1/41r is observed.

Figure a-7 and Figure a-8 display measurement results of a device with 330
nm Ce-YIG on 50 nm YIG as cladding. Figure a-7 shows the relative fraction of the
TM-polarised output as a function of input wavelength when the sample is not
saturated, and saturated in a forward direction and back direction; a peak at
A=1524 nm is observed. Figure a-8 presents the Stokes vector angle of opposite
magnetic saturation at 0.5 nm resolution, where an angle of about 1/8m is

observed.
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Figure a-7. Device with Ce-YIG on YIG cladding on 340 nm SOl platform: it shows the relative
fraction of the TM-polarised output as a function of input wavelength when the sample is not
saturated, and saturated in a forward direction and back direction; a peak at A=1524 nm is
observed.



167
Appendix A - Observed Promising Results on 340nm SOI platforms with Different
Garnets on Top

s s
4 4

Q@

O

©

-

O

et

O

O

>

n

Q

B

O

-+

)]

1510 15615 1520 1525 1530 1535
wavelength(nm)

Figure a-8. Device with Ce-YIG on YIG cladding on 340 nm SOl platform: it presents the Stokes
vector angle of opposite magnetic saturation at 0.5 nm resolution, where an angle of about
1/81r is observed.
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Appendix B — Failed Fabrication on 220 nm SOlI,
340 nm SOI, and 400 nm SOI

The same method of simulation, design, and fabrication process is applied
on thinner core SOIs platforms, like 220 nm SOI, 340 nm SOI, and 400 nm SOlI,
where the guided mode is more pushed up and there is more interaction between
the evanescent tail of the guided mode and the MO garnet layer so that a stronger
MO Faraday effect can be expected.

For the 220 nm SOI and 400 nm SOI samples, the wafer itself was of poor
quality resulting from a mistake in the manufacturing process. The interface
between the Si and SiO2 box layer was too rough, which led to huge propagation
loss. Before the actual fabrication process, wafer-quality tests were carried out.
It turned out that the 500 nm wide waveguides on 400 nm core SOI are not guiding
light at all, while those on 220 nm core SOl have a much larger loss for both the
TE mode and TM mode than a normal good-quality 500x220 nm waveguide. The
340 nm SOI turned out to be of very good quality, and the plain 500x340 nm
waveguides give a loss of around 1 dB/cm for the TE mode and around 2 dB/cm
for the TM mode.

In spite of the large propagation loss in the 220 nm SOI, the actual
experiment was carried out on both the 220 nm SOI and 340 nm SOI. However, the
introduction of the MO garnet also substantially gave rise to the propagation loss
[156], which leads to none of the waveguides devices on the 220nm SOI guiding
light when integrated with MO material.

For the 340 nm SOI devices, the misalignment between e-beam layers
resulting from the shift in the mask-writing process became a serious problem
where the MO segments would not get crystallized when the second layer of MO
material, like Ce-YIG, was not aligned with the first seed layer/buffer layer
(YIG/MgO0), or there was huge propagation loss when the HSQ mask layer was not
aligned with the MO segment layer (Figure b-1). There is about 30 nm drift in 15
mins writing time of the VB6 tool resulting from heat, flatness of the sample, the
alignment between the sample and the holder, etc., which can be reduced by

automatically re-calibrating the whole system every 15 mins. Compared to the e-
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beam mask of the 500 nm SOI, that of the 340 nm SOI is much larger and it takes
much longer to write, which means the drift is also much larger because of the
accumulation effect of the drift. In order to reduce the drift and improve the
alignment between the e-beam layers, the size of the e-beam mask can be
reduced, or the mask can be divided into small cells, and cell registration can be

applied in the future.
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I 1
10.0kV 12.1mm x13.0k SE(M) 4.00um 10.0kV 12.7mm x18.0k SE(M) 3.00um 10.0kV 13.2mm x100k SE(U) 500nm

Figure b-1. Mis-alignment between e-beam layers.
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