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Abstract 

This thesis describes the simulation and experiment work of nanostructure design for 

active and passive nanophotonics devices.  

The active device part focuses on organic light-emitting diodes (OLEDs), widely used 

new-generation display devices. The attention is concentrated on improving the light extraction 

of OLED devices, and different nanostructures are proposed based on numerical simulation for 

addressing the losses driven by surface plasma polariton and guided mode in OLEDs. 

Particularly, a novel polarized OLED structure based on photo cross-linkable luminescent 

mesogenic EML material is reported. 

The passive device part introduces the development of a symmetrical dual-sweep source 

for the Frequency Scanning Interferometry (FSI) system based on Four Wave Mixing (FWM) 

in Silicon on Insulator (SOI) nano waveguides. Systematic research of non-linear optics in 

silicon is conducted, which paves the way for numerical simulation and further guides the 

design of SOI chips. Besides, corresponding fibre-to-chip coupling solutions are also proposed 

based on numerical simulation. The designed chip is tested experimentally, and the FWM 

phenomenon is investigated and discussed.  

  



 

iii 

List of Publications during PhD 

study 

1. Qiao, D., Li, K., Sivanathan, S., Copner, B., Copner, N., Campbell, M. and Hughes, B., 

2023, January. Dual-frequency sweeping light source based on four-wave mixing in silicon-

on-insulator nano-waveguide. In Emerging Applications in Silicon Photonics III (Vol. 12334, 

pp. 28-35). SPIE. 

2. Zhu, J., Qiao, D., Jones, A., Zhang, B., Li, K. and Copner, N., 2023. 1.7 THz tuning range 

pivot-point-independent mode-hop-free external cavity diode laser. Optics Express, 31(3), 

pp.3970-3983. 

3. Qiao, D., Chen, G., Gong, Y., Li, K., Fan, Y., Zhang, B., Jia, F., Abubakar, Y., Jones, A., 

Otung, I. and Copner, N., 2020. Design and optical characterization of an efficient polarized 

organic light emitting diode based on refractive index modulation in the emitting layer. Optics 

Express, 28(26), pp.40131-40144. 

4. Qiao, D., Li, K., Copner, N., Gong, Y. and Chen, G., 2019, August. The Enhanced Light 

Extraction Top-emitting Organic Light-emitting Diode Based on Metallic Grating Anode. 

In 2019 IEEE International Conference on Manipulation, Manufacturing and Measurement on 

the Nanoscale (3M-NANO) (pp. 49-52). IEEE. 

5. Abubakar, Y., Gong, Y., Qiao, D., Fan, Y., Evered, C., Jones, A., Saleh, H.D., Li, K. and 

Copner, N., 2021. Enhanced narrowband mid-IR thermal radiation enabled by plasmonic 

stacked gratings. OSA Continuum, 4(9), pp.2481-2487. 

  



 

iv 

Content 

Acknowledgement .............................................................................................................. i 

Abstract .............................................................................................................................. ii 

List of Publications during PhD study .............................................................................. iii 

Content .............................................................................................................................. iv 

List of figures .................................................................................................................. viii 

List of tables .................................................................................................................... xv 

Chapter 1 Introduction ............................................................................................. - 1 - 

1.1 Research background .................................................................................. - 1 - 

1.2 Motivation of the PhD project .................................................................... - 2 - 

1.3 Thesis structure ........................................................................................... - 3 - 

Chapter 2 Theory and methods for Photonic simulation ......................................... - 5 - 

2.1 Maxwell’s equation ..................................................................................... - 5 - 

2.2 Finite-difference time-domain (FDTD) methods ........................................ - 6 - 

2.3 Finite element simulation .......................................................................... - 12 - 

2.4 Other numerical simulation methods ........................................................ - 14 - 

Chapter 3 Study of Active Devices – OLEDs ........................................................ - 17 - 

Disclaimer ........................................................................................................... - 17 - 

3.1 Introduction ............................................................................................... - 17 - 

3.1.1 Optical losses of conventional OLED .............................................. - 17 - 

3.1.2 Limitation of conventional bottom-emitting OLED ........................ - 19 - 

3.1.3 Limitation of the light extraction of polarized OLED ...................... - 20 - 

3.2 The target of this chapter .......................................................................... - 21 - 



 

v 

3.3 Design and simulation of TEOLED with metallic grating anode ............. - 22 - 

3.3.1 Simulation model and mode analysis ............................................... - 22 - 

3.3.2 optimization of the design of metallic grating anode ....................... - 24 - 

3.4 Design and simulation for enhancing light extraction of polarized OLEDs ......  

- 26 - 

3.4.1 Luminescent liquid crystal for the emission layer ............................ - 27 - 

3.4.1 Losses mode analysis of polarized OLEDs based on luminescent Liquid 

Crystal - 30 - 

3.4.2 Light extraction by refractive index gratings in EML ...................... - 33 - 

3.4.3 Enhancing polarized ratio with an extra crystallized emitting layer - 40 - 

3.5 Conclusion ................................................................................................ - 43 - 

Chapter 4 Study of Passive Devices – FWM on SOI waveguides ......................... - 44 - 

4.1 Introduction ............................................................................................... - 44 - 

4.1.1 Integrated Photonics ......................................................................... - 44 - 

4.1.2 silicon waveguide and non-linear effect ........................................... - 47 - 

4.2 The target of this chapter .......................................................................... - 50 - 

4.3 Theory of non-linear optical effects in the silicon waveguide .................. - 52 - 

4.3.1 The Optical Kerr effect in SOI material ........................................... - 53 - 

4.3.2 Two-Photon Absorption ................................................................... - 54 - 

4.3.3 Free Carrier Absorption .................................................................... - 56 - 

4.3.4 Stimulated Brillouin Scattering in the silicon waveguide ................ - 57 - 

4.3.5 The FWM in the silicon waveguide ................................................. - 58 - 

4.4 Design and numerical simulation of SOI waveguide for FWM ............... - 62 - 

4.4.1 Mode analysis of silicon waveguide................................................. - 63 - 

4.4.2 Dispersion modulation and FWM conversion calculation ............... - 67 - 



 

vi 

4.5 Fibre-to-waveguide coupling .................................................................... - 74 - 

4.5.1 Simulation of the grating coupler ..................................................... - 78 - 

4.5.2 Design and simulation of edge coupler I: SU-8 covered taper coupler .....  

- 79 - 

4.5.3 Design and simulation of edge coupler II: Free space taper coupler - 85 - 

4.5.4 Insertion loss from lensed fibre to edge coupler .............................. - 88 - 

4.6 Conclusion ................................................................................................ - 90 - 

Chapter 5 Experiment ............................................................................................ - 91 - 

5.1 Experimental set up ................................................................................... - 91 - 

5.1.1 SOI chip samples .............................................................................. - 91 - 

5.1.2 Manually alignment system .............................................................. - 92 - 

5.1.3 FWM testing system layout .............................................................. - 93 - 

5.2 Experiment 1: Coupling efficiency test .................................................... - 97 - 

5.2.1 Coupling test of SU8-1 ..................................................................... - 98 - 

5.2.2 Coupling test of SU8-2 ................................................................... - 100 - 

5.2.3 Coupling test of SU8-3 ................................................................... - 101 - 

5.2.4 Coupling test of SU8-4 ................................................................... - 103 - 

5.3 Experiment 2: FWM conversion efficiency test ..................................... - 105 - 

5.3.1 Wideband FWM test of SOI chip ................................................... - 105 - 

5.3.2 Wide band FWM test of HNLF ...................................................... - 108 - 

5.3.3 Wideband FWM test of nonlinear SOA ......................................... - 110 - 

5.4 Experiment 3: Dual-Frequency sweeping (filtered FWM) measurement- 112 - 

5.5 Conclusion .............................................................................................. - 116 - 

Chapter 6 Summary and Outlook ......................................................................... - 117 - 

6.1 Contribution to knowledge ...................................................................... - 117 - 



 

vii 

6.2 Limitation of work in thesis .................................................................... - 118 - 

6.3 Prospective work ..................................................................................... - 118 - 

Bibliography ............................................................................................................. - 117 - 

Appendix ................................................................................................................... - 127 - 

A.1 Script for CNSE method ......................................................................... - 127 - 

A.2 Mask Drawing for lithography ................................................................ - 130 - 

A.3 SOI chip with free space coupler ............................................................ - 133 - 

  



 

viii 

List of figures 

Figure 2.1 The Yee lattice and grid of FDTD methods. ............................................... - 9 - 

Figure 2.2 The parameters of PML boundary ............................................................ - 11 - 

Figure 2.3 The meshing of FEM. ................................................................................ - 13 - 

Figure 3.1 Optical losses of conventional OLEDs ..................................................... - 18 - 

Figure 3.2 Structure of (a) Bottom-emitting and (b) Top-emitting OLED. ................ - 20 - 

Figure 3.3 Illustration of the proposed TEOLED structure with Ag nano-grating anode. ..  

- 23 - 

Figure 3.4 The 2D FEM simulated normalized field distribution E of TEOLED. (a) with 

flat Ag film anode (b) with Ag nanograting anode. The normalized intensity (𝐸2) 

of TEOLED (c) with flat Ag film anode (d) with Ag nanograting anode. ......... - 24 - 

Figure 3.5 Emission spectra of normalized intensity with wavelength (a) for the different 

grating depth, (b) for the different grating periods. ............................................ - 25 - 

Figure 3.6 The emission angular responses obtained by FDTD simulation. .............. - 26 - 

Figure 3.7 Potential molecule structure of EML material (BDAVBi derivation) used in 

the manuscript. .................................................................................................... - 28 - 

Figure 3.8 Model of the polarized OLED with crystallized EML. ............................. - 29 - 

Figure 3.9 (a) 2D structure of OLEDs ( XoZ plane), (b) Aligned rod-like shape 

molecules in the plane of EML from the top view(XoY plane), (c) Randomly 

distributed rod-like shape molecules in the plane of amorphous EML from the top 

view(XoY plane). ............................................................................................... - 30 - 

Figure 3.10 (a) Multi-layer structure of OLEDs with amorphous emitting layer; (b) 

Structure of OLED with crystallized emitting layer; (c) Normalized intensity 

distribution of lossy mode in OLEDs with amorphous emitting layer; (d) 

Normalized intensity distribution of lossy mode in OLEDs with crystallized 

emitting layer, the TE lossy mode is confined in emitting layer due to high ordinary 

refractive index; .................................................................................................. - 32 - 



 

ix 

Figure 3.11 The OLEDs structure with refractive index grating in its emitting layer, the 

amorphous and crystallized areas are arranged along the x-axis, T is the grating 

period, F=𝛬/T represent the fill factor of grating, and 𝛬 is the width of crystallized 

areas. ................................................................................................................... - 33 - 

Figure 3.12 Simulated the electric field intensity distribution via side view. (a) Grating 

structure. (b) Non-grating structure. ................................................................... - 34 - 

Figure 3.13 External quantum efficiency simulated for the reference device and devices 

with grating structures with different periods and different thicknesses of EML. (a) 

The EQE of the grating period from 200 nm to 600 nm with EML thickness at 50 

nm, (b) The EQE of the grating period from 200 nm to 600 nm with EML thickness 

at 60 nm, (c) The EQE of the grating period from 200 nm to 600 nm with EML 

thickness at 70 nm, (d) The EQE of the grating period from 200 nm to 600 nm with 

EML thickness at 80 nm ..................................................................................... - 36 - 

Figure 3.14 Purcell factor spectrum simulated for the reference device and devices with 

a thickness of EML of 50 nm. ............................................................................ - 37 - 

Figure 3.15 Simulation of the far field electric intensity distribution of reference devices 

and grating structure in TE and TM polarization, respectively. (a, b) The reference 

devices. (c, d) The grating structures (T=400 nm, EML thickness=50 nm). ...... - 38 - 

Figure 3.16 Polarized ratio simulated for the reference device and devices with grating 

structures with different periods and different thicknesses of EML. (a) The 

Polarized ratio of the grating period from 200 nm to 600 nm with EML thickness at 

50 nm, (b) The Polarized ratio of the grating period from 200 nm to 600 nm with 

EML thickness at 60 nm, (c) The Polarized ratio of the grating period from 200 nm 

to 600 nm with EML thickness at 70 nm, (d) The Polarized ratio of the grating 

period from 200 nm to 600 nm with EML thickness at 80 nm ........................... - 39 - 

Figure 3.17 (a) EQE simulated for the reference device and devices with grating 

structures with different fill factors. (b) The polarized ratio of grating structure with 

different fill factors (T=500 nm). ........................................................................ - 40 - 

Figure 3.18 The OLED structure with an extra crystallized emitting layer underneath the 

grating structure. d is the thickness of the extra crystallized emitting layer. ...... - 41 - 



 

x 

Figure 3.19 EQE spectrum simulated for the reference device and devices with grating 

structures with different thicknesses of the extra emitting layer. (b) The polarized 

ratio of structure with different thicknesses d of extra emitting layer (T=500 nm, 

F=0.3). ................................................................................................................. - 41 - 

Figure 3.20 Normalized far-field intensity as a function of the viewing angle. (T=500 

nm, F=0.3, emission wavelength=550 nm). ....................................................... - 42 - 

Figure 4.1 The structure of Silicon on Insulator (SOI) wafer with 220nm SOI layer. - 47 - 

Figure 4.2 Three typical structures of SOI waveguide. (a) Ridge/Wire waveguide. (b) 

Rib waveguide. (c) Slot waveguide. ................................................................... - 48 - 

Figure 4.3 Schematic of different non-linear optics processes. (a) SHG, (b) THG, (c) 

SFG, (d) FWM .................................................................................................... - 49 - 

Figure 4.4 (a) Basic schematic of FSI system. (b) Principle of FSI system. .............. - 51 - 

Figure 4.5 Measured 𝛽𝑇𝑃𝐴 for 125 𝜇𝑚 thick silicon wafer (black square) as a 

function of wavelength; Best fitting based on calculation from Garcia and 

Kalyanarama (solid red line). ............................................................................. - 55 - 

Figure 4.6 Schematic of TPA in silicon (a) Degenerated TPA (b) Non-degenerated TPA.

 ............................................................................................................................ - 56 - 

Figure 4.7 Schematic of FWM in silicon (a) Energy level diagram of single mode Non-

degenerated FWM, (b) frequency view of Non-degenerated FWM, (c) Energy level 

diagram of single mode Degenerated FWM (d) frequency view of Degenerated 

FWM. .................................................................................................................. - 59 - 

Figure 4.8 Geometry of buried SOI waveguide for simulation. ................................. - 63 - 

Figure 4.9 Calculated effective index of modes in 220 𝑛𝑚 thick strip SOI waveguide 

versus width of waveguide. ................................................................................ - 64 - 

Figure 4.10 Normalized E field intensity of TE modes of 1546 nm light wave for 220nm 

thick SOI waveguide with width sweeping from 300 𝑛𝑚 to 700 𝑛𝑚; (a) TE0 of 

𝑊 = 300 𝑛𝑚, (b) TE0 of 𝑊 = 400 𝑛𝑚, (c) TE0 of 𝑊 = 450 𝑛𝑚, (d) TE0 of 

𝑊 = 500 𝑛𝑚, (e) TE0 of 𝑊 = 550 𝑛𝑚, (f) TE0 of 𝑊 = 600 𝑛𝑚, (g) TE0 of 

𝑊 = 700 𝑛𝑚, (h) TE1 of 𝑊 = 700 𝑛𝑚, (i) TE2 of 𝑊 = 700 𝑛𝑚. ............... - 65 - 



 

xi 

Figure 4.11 Effective index and mode area of TE0 mode of strip waveguide with 

different width (a) effective index versus wavelength (b) effective mode area versus 

wavelength. ......................................................................................................... - 66 - 

Figure 4.12 The high order dispersion and linear phase mismatch versus signal 

wavelengths, the pump wavelength is 1546 𝑛𝑚. (a) Beta 2 versus signal 

wavelengths, (b) Beta 4 versus signal wavelengths, (c) Linear phase mismatch 

versus signal wavelengths, (d) 𝛥𝑘𝐿𝑖𝑛𝑒𝑎𝑟 ∙ 𝐿/𝜋 versus signal wavelengths .... - 69 - 

Figure 4.13 (a) The GVD of different width SOI waveguides with 220nm height. (b) the 

Phase mismatch versus signal wavelength. (c) the conversion efficiency calculated 

by the CNSE method. (d) the conversion efficiency is calculated by Small Signal 

Approximation method. Here the pump energy is set as 15 dBm, the coupling 

length is 10 mm, and the pump wavelength is 1546 nm. ................................... - 71 - 

Figure 4.14 The length sweeping of conversion efficiency, the width is 500 𝑛𝑚, the 

pump power is 15 dBm at 1546 nm (a) the result of CNSE versus signal 

wavelength of different coupling length (b) the result of small signal approximation 

versus signal wavelength of different coupling length. ...................................... - 72 - 

Figure 4.15 The fine length sweeping result solved by CNSE, the width is 500 𝑛𝑚, the 

pump power is 15 dBm at 1546 nm, the max conversion efficiency and conversion 

bandwidth versus coupling length is shown. ...................................................... - 73 - 

Figure 4.16 Conversion of different pump energy versus signal wavelength, where the 

width is 500 𝑛𝑚, length is 2.2 𝑚𝑚, and pump wavelength is 1546 𝑛𝑚. ........ - 74 - 

Figure 4.17 Schematic of typical edge coupling taper coupler. (a) Forward taper coupler. 

(b)Inverse taper coupler. ..................................................................................... - 75 - 

Figure 4.18 (a) The schematic of a grating coupler and the four propagating directions in 

the grating coupler. (b) The cross-section (from plane XoZ) of the grating coupler. .  

- 77 - 

Figure 4.19 Normalized E field of cross-section (from XoZ plane) of the grating coupler, 

the grating period is 𝑇 = 750 𝑛𝑚, 𝛬 = 375 𝑛𝑚. Incident wavelength is 1548 

𝑛𝑚. ...................................................................................................................... - 78 - 



 

xii 

Figure 4.20 The 2D-FDTD simulated coupling efficiency of a grating coupler for 220 

nm thick SOI waveguide, the grating period is 750 nm, and the grating fill factor is 

0.5. ...................................................................................................................... - 79 - 

Figure 4.21 The simulation model of the Su-8 taper coupler. .................................... - 80 - 

Figure 4.22 EIM calculated the effective index of modes of SU-8 outer waveguide. 

(Width 𝑊𝑠=3 𝜇𝑚, Thickness 𝐻𝑠 sweeping from 0 to 3 𝜇𝑚) ....................... - 81 - 

Figure 4.23 Coupling efficiency versus taper length of different Width SU8 waveguides. 

(𝑊𝑡𝑖𝑝 = 80𝑛𝑚, 𝑊𝑆 = 3𝜇𝑚,𝜆 = 1546𝑛𝑚) ..................................................... - 82 - 

Figure 4.24 The Normalized E profile of SU-8 taper coupler (𝑊𝑡 = 80𝑛𝑚, 𝐿𝑡 =

50𝜇𝑚, 𝜆 = 1546𝑛𝑚). (a) Top view (XoY plane). (b) Side view (XoZ plane) - 83 - 

Figure 4.25 Normalized E field for different propagating distances, cross-section profile 

form YoZ plane. (a) X=40 𝜇𝑚, (b) X=30 𝜇𝑚, (c) X=20 𝜇𝑚, (d) X=10 𝜇𝑚, (e) 

X=5 𝜇𝑚, (f) X=0 𝜇𝑚, (g) X=-5 𝜇𝑚, (h) X=-10 𝜇𝑚, (i) X=-30 𝜇𝑚, (j) X=-50 

𝜇𝑚. ...................................................................................................................... - 84 - 

Figure 4.26 (a) The coupling efficiency versus wavelength of different taper lengths. (b) 

The coupling efficiency versus tip width of different taper lengths. .................. - 85 - 

Figure 4.27 The simulation model of the free space coupler. .................................... - 86 - 

Figure 4.28 The simulated E profile of the direct taper coupler (𝑊𝑡𝑖𝑝 = 100 𝑛𝑚, 𝐿𝑒 =

25 𝜇𝑚 𝐿𝑡 =  50 𝜇𝑚). (a) Top view (XoY plane). (b) Side view (XoZ plane) . - 87 - 

Figure 4.29 Coupling efficiency versus Taper Length of the free space taper coupler 

with 𝑊𝑡𝑖𝑝 = 100 𝑛𝑚 and 𝜆 = 1546 𝑛𝑚. ....................................................... - 88 - 

Figure 4.30 Schematic of the simulation model of lensed fibre to coupler facet coupling.

 ............................................................................................................................ - 89 - 

Figure 4.31 Coupling efficiency versus fibre to waveguide distance 𝐿𝐺 for different 

beam waists respectively. ................................................................................... - 90 - 

Figure 5.1 Photos of the first batch of SOI chips (with SU-8 covered taper coupler), 

from left to right is the chips No. 1,2,3, and 4, respectively ............................... - 91 - 



 

xiii 

Figure 5.2 Photos of the second batch of SOI chips (with free space taper coupler), from 

left to right is the chip no 1 and 2, respectively .................................................. - 92 - 

Figure 5.3 The fibre-to-waveguide alignment system ................................................ - 93 - 

Figure 5.4 Block diagram of the experimental testing system of SOI waveguide. .... - 93 - 

Figure 5.5 Block diagram of an experimental testing system for HNLF. .................. - 95 - 

Figure 5.6 Block diagram of the experimental testing system for Non-linear SOA. . - 95 - 

Figure 5.7 Microscope view of SOI waveguide with SU-8 covered taper coupler No.1. ...  

- 98 - 

Figure 5.8 Microscope view of SOI waveguide with SU-8 covered taper coupler No.2. ...  

- 100 - 

Figure 5.9 Microscope view of SOI waveguide with SU-8 covered taper coupler No.3. ...  

- 101 - 

Figure 5.10 Microscope view of SOI waveguide with SU-8 covered taper coupler No.4. 

 .......................................................................................................................... - 103 - 

Figure 5.11 Measured FWM spectrum of SOI chip by OSA. (a) FWM spectrum of the 

smallest detuning. (b) FWM spectrum of the largest detuning. ....................... - 106 - 

Figure 5.12 Measured wide band FWM results of SOI chip. (a) The SNR of idler 𝑆𝑁𝑅𝑖 

versus wavelength detuning ∆𝜆, including sampled data points and fitting curve. 

(b) The conversion efficiency versus wavelength detuning ∆𝜆, including sampled 

data points and fitting curve. ............................................................................ - 107 - 

Figure 5.13 Measured FWM spectrum of HNLF1 by OSA. (a) FWM spectrum of the 

smallest detuning. (b) FWM spectrum of the largest detuning. ....................... - 108 - 

Figure 5.14 Measured wide band FWM results of HNLF1. (a) The SNR of idler 𝑆𝑁𝑅𝑖 

versus wavelength detuning ∆𝜆, including sampled data points and fitting curve. 

(b) The conversion efficiency versus wavelength detuning ∆𝜆, including sampled 

data points and fitting curve. ............................................................................ - 109 - 

Figure 5.15 Measured FWM spectrum of HNLF2 chip by OSA. (a) FWM spectrum of 

the smallest detuning. (b) FWM spectrum of the largest detuning. .................. - 110 - 



 

xiv 

Figure 5.16 Measured wide band FWM results of HNLF2. (a) The SNR of idler 𝑆𝑁𝑅𝑖 

versus wavelength detuning ∆𝜆, including sampled data points and fitting curve. 

(b) The conversion efficiency versus wavelength detuning ∆𝜆, including sampled 

data points and fitting curve. ............................................................................ - 110 - 

Figure 5.17 Measured FWM spectrum of Non-linear SOA by OSA. (a) FWM spectrum 

of the smallest detuning. (b) FWM spectrum of the largest detuning. ............. - 111 - 

Figure 5.18 Measured wide band FWM results of Non-linear SOA. (a) The SNR of idler 

𝑆𝑁𝑅𝑖 versus wavelength detuning ∆𝜆, including sampled data points and fitting 

curve. (b) The conversion efficiency versus wavelength detuning ∆𝜆, including 

sampled data points and fitting curve. .............................................................. - 112 - 

Figure 5.19 Transmission spectrums of long-pass and notch filter. (a) Long-pass filter. 

(b) Notch filter. ................................................................................................. - 113 - 

Figure 5.20 Dual sweeping generated by SOI waveguide. The left-side peaks are the 

filtered signal light plus the original signal light, and the right-side peaks are the 

idler peak after EDFA 3. ................................................................................... - 114 - 

Figure 5.21 Dual sweeping generated by HNLF 1. The left-side peaks are the filtered 

signal light plus the original signal light, and the right-side peaks are the idler peak 

after EDFA 3. .................................................................................................... - 114 - 

Figure 5.22 Dual sweeping generated by HNLF 2. The left-side peaks are the filtered 

signal light plus the original signal light, and the right-side peaks are the idler peak 

after EDFA 3. .................................................................................................... - 115 - 

Figure 5.23 Dual sweeping generated by Non-linear SOA. The left-side peaks are the 

filtered signal light plus the original signal light, and the right-side peaks are the 

idler peak after EDFA 3. ................................................................................... - 115 - 

  



 

xv 

List of tables 

Table 2.1 Comparison among different simulation methods ...................................... - 15 - 

Table 3.1 Refractive indices and the thickness of each layer ..................................... - 31 - 

Table 4.1 Parameters for dispersion modulation and FWM simulation of SOI waveguide.

............................................................................................................................. - 67 - 

Table 5.1 Inventory list of adopted equipment ........................................................... - 96 - 

Table 5.2 Coupling test results of waveguide SU8-1. ................................................ - 99 - 

Table 5.3 Coupling test results of waveguide SU8-2. .............................................. - 101 - 

Table 5.4 Coupling test results of waveguide SU8-3. .............................................. - 102 - 

Table 5.5 Coupling test results of waveguide SU8-4. .............................................. - 103 - 

Table 5.6 Comparison among the FWM techniques based on experimental results - 116 - 



Chapter 1 

Introduction 

- 1 - 

 

Chapter 1  

Introduction 

1.1 Research background 

Since the 1960s, the development of microelectronics has given birth to the information 

revolution. Nowadays, expanding market scale requires advanced hardware every year for 

various aspects, such as processing, transmitting, display, sensing, and energy generating, 

which is beyond the conventional electronic systems’ capabilities due to the physical limitation 

of the electron-basing systems predicted by Gorden Moore’s law [1]. Light, or photons, has 

been seen as a decent medium for transmitting information since the 1970s [2] due to 

broadband characteristics, fast response, high volume data storage, as well as compatibility 

with modern electronic systems, thanks to the photoelectric effect summarized by Albert 

Einstein et al. [3]. Since the first Laser was demonstrated, various devices based on photonics 

technologies have been invented. In recent years, photonics technology has been seen as the 

next breakpoint for the information revolution. However, for a long time, the wide application 

and dense integration of photonics devices have been limited by the volume of devices and 

complicated structures for different purposes. Fortunately, photonics devices are compatible 

with advanced modern nano fabrication techniques promoted by the microelectronic industry, 

which pave a way for the miniaturisation of photonics devices and push the scale of photonic 

research down to the nanometre scale. 

Nanophotonics studies the light-matter interaction and light behaviour at the nanometre 

level. The device is always the main topic of nanophotonic research. Like electronic devices, 

photonic systems are categorized as active and passive. Active devices involve energy 

conversion between photons and electrons, for instance, Lasers, photodetectors, optical 

switches, light sources, photovoltaics, active modulators, and solid-state imaging devices. 

Passive devices only relate to photons transferring and guiding. Optical fibres, waveguides, 

filters, polarizing controllers, attenuators, couplers, multiplexers and demultiplexers are 
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typically passive devices. Different purposing functions and material requirements of those 

devices challenge the photonics design. 

A successful design of nanophotonic devices or structures allows researchers to 

effectively manipulate and control the light phenomena in wavelengths or sub-wavelengths for 

achieving different objectives. Nanophotonic devices are generally developed based on various 

classic prototypes, including photonic crystals, multilayer resonance cavities, nano gratings, 

ring resonators, and surface plasma polaritons (SPPs) arrays. With those structures, high-

quality optical resonance is feasible by reducing the group velocity of electromagnetic waves 

and spatially confining the field at the subwavelength level, which is used in many devices. 

Photonic crystals and similar periodic structures are employed in active devices such as OLEDs 

to enhance their luminescence. Multilayer cavities, ring cavities, and cavities with other 

structures are applied in laser sources, filters, and detectors. SPPs are utilised for tailoring 

spectrum and optimising waveguides. Working wavelength and functions for all these 

structures are programmable with dimension and material adjustment. Modern computer 

technology and electromagnetic theories supply tools to researchers for predicting and 

optimizing devices' performance. 

1.2 Motivation of the PhD project 

This thesis includes two subprojects based on the nanophotonic design. The first is the 

design of active devices, namely the OLEDs, and another one is about the design of passive 

devices, in specific, the SOI waveguide for high efficiency and broadband FWM conversion 

on C band. 

For the subproject about active devices part, the company partner of our research group 

held a patent for a novel cross-linkable luminescent liquid crystal material [4], which is 

promising to be applied in polarized OLEDs devices to overcome the in-plane emission losses. 

However, before the large-scale commercial application of such luminescent material, a proper 

nanophotonic structure design is required to quantitively identify the potential performance and 

optimized geometrical design of the structure, which adopts this novel material. Besides, other 

technique to eliminate the other optical losses in OLEDs devices is vital as well for this project. 

My work investigated various techniques to reduce the optical losses in OLEDs, and analysed 
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the performance of OLED devices with this novel liquid crystal material as the emissive layer 

by comprehensive numerical simulation. 

The subproject about the passive devices is initiated by our partner National Physics 

Laboratory (NPL), the project was looking for a solution to motion-induced errors in the FSI 

distance metrology system for high-value manufacturing, and the FWM was chosen as a 

promising approach to supply a dual-sweep laser source, which is the key point for motion 

error compensating FSI system. Previous research has been done by the FWM on the non-

linear SOA [5]. The new approach is tending to use the SOI nano waveguide due to its small 

size and high nonlinear coefficient, and relative ease of acquisition, which benefits the 

miniaturisation and compactivity of the whole FSI system. However, to precisely manipulate 

the laser beam by FWM on SOI nano waveguide, a careful nanophotonic design needs to be 

carried out, which is covered by my work in this thesis. I have numerically analysed the non-

linear properties of SOI waveguides by both simulation and experiment. The outcome of my 

work supplies a usable design of SOI chip that be applied for the dual sweep laser source for 

the FSI system. 

1.3 Thesis structure 

This thesis introduces the author’s work towards the design of both active and passive 

nanophotonic devices, including OLEDs and SOI waveguides for wavelength conversion. The 

thesis contains three main chapters. 

Chapter 2 looks at the simulation algorithm for photonics design. As the significant 

methodology for modern photonics design, especially the nanophotonic devices, the 

computational simulation methods based on classic electromagnetic theory are introduced. The 

simulation methods, including FDTD and FEM, employed as design tools in this thesis are 

discussed in detail. 

Chapter 3 introduced subproject about active devices accomplished by the author, two 

types of active devices are introduced and researched, including TEOLEDs and polarized 

OLEDs. A novel top-emitting OLED with Ag grating anode is proposed for OLEDs first. An 

enhanced extraction structure based on luminescent liquid crystal for highly polarized OLED 

is proposed based on comprehensive simulation and discussion. The scenario of enhancement 

is introduced from the molecule level.  



Chapter 1 

Introduction 

- 4 - 

 

The subproject of passive devices is introduced in chapter 4. The objective is to develop 

on chip FWM conversion module with high conversion efficiency and broad conversion 

bandwidth for dual-frequency FSI systems. Systematic research about the non-linear effect in 

SOI waveguides is described, and an optimized design of SOI waveguide for FWM is proposed 

based on simulation. The fibre-to-waveguide coupler is then investigated and discussed. Two 

optimized edge coupler designs are presented based on simulation and fabrication perspectives.  

Chapter 5 introduced the experiment about SOI waveguide and corresponding fibre to 

waveguide coupler. The SOI chips are fabricated and tested, and the result suggests the 

proposed design can significantly enhance the accuracy of the dual frequency FSI system, 

which is the first time an SOI waveguide has been applied to an FSI distance measurement 

system. 

Eventually, chapter 6 summarises this thesis's work, emphasises the contribution to new 

knowledge about all the works introduced in this thesis, and gives a detailed future optimization 

perspective for all designs described in this thesis. 
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Chapter 2  

Theory and methods for Photonic 

simulation 

Current nanophotonic design is based on the electromagnetic theory, which has been 

developed for over a century since Maxwell’s equations were proposed in 1873. For a simple 

optical structure or model, an analytical solution is easy to be obtained by theoretical derivation. 

However, the propagation of light in the natural environment is utterly complicated. For 

devices requiring practical applications, a numerical simulation based on corresponding input 

environmental parameters and compatible boundary conditions is necessary, which brings the 

researcher's ability to predict the performance of photonic devices and to find the optimized 

design in theory before production, thus saving both time and cost. In recent years, With the 

rapid development of computer science and electronic technology, the computing ability of 

modern computers has been significantly enhanced, making the computer assistant numerical 

electromagnetic simulation a more and more vital process in photonic design. Many theoretical 

algorithms are achieved by several program languages, including C, C++, Matlab and Python. 

Besides, many commercialized electromagnetic simulation software with more advanced 

features have been launched, including Comsol and Lumerical. In this Chapter, the Basic 

electromagnetic theory is introduced first, and then a series of numerical simulation methods 

adopted for the simulation of both active and passive photonic devices in this thesis are 

introduced. 

2.1 Maxwell’s equation 

Light is a particular electromagnetic wave, and its transmitting obeys the same law as 

other electromagnetic waves. Based on classical electromagnetism theory, all electromagnetic 

phenomena can be described by the famous Maxwell’s equations, which are given by 
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{
  
 

  
 ∇ × 𝐸⃗ = −

𝜕𝐵⃗ 

𝜕𝑡

∇ × 𝐻⃗⃗ = 𝐽 +
𝜕𝐷⃗⃗ 

𝜕𝑡

∇ ∙ 𝐷⃗⃗ = 𝜌

∇ ∙ 𝐵⃗ = 0

, (2.1) 

where the 𝐸⃗  and 𝐻⃗⃗  are the intensity of the electric field and magnetic field, respectively. 

𝜌 is the free charge density of the medium. 𝐷⃗⃗ , 𝐵⃗  and 𝐽 are the electric displacement field, 

magnetic flux density, and free current density, respectively. They can be given by following 

equations 

{

𝐷⃗⃗ = 𝜀0𝐸⃗ + 𝑃⃗ 

𝐵⃗ = 𝜇0𝐻⃗⃗ + 𝜇0𝑀⃗⃗ 

𝐽 = 𝜎𝐸⃗ 

, (2.2) 

where the 𝑃⃗ , 𝑀⃗⃗  and 𝜎  are electrical polarization, magnetic polarization, and 

conductivity of the medium, respectively. 𝜀0and 𝜇0 are permittivity and permeability of the 

vacuum, respectively. Interaction between light and matter is mainly electric interaction so that 

the medium can be assumed as non-magnetic without free charge, thus 𝑀⃗⃗ = 0, 𝐽 = 0 and 

𝜌 = 0 respectively. With these conditions, equation 2.1 is then rearranged to 

{
  
 

  
 ∇ × 𝐸⃗ = −𝜇0

𝜕𝐵⃗ 

𝜕𝑡

∇ × 𝐻⃗⃗ = 𝜀0
𝜕𝐷⃗⃗ 

𝜕𝑡

∇ ∙ 𝐷⃗⃗ = 0

∇ ∙ 𝐵⃗ = 0

. (2.3) 

2.2 Finite-difference time-domain (FDTD) methods 

K.S.Yee initials the FDTD in 1966 [6]; it is a numerical simulation that can obtain the 

distribution of the electromagnetic field in the time-domain by iterative calculation of 

Maxwell’s equation based on substituting the continuous partial derivative of curl equation of 

Maxwell’s equations with discrete finite-difference.  

According to the curl equation of Maxwell’s equation in equation 2.3, the curl equation 

in differential form can be given by 



Chapter 2 

Theory and methods for Photonic simulation 

- 7 - 

 

{
 
 

 
 𝜕𝐻⃗⃗ 

𝜕𝑡
= −

1

𝜇
∇ × 𝐸⃗ −

𝜌

𝜇
𝐻⃗⃗ 

𝜕𝐸⃗ 

𝜕𝑡
= −

1

𝜀
∇ × 𝐻⃗⃗ −

𝜎

𝜀
𝐸⃗ 

. (2.4) 

In the Cartesian coordinate system, both the 𝐸⃗  and 𝐻⃗⃗  has their three corresponding 

components in three coordinate directions, respectively. Therefore the equation is rearranged 

to [7] 

{
  
 

  
 
𝜕𝐸𝑥
𝜕𝑡

=
1

𝜀
[
𝜕𝐻𝑧
𝜕𝑦

−
𝜕𝐻𝑦

𝜕𝑧
− 𝜎𝐸𝑥]

𝜕𝐸𝑦

𝜕𝑡
=
1

𝜀
[
𝜕𝐻𝑥
𝜕𝑧

−
𝜕𝐻𝑧
𝜕𝑥

− 𝜎𝐸𝑦]

𝜕𝐸𝑧
𝜕𝑡

=
1

𝜀
[
𝜕𝐻𝑦

𝜕𝑥
−
𝜕𝐻𝑥
𝜕𝑦

− 𝜎𝐸𝑧]

(2.5) 

and 

{
  
 

  
 
𝜕𝐻𝑥
𝜕𝑡

=
1

𝜇
[
𝜕𝐸𝑧
𝜕𝑦

−
𝜕𝐸𝑦

𝜕𝑧
− 𝜌𝐻𝑥]

𝜕𝐻𝑦

𝜕𝑡
=
1

𝜇
[
𝜕𝐸𝑥
𝜕𝑧

−
𝜕𝐸𝑧
𝜕𝑥

− 𝜌𝐻𝑦]

𝜕𝐻𝑧
𝜕𝑡

=
1

𝜇
[
𝜕𝐸𝑦

𝜕𝑥
−
𝜕𝐸𝑥
𝜕𝑦

− 𝜌𝐻𝑧]

. (2.6) 

In the Cartesian coordinate system, any components of both 𝐸⃗  and 𝐻⃗⃗  can be 

represented by a function relating to time and position 𝑓(𝑥, 𝑦, 𝑧, 𝑡), its discrete in time and the 

spatial domain is given by, 

𝑓(𝑥, 𝑦, 𝑧, 𝑡) = 𝑓(𝑖∆𝑥, 𝑗∆𝑦, 𝑘∆𝑧, 𝑛∆𝑡) = 𝑓𝑛(𝑖, 𝑗, 𝑘). (2.7) 

By applying central difference approximation for the partial derivative of 𝑓(𝑥, 𝑦, 𝑧, 𝑡) 

with respect to time and spatial components, respectively, the following equations are obtained. 
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{
 
 
 
 
 
 

 
 
 
 
 
 𝜕𝑓(𝑥, 𝑦, 𝑧, 𝑡)

𝜕𝑥
|
𝑥=𝑖∆𝑥

≈
𝑓𝑛 (𝑖 +

1
2 , 𝑗, 𝑘) − 𝑓

𝑛 (𝑖 −
1
2 , 𝑗, 𝑘)

∆𝑥

𝜕𝑓(𝑥, 𝑦, 𝑧, 𝑡)

𝜕𝑦
|
𝑦=𝑗∆𝑦

≈
𝑓𝑛 (𝑖, 𝑗 +

1
2 , 𝑘) − 𝑓

𝑛 (𝑖, 𝑗 −
1
2 , 𝑘)

∆𝑦

𝜕𝑓(𝑥, 𝑦, 𝑧, 𝑡)

𝜕𝑧
|
𝑧=𝑘∆𝑧

≈
𝑓𝑛 (𝑖, 𝑗, 𝑘 +

1
2) − 𝑓

𝑛 (𝑖, 𝑗, 𝑘 −
1
2)

∆𝑧

𝜕𝑓(𝑥, 𝑦, 𝑧, 𝑡)

𝜕𝑡
|
𝑡=𝑛∆𝑡

≈
𝑓𝑛+

1
2(𝑖, 𝑗, 𝑘) − 𝑓𝑛−

1
2(𝑖, 𝑗, 𝑘)

∆𝑡

(2.8) 

Figure 2.1 is the Yee lattice, which shows the spatial distribution of spatial nods of discrete 

electric field and magnetic field and has been proved as the robust core scheme of the FDTD 

method. Inside the Yee cell, each magnetic field component is surrounded by four electric field 

components, and each electric field component is surrounded by four magnetic field 

components as well. This arrangement of 𝐸⃗  and 𝐻⃗⃗  direction obeys both the Faraday's law of 

electromagnetic induction and Ampère's circuital law, which is suitable for computing the 

difference of Maxwell’s equation. Alternate sampling between the electric field and magnetic 

field along the time is the core of the whole computing process; the sampling interval of the 

electric and magnetic field has a difference of half of the time step. Then by iteratively solving 

Maxwell’s equation in each time step, the distribution of the electromagnetic field of the whole 

solving space in each moment is obtained. 
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Figure 2.1 The Yee lattice and grid of FDTD methods. 

The FDTD method solves Maxwell’s equation via the approximation in equation 2.8. 

Therefore, error in each computing step is inevitable. With the increasing iterative steps and 

simulation time, the error will be accumulated to a value that needs to be considered. If the 

accumulated error from each step does not increase the total error, the simulation can be seen 

as stable or convergent. On the contrary, the simulation is unstable, which performs as the 

infinite increase of simulation results with an infinite increase of simulation time and step. The 

numerical stability analysis of FDTD is based on the Courant method. The stability condition 

of FDTD methods is given by, 

∆𝑡 ≤
∆𝑙

𝑐√𝑁
 (2.9) 

Where ∆𝑡 and ∆𝑙 are time and spatial steps, respectively, 𝑁 is the dimension of space. 

For the simulation in a 3-dimension Cartesian coordinate system, this equation is rearranged to 

∆𝑡 ≤
1

𝑐√
1

(∆𝑥)2
+

1
(∆𝑦)2

+
1

(∆𝑧)2

(2.10)
 

For an actual application, a high resolution of the simulation result is required for many 

complicate devices, which requires the high finesse of the simulation grid, in other words, the 

high finesse spatial step. Based on equation 2.9, a trade-off between the finesse of the time step 

and spatial step is crucial to ensure the convergence of the simulation. Additionally, the grid 

with high finesse requires enormous memory and computer computing resource, which must 

be addressed with various boundary conditions.  
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In theory, the simulation region of FDTD should be infinite. However, the simulation 

must be finite due to the limitation of computer memory. Therefore, a special treatment for the 

boundary of the simulation region is necessary. In general, the boundary of the simulation 

region should ensure that the wave at the boundary maintains radiation to the outer direction. 

In other words, no obvious reflection at the simulation boundary, and the internal spatial should 

have no distortion simultaneously. In 1994, Berenger proposed the perfect match layer (PML) 

based on Maxwell’s equations as the boundary of FDTD simulation [8]. The PML is a layer of 

a particular medium with a wave impedance that perfectly matches the wave impedance of its 

neighbour medium. Therefore, the incident wave can pass through the interface of the PML 

without reflection. In addition, the PML is a high-absorbing medium, which could attenuate 

and absorb the incident wave in finite layer thickness. 

In a 2-dimension Cartesian coordinate system, Maxwell’s equation can be reduced as 

{
  
 

  
 𝜀0

𝜕𝐸𝑥
𝜕𝑡

=
𝜕𝐻𝑧
𝜕𝑦

𝜀0
𝜕𝐸𝑦

𝜕𝑡
= −

𝜕𝐻𝑧
𝜕𝑥

𝜕𝐸𝑦

𝜕𝑥
−
𝜕𝐸𝑥
𝜕𝑦

= −𝜇0
𝜕𝐻𝑧
𝜕𝑡

(2.11) 

The above equation is about the transverse electric wave, which only contains three 

components, including g 𝐸𝑥, 𝐸𝑦, and 𝐻𝑧. Berenger mentioned that the critical point of PML 

is to split the magnetic field 𝐻𝑧 into two sub-components 𝐻𝑧𝑥 and 𝐻𝑧𝑦 [8], where 𝐻𝑧 =

𝐻𝑧𝑥 +𝐻𝑧𝑦. The equation 2.11 is then be rearranged to 

{
 
 
 
 

 
 
 
 𝜀0

𝜕𝐸𝑥
𝜕𝑡

+ 𝜎𝑥𝐸𝑥 =
𝜕(𝐻𝑧𝑥 + 𝐻𝑧𝑦)

𝜕𝑦

𝜀0
𝜕𝐸𝑦

𝜕𝑡
+ 𝜎𝑦𝐸𝑦 = −

𝜕(𝐻𝑧𝑥 + 𝐻𝑧𝑦)

𝜕𝑥

𝜇0
𝜕𝐻𝑧𝑥
𝜕𝑡

+ 𝜎∗𝑥𝐻𝑧𝑥 = −
𝜕𝐸𝑦

𝜕𝑥

𝜇0
𝜕𝐻𝑧𝑦

𝜕𝑡
+ 𝜎∗𝑦𝐻𝑧𝑦 = −

𝜕𝐸𝑥
𝜕𝑦

, (2.12) 

where 𝜎𝑥, 𝜎𝑦,𝜎∗𝑥, and 𝜎∗𝑦 are the electric conductivity and magnetic conductivity of 

the medium, respectively. Equation 2.12 is a common form of the Maxwell equation, if 𝜎𝑥 =

𝜎𝑦 = 𝜎∗𝑥 = 𝜎∗𝑦 = 0, the equation 2.12 is degraded to the maxwell equation of free space, if 

𝜎𝑥 = 𝜎𝑦  and 𝜎∗𝑥 = 𝜎
∗
𝑦 = 0 , it represents the conductive medium, and if 𝜎𝑥 = 𝜎𝑦  and 
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𝜎∗𝑥 = 𝜎∗𝑦 , it represents the absorbing medium. Besides, if the following conditions are 

satisfied. 

𝜎𝑥
𝜀0
=
𝜎∗𝑥
𝜇0

,
𝜎𝑦

𝜀0
=
𝜎∗𝑦

𝜇0
, (2.13) 

The medium will have the same impedance as the free space, which means no reflection 

will occur when an incident wave propagates across the PML medium interface with an 

arbitrary incident angle, and the PML medium will eventually absorb the incident wave. 

 

Figure 2.2 The parameters of PML boundary 

Figure 2.2 illustrates the primary setting of the 2-D PML boundary surrounding an FDTD 

simulation region. There are two types of PML, including corner and side PML, the sides AB 

and CD are perpendicular to the x-axis, and their independence coefficients are set as 

𝑃𝑀𝐿(𝜎𝑥, 𝜎
∗
𝑥, 0,0 ) to satisfy the impendence matching condition in equation 2.13. 

Correspondingly, the independence coefficients of sides BC and DA, which are perpendicular 

to the y-axis, are set as 𝑃𝑀𝐿(0,0, 𝜎𝑦, 𝜎
∗
𝑦 ). As for the four corners area, there are set as 

𝑃𝑀𝐿(𝜎𝑥, 𝜎
∗
𝑥, 𝜎𝑦 , 𝜎

∗
𝑦), which matches with side PML adjacent to it and further ensures the 

incident wave passes through the corner area without reflection. The PML is the most used 

absorbing boundary condition for FDTD simulation. Based on the requirements of the specific 

simulation problem, other boundary conditions are adopted, including periodic boundary, 

metal boundary, and symmetrical boundary [9, 10].  
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Another essential point of FDTD simulation is the definition of wave source. The wave 

sources in FDTD are generally a function of electric and magnetic components with respect to 

time. The wave source can be categorized as periodic and pulse source. 

𝑚𝑜𝑑𝑓(𝑛Δt) = {
sin(2𝜋𝑓0𝑛Δ𝑡) 𝑒

−[
𝑛−𝑛0
𝑛𝑑𝑒𝑐𝑎𝑦

]
2

𝑒
−[

𝑛−𝑛0
𝑛𝑑𝑒𝑐𝑎𝑦

]
2

sin(2𝜋𝑓0(𝑛 − 𝑛0)Δ𝑡)

(2.14) 

Equation 2.14 supplies three types of wave sources in FDTD, they are sine wave, Gaussian 

pulse, and bandpass filter Gaussian pulse, respectively, from top to bottom, in which the sine 

wave is a periodic source and Gaussian pulse is pulse type source, where the gaussian pulse is 

most adopted for FDTD since it can imitate the wideband source. Moreover, the wave source 

function requires different spatial rearrangements for different simulations and can be 

categorized as the surface source, line source, and point source. 

With all these boundary conditions and source functions, the modern FDTD becomes 

more and more efficient and fast. Many commercial simulation software already exists in the 

market. All FDTD simulation in this thesis is conducted by Lumerical (Ltd.) FDTD solver. 

2.3 Finite element simulation 

FEM is the most used simulation method applied in numerical simulation for both 

engineering and academic research. R.Courant initially initialled it in 1943 to solve the problem 

of equilibrium and vibration via polynomial function at the multi-triangle domain [11]. The 

FEM then attracted the researcher of aerostructure. In 1956, engineers from Boeing illustrated 

a sample to solve the structure strength of an aeroplane wing with FEM [12]. The FEM was 

called the stiffness method by them. Then in 1960, R.W. Clough first applied FEM in civil 

engineering analysis [11], the first time the name FEM was used. Since then, the FEM theory 

has been rapidly developed and widely applied in numerical simulation of various continuous 

physics fields. With the development of modern computer science, the massive computing 

process in FEM is implemented by computers, which enhances the development of FEM a lot. 

The two critical points of FEM are solving the partial derivative equations (PDE) and 

discretization. Various physics fields can be reformatted to a PDE by the functional method. 

The available minimum corresponds to the governing PDE and given boundary conditions. 

Therefore, the physics filed equation is transferred to a PDE. Then various simplified 
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variational solving methods are applied to solve the approximate numerical solution, for 

example, the strong form Galerkin method, the weak form Galerkin method, and the Rayleigh-

Ritz method. Among these methods, the PDE is substituted by an approximate function to 

acquire the solution. Discretization, specifically, is a process that splits the continuous medium 

into various basic geometrical elements, usually called meshing. The physics field solution on 

whole simulation domain is obtained by assembling the PDE solution of each element. Unlike 

the FDTD, the FEM has more choices for meshing, including tetrahedrons, hexahedrons, and 

polyhedrons meshing. Figure 2.3 illustrates those three different meshing types. With various 

meshing schemes, the FEM is more suitable for simulating complicated structures. 

 

Figure 2.3 The meshing of FEM. 

The core of the electromagnetic simulation is solving Maxwell’s equations at a given 

boundary condition, which is applicable to use the FEM methods. There are three main steps 

for solving the EM model by FEM methods: pre-processing, solving, and post-processing. Pre-

processing, including identifying solving regions, building mathematic models, and region 

meshing, depended on the requirements of different objects and devices. With proper PDE and 

boundary conditions, the solving process is then executed. During post-processing, the 

simulation results are analysed. 

Like the FDTD method, selecting appropriate boundary conditions is vital for FEM 

simulation. Open space simulation is only the ideal occasion. The computer is not able to solve 

the EM field in infinite space. Therefore, the FEM simulation region should be confined to a 

limited region depending on the computer's hardware. PML boundary, as a widely used 

boundary condition, is also compatible with FEM simulation. Like the FDTD simulation, PML 

in FEM also matches with the impendence of neighbouring medium and boundary conditions, 

which could absorb the incident wave to eliminate influence on the result from reflection. 
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The advantage of FEM is its high applicability thanks to its flexibility and various mesh 

schemes. However, the universal approximation methods for PDE solution in FEM simulation 

consume more resources than FDTD, as the two main simulation tools, FDTD and FEM, are 

adopted for different devices design in this thesis. The FEM solver employed is the Comsol 

Multiphysics. 

2.4 Other numerical simulation methods 

Despite the two main electro-magnetic simulation methods adopted in this thesis, there 

are various simulation methods that suitable for different scenario and problem, for example, 

the Transfer matrix method (TMM) [13], Methods of lines (MOL) [14], Rigorous coupled wave 

analysis (RCWA) [15], Beam propagation method (BPM) [16], and Boundary element method 

(BEM) [17] etc. 

All these simulation methods adopt whether integral algorithm or differential algorithm. 

The integral algorithm considers every node and cell and solves the matrix in the whole 

simulation region without being limited by boundary conditions, and it is a compact matrix. 

The grid of this type of algorithm uses an unstructured surface to divide the grid, mainly used 

For Fourier space analysis, it is an efficient semi-analytic broadband algorithm, but it is prone 

to convergence problems. The full-wave integration algorithm generally includes BEM and 

BPM which has determined the vector characteristics of the electromagnetic field. These 

simulation methods are limited to be used for 2.5D layered structures with acceptable accuracy. 

Whether the differential algorithm only calculates the points in the local region and the 

matrix in the adjacent area. Due to the boundary conditions, the grid of this type of algorithm 

uses a structured body to divide the grid, which is mainly used for real space analysis. But this 

algorithm is relatively easier to converge. The differential algorithm includes FDTD, FEM, 

MOL, and RCWA, which describes infinite grids into finite grids through convergence 

conditions and is used in most high-precision 3D full-wave analysis electromagnetic software 

of arbitrary structures.  

Here the Table 2.1 briefly summarized the basic principle of these simulation methods 

and compare their advantages and disadvantages. 
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Table 2.1 Comparison among different simulation methods 

Simulation 

method 

Basic 

principle 

Advantages Disadvantages 

TMM 

Calculating the energy 

propagation in 

homogeneous material 

layer and between 

interface 

High efficiency, 

Accurate, no stability 

issue, arbitrary layer 

thickness, ease for 

periodic repetition 

Limited applicability 

for only linear 

homogeneous model, 

unsuitable for 

diffraction simulation 

BPM 

Calculating the in-

plane forward energy 

propagation without 

considering the 

reflection 

Applicable for non-

linear material, 

considering material 

dispersity, suitable for 

waveguide analysis 

Limited accuracy, 

ignored reflection 

MOL 

Numerical calculation 

only in the X-Y 

direction, and 

analytical expanding 

to Z axis. Analysing 

the mutation between 

each conductor and 

medium 

Suitable for periodic 

structure expanding in 

Z axis, rigorous 

solution, suitable for 

resonance analysis 

Poor convergency on 

propagating direction, 

lower efficiency than 

RCWA in medium 

analysis 

RCWA 

Numerical calculation 

only in the X-Y 

direction, and 

analytical expanding 

to Z axis. Analysing 

each spatial harmonic 

wave and adopting 

plane wave as incident 

with arbitrary angle  

Very suitable for 

periodic structure 

expanding in Z axis 

and diffraction 

analysis for large scale 

device, high accuracy, 

no stability issue 

Poor convergency on 

propagating direction, 

poor efficiency for 

device with high 

permittivity and metal, 

inapplicable for finite 

structure 

BEM 
Solving the governing 

equations in regions 

Suitable for curved 

surface or structure 

with low surface area 

Limited accuracy for 

complicate structure, 
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with deterministic 

boundary conditions 

to volume ratio, 

scalable with FEM 

simulation, no stability 

issue 

non-rigorous 

algorithm 

FDTD Chapter 2.2 

Suitable for large scale 

parallel calculation in 

time-domain, very 

high accuracy, 

intuitive calculation, 

applicable for non-

linear analysis, ease 

for virtualization, 

suitable for broadband 

analysis 

Low efficiency for 

curved surface due to 

Yee mesh, complicate 

dispersive analysis 

FEM Chapter 2.3 

Most mature and 

commercial algorithm, 

applicable for arbitrary 

structure 

Complicate mesh 

taking enormous 

simulation resource 

 

By comparing these simulation methods, the FDTD and FEM methods are more universal 

than other simulation methods, therefore they are adopted as the main simulation tools for this 

thesis. 
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Chapter 3  

Study of Active Devices – OLEDs  

This chapter studies the enhancement of efficiency by nanostructure for active devices, 

namely the OLEDS. The simulation works in this chapter are all set with active dipole source. 

Based on comprehensive numerical simulation and optimization, a metal grating structure and 

an index grating structure are proposed to enhance the light extraction of OLEDs. 

Disclaimer 

Part of the result and content in this chapter is already published in a journal paper [18] 

and a conference proceeding [19]. The author of this thesis is also the first author of those two 

publications. The publisher has authorised the permission to reuse for academic purposes and 

the creation of derivative works. 

3.1 Introduction 

3.1.1 Optical losses of conventional OLED 

Optical sources are a prominent proportion of active devices. Organic light emitting 

diodes (OLEDs), invented in 1987 [20], as a new generation of flat-panel display and all-solid-

state lighting technology, have been extensively developed in the last three decades. OLEDs 

attracts researchers’ interest due to their intrinsic characteristics, including high brightness, 

beneficial emission characteristic, lower cost and power consumption. Nowadays, OLEDs 

have been successfully commercially applied in various commercial display devices, for 

example, smartphones, PC monitors, and televisions. Most of the research about OLED focus 

on materials design and synthesis of the organic emitting layer. With the evolution of organic 

photoluminescent material, the internal quantum efficiency of OLEDs has been significantly 

improved to nearly 100% utilizing phosphorescent material [21]. However, the optical out-

coupling efficiency still confines the overall efficiency of OLEDs. Three factors mainly cause 

the optical losses in OLEDs, namely, the total internal reflection (TIR) between each layer, 
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Surface Plasma Polariton (SPP) on the metal-organic interface, and optical blockage due to the 

driven circuit.  

 

Figure 3.1 Optical losses of conventional OLEDs 

In general, OLED is a multi-layer optical structure with two electrodes on the top and 

bottom, respectively. Figure 3.1 shows the structure of conventional OLEDs, cathode, organic 

layers, emitting layer (EL), and anode from the bottom to the top. Light is generated in the EL 

and emitted around. Due to the TIR caused by the mismatch of refractive index between each 

layer, the guided mode is generated. Usually, guided mode happens on the electrode-substrate 

and the substrate-air interfaces since the light propagates from the high index layer to the low 

index layer, which leads to TIR according to Snell’s Law. Around 40% of the generated light 

energy is taken by the substrate and waveguide modes and finally absorbed. Besides, another 

40% of generated light energy is converted to surface plasmon mode and eventually absorbed 

by the medium. The interaction between free electrons on the metal surface and incident 

photons generates SPP, an evanescent wave propagating through the surface of the metal layer. 

With all these optical losses, nearly 20% of the generated light energy is outcoupled from the 

substrate.  

Several approaches have been proposed and verified to eliminate those optical losses and 

enhance OLED's light extraction efficiency (LEE). Typically, scattering structure is one of the 

main methods to enhance the optical extraction of OLEDs by recovering the energy absorbed 

by substrate mode. The first scattering structure is reported by T. Yamasaki to increase the 

efficiency of OLEDs in 2000 [22]. Since then, various designs have been presented to eliminate 

optical losses. The micro-lens array [23-27] and scattering layer [28-30] are adopted as external 
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structures attached to the surface substrate to decrease the substrate loss. Similarly, Periodic 

structures, including diffraction grating [31, 32], conjugate structures[33], photonic crystals 

[34], and low-index grids [35-38], are utilized to recover the losses mainly caused by 

waveguide mode and SPP inside the multi-layer structure of OLEDs. In addition, the 

microcavity effect can improve the overall LEE of OLEDs [39], as well as a gradient refractive 

index (GRIN) substrate, which can adjust the ratio of the light-waveguided modes [40]. All 

those structures mentioned rely on precisely sub-wavelength level nanophotonic design to 

control OLEDs' out-coupling. 

3.1.2 Limitation of conventional bottom-emitting OLED 

Another problem for LEE is the blockage by the driven circuit, which generally involves 

many thin-film transistors and capacitors integrated into the substrate. Most OLEDs adopted 

the conventional structure shown in Figure 3.1, namely the bottom-emitting OLEDs 

(BEOLEDs), in this case, light outputs from the substrate side, where the driven circuit reduces 

the aperture ratio for out-coupling. In order to increase the aperture ratio of OLEDs and avoid 

that blockage, the structure of Top-emitting organic light-emitting diodes (TEOLEDs) is 

proposed. 

Most of the conventional OLEDs employed a bottom-emitting layout because they were 

aimed at the large-scale device, for example, television, where the blockage area of the driven 

circuit is far less than a single pixel area. However, with the explosive demand for high-

resolution tiny-scale displays on mobile devices, including smartphones, tablets, and laptops, 

the blockage of the circuit becomes a big problem for their small pixel area. Therefore, to avoid 

the blockage from the driven circuit in the substrate, the top-emitting structure is proposed, 

where the light outputs from the non-substrate side. Figure 3.2 illustrates the structure of 

bottom and top emission OLEDs, respectively. The semi-transparent anode is the crucial point 

of TEOLEDs. The early-stage TEOLEDs adopt transparent conductive metal oxides (TCOs) 

as an electrode at the emitting side; for instance, Indium Tin Oxide (ITO) [41], Aluminium 

Zinc Oxide (AZO) [42] and Indium Zinc Oxide (IZO) [43], which was widely used as the anode 

of BEOLEDs. TCOs are commonly coated on a glass substrate for obtaining a homogenous 

thin film by sputtering, compatible with the fabrication process of BEOLEDs. However, for 

TEOLEDs, the sputtering process will inevitably damage the organic layer, which is more 

unstable than the glass substrate, and further deteriorate the performance of the whole device. 

Although a buffer layer between the organic layer and anode could protect the organic layer 
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during sputtering, it could introduce more guided mode losses due to an extra layer with a 

mismatched index. 

 

Figure 3.2 Structure of (a) Bottom-emitting and (b) Top-emitting OLED. 

Due to the limitations of TCOs’ application on TEOLEDs, ultra-thin metal film electrode 

was considered a promising candidate because metal can be coated by evaporating, which is 

less harmful to the organic layer. Metal electrode typically represents cathodes in OLEDs. The 

most straightforward solution is to make the metal cathode thinner for transparency. Most 

electrode metal is semi-transparent below 20 nanometres, but ultra-thin metal film could 

decrease conductivity dramatically [44], making the trade-off between transparency and 

conductivity the critical point of TEOLEDs design. Besides, since the reflectivity of 

Aluminium, the most used cathodes material, is too high, several dual metal electrodes 

TOLEDs, in other words, both cathode and anodes made by metal are proposed, and the light 

is supposed to output from the semi-transparent metal anode side. Ag was adopted as the anode 

for the mentioned type TEOLEDs thanks to its low working function, which achieves a decent 

balance between the electric and photonic performance of whole devices [45]. However, dual 

metal electrode design introduces extra SPPs loss on the interface between the metal anode and 

organic layer [46]. Besides, micro-cavity effects caused by the double metal electrodes [47] 

also influence the performance of TEOLEDs [25, 26, 48]. Nanostructure on Ag anode has been 

reported to eliminate these losses [49]. 

3.1.3 Limitation of the light extraction of polarized OLED 

Most research on OLEDs has been focused on unpolarized emissions. The polarized 

OLED is the prominent next-generation light source of liquid crystal displays (LCDs) backlight 
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and three-dimensional display systems. Since Dyreklev et al. first reported directly producing 

liner polarized emissions by adopting aligned polymer film in 1995 [50], alignment of the 

emissive layer based on luminescent liquid crystal material in OLEDs became the critical point 

for achieving highly polarized emission and attracted more interest. Various approaches have 

been developed to produce an aligned emitting layer, such as an electrostatic field generated 

by mechanical friction [50, 51], Langmunir-Blodgett (LB) deposition technique [52] and 

application of self-organization properties of liquid crystal material [53]. Rod-like uniaxial 

molecules, such as oligofluorene, thiophene and oxadiazole derivatives, typically composite 

the aligned emitting layer. Most rod-like molecules' transition dipole moments are along their 

long axis [54]. Thus, high effective polarized emission can be achieved by orderly orienting 

these molecules.  

Although incorporating aligned material in the emitting layer does implement polarized 

emission, the anisotropy of the optical constants of the emitting layer is correspondingly 

changed due to its high relevance to the orientation of molecules [54]. More specifically, the 

in-plane ordinary refractive index is raised, which increases the optical loss due to the 

transverse electric (TE) mode and further influences the optical extraction efficiency of the 

whole device. However, the molecule orientation-dependent anisotropy makes it feasible to 

manipulate an emitting layer's refractive index and enhance extraction efficiency. Previous 

work has reported outcoupling characteristic modifying of OLEDs by modulating the refractive 

index to form a refractive index pattern [55]. Logically, the precise alignment methods and 

appropriate optical structure design became two main challenges for high-efficiency polarized 

OLEDs.  

3.2 The target of this chapter 

This chapter is aiming for enhancing the light extraction of both conventional OLEDs and 

polarised OLEDs. 

Firstly, for improving the performance of conventional OLEDs, a top-emitting structure 

with metallic grating anode at the emitting side is adopted, an optimized structure is proposed 

basing on the optimization and simulation. 

Another part of this chapter looks at enhancing the light extraction of polarised OLEDs, a 

novel luminescent liquid crystal material is adopted as the emission material. Simulation work 
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is proposed to investigate the best index grating profile and device structure to improve both 

the light extraction and polarized ratio of the polarized OLEDs by eliminating the guided mode 

losses in such devices. 

3.3 Design and simulation of TEOLED with metallic 

grating anode 

3.3.1 Simulation model and mode analysis 

A TEOLED structure with a metallic nano grating anode is proposed in this chapter, with 

a discussion based on simulation results adopting Finite Elements methods (FEM) and Finite 

difference time domain (FDTD). The basic structure of the BEOLED contains a cathode, anode 

and organic layers between the two cathodes, including the electron transport layer (ETL), 

emissive layer (EML) and hole transport layer (HTL). As mentioned before, the typical anode 

material for BEOLED is ITO, and the material of EML adopted in this report is AL/Aluminum 

8-hydroxyquinoline (Alq3) which has an emission peak of around 528 nm. The HTL is set as 

N, N -bis(naphthalene-1-yl)-N, N-bis(phenyl) benzidine (NPB). Additionally, the cathode 

material is Al due to its high working function. The simulation model does not consider the 

ETL since it has a similar refractive index with the neighbouring organic layer. Geometrically, 

the conventional BEOLED structure employed for comparison is AL/Alq3/NPB/ITO/GLASS, 

and their corresponding thickness is 600 nm, 60 nm, 60 nm, 100 nm and 3000 nm, respectively.  

By taking advantage of the Extraordinary optical transmission (EOT) phenomenon, a 

novel design of TEOLED by replacing the conventional ITO anode with a plasmonic metallic 

grating is proposed. For this TEOLED structure, the Al cathode is attached to the glass substrate. 

Ag is adopted for the anode material due to its relevantly high conductivity and good 

transparency at the nanofilm state. As shown in Figure 3.3, the entire structure of TEOLED is 

Glass/AL/AIq3/NPB/Ag. The thickness of EML and ETL were both decided to be 60 nm. The 

thickness of cathode AL is 600 nm. This structure is equivalent to a microcavity structure with 

two metal cavity reflectors, where one reflector is Ag thin film with nano grating. The SPP 

exists at the Ag/NPB interface and Al/Alq3 interface. Approaches have been attempted to 

recover the SPP mode's energy at the Al cathode. Leiming Wang et al. have proposed a 

structure to reduce the SPP on the cathode/organic interface [56]. On the contrary, this design 

mainly concerns reducing losses caused by the SPP on the anode and the micro-cavity effects. 
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Figure 3.3 Illustration of the proposed TEOLED structure with Ag nano-grating anode. 

The spontaneous emission of OLED is referred to as vertical and horizontal dipoles placed 

in homogeneous and isotropic EML [57]. For simplicity, the dipole was placed on the interface 

between the Alq3 and NPB layers. 

Figure 3.4 shows the normalized near-field distribution and normalized intensity of the 

TOLED with 20 nm thickness flat Ag film anode (a)(c) and grating Ag anode (b)(d), 

respectively calculated by 2D FEM simulation carried out in Comsol multi-physics. The top 

and double side boundaries are set as PML to avoid the deviation caused by reflection. The Al 

cathode represents a reflection mirror and has enough thickness to prevent the light output from 

the bottom side. Especially for the grating anode model, the grating constant 𝑊 is set as 300 

nm close to a half wavelength of the emission peak of EML material, and the thickness of Ag 

film 𝑑1 and grating 𝑑2 are 5 nm and 30 nm, respectively.  

SPP mode is observed on both the Air/Ag and Ag/NPB interface in Figure 3.4(a). The 

dipole source's near-field emission interacts with the Ag film's inner surface, generating the 

SPP at the Ag/NPB interface as seen as a periodic semi-spheric pattern on the interface. SPP 

mode also appears at Air/Ag interface because semi-transparency of thin Ag film. In addition, 

due to the micro-cavity formed by relevant high reflective Ag film and Al cathode, a tiny part 

of waveguide mode is also generated in the organic layer, which leads to another part of energy 

loss. 

As a comparison, Figure 3.4(b) shows that SPP on both Air/Ag and Ag/NPB interfaces 

are significantly reduced. Most of the SPP mode is recovered. The waveguide mode of the 

organic layer is also reduced because the grating structure changes the Ag anode's effective 
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reflectivity. These mode profile analyses prove the potential of nano-grating to enhance the 

LEE of TEOLED. The intensity patterns also show a similar trend as can be seen in Figure 

3.4(c) and (d), a strong SPP wave is observed at both sides of Ag anode layer in Figure 3.4(c). 

With grating applied, an obvious outcoupling wave is seen in Figure 3.4(d). 

 

Figure 3.4 The 2D FEM simulated normalized field distribution E of TEOLED. (a) with flat Ag film 

anode (b) with Ag nanograting anode. The normalized intensity (𝐸2) of TEOLED (c) with flat Ag film 

anode (d) with Ag nanograting anode. 

3.3.2 optimization of the design of metallic grating anode 

The FDTD simulation is implemented to sweep the gratings period to optimise the design. 

Figure 3.5 shows the emission spectrum of OLEDs obtained by FDTD simulation. For the 

simulation model, a dipole source is placed at the centre of Alq3 layer for representing the 

emission, a 2D monitor is placed in the air region, the extraction efficiency is derived by the 

energy received by the monitor normalized to the dipole energy. The red line is the 

conventional BEOLED model, as mentioned above. Its efficiency is low because of the 

significant refractive index difference between the ITO and glass, which suggests most of the 

generated light energy is trapped in the ITO and organic layers [47]. The black curve represents 

the spectrum of TEOLED with a flat Ag anode as a comparison for the grating anode. By 

coveting the bottom-emitting to top-emitting structure with replacing the ITO/glass layers with 

a thin silver film, the emissivity is seen as a significant enhancement, which is almost two times 

higher than the conventional OELD at the wavelength of 600 nm.  

The extraction efficiency can be further increased by etching periodic structures on the 

silver layer surface. For the grating profile, the different 𝑑2 represents the different etching 

depths, the thickness of the bottom layer of Ag 𝑑1 is 5 nm as a trade-off between transparency 

and conductivity. Figure 3.5 (a) shows the spectra of different etching depths of grating with 

same periods, the 30 nm etching depth shows relatively good overall intensity, chosen as the 
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optimized values for the following period sweeping. In Figure 3.5 (b), the rest of the curves are 

the normalized emission spectra of the nano-grating anode with different periods. The intensity 

can be remarkably enhanced in different wavebands with different periods. When the period is 

300 nm, it has two emission peaks at 500 nm and 575 nm in several. When the period is 500 

nm, the peak is 528 nm. FDTD simulations of this structure indicate a potential 60% increase 

in the normalized emissivity over that of a conventional BEOLED in some particular 

wavelength. Generally, this grating with a period at 500 nm and 600 nm is better than others.  

Additionally, the spectrum of all the grating structures has two peaks except the grating 

with a 500nm period. The peaks on the left are relatively stable compared to those on the right. 

The left side peaks are caused by the microcavity of the whole TEOLED structure depending 

on the depth between the cathode and anode, which is constant. Therefore, the left side peaks 

are stable around 520nm. For the ridges on the right, with the changing of the grating period 

from 300nm to 500nm, a blue shift trend is found, and then the right-side peaks’ central 

wavelength experiences a redshift trend along the period changing from 500nm to 700nm. The 

right-hand peak fluctuates remarkably within the changing of the grating period. The emission 

spectrum of the grating period at 500nm can be taken as the best design. The two peaks overlap 

at 510nm, reflecting good monochromaticity and benefits for the OLED display performance.  

 

Figure 3.5 Emission spectra of normalized intensity with wavelength (a) for the different grating 

depth, (b) for the different grating periods. 

Furthermore, the emission angle determines the visual angle of OLED devices, an 

essential feature for OLEDs as display devices. The emission spectrum's normalized far field 

angle profile is calculated by FDTD and shown in Figure 3.6. The blue curve shows the angular 

response of TEOLED with flat Ag film, which is relevantly low and distributes as Lambert 

emission. As shown with the red curve, the Ag nano-grating structure's efficiency is enhanced 
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conspicuously. The grating period is chosen as T=500 nm according to the optimization result 

in Figure 3.5 (b). Generally, its spectrum is shown as Lambert emission, but it has two little 

peaks at a symmetrical angle due to the grating dispersion. The two peaks also match the 

previous result. In Figure 3.4 (d), the normalized intensity distribution figure shows emission 

enhancement in a specific angle symmetrically as well. The black curve is the emission angle 

distribution of the conventional BEOLED. The emission energy of the Ag grating structure is 

significantly better than both BEOLED and TEOLED with a flat Ag film anode. The design of 

TEOLED with metallic grating anode possesses a broad angle response and higher emission 

intensity. These two properties make the proposed metallic grating-assisted structure promising 

for practical applications.  

It is worth mentioning that the periodic grating thickness is smaller than the total silver 

anode thickness. Both of them are mentioned earlier as d1 and d2. The thickness of the silver 

layer can guarantee the anode with excellent electric performance.  

 

Figure 3.6 The emission angular responses obtained by FDTD simulation. 

3.4 Design and simulation for enhancing light 

extraction of polarized OLEDs 

This section proposes a simulation-based design of enhanced light extraction polarized 

OLED devices with a periodic index difference nanostructure based on refractive index 

manipulation, which is feasible by utilizing photoalignment luminescent liquid crystal [58]. 

The photoalignment luminescent LC is achieved by compounding photoalignment moiety at 

both ends of the chain of the emissive small-molecules with rod-like shape, and the 
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photoalignment moiety will crosslink to each other under ultraviolet (UV) exposure, which 

forces the long axis of the molecules to align uniformly. Therefore, periodic refractive index 

changed nano-pattern can be precisely produced and controlled by exposing the material to a 

UV interference pattern [58]. By introducing the refractive index grating, the External 

Quantum Efficiency (EQE) of the devices is enhanced up to 56% with preferable geometric 

parameters at 550 nm emission wavelength. Furthermore, a structured design with an extra 

uniformly aligned layer is proposed and researched to improve the polarized ratio to 28 dB 

under the premise that the EQE has been enhanced via refractive index grating. Detailed 

analysis indicates that TE and transverse magnetic (TM) mode losses are recovered and 

outcoupled via the refractive index grating while the grating modulates the polarization 

characteristic. 

3.4.1 Luminescent liquid crystal for the emission layer 

A Luminescent liquid crystal material based on BDAVBi molecules is adopted for the 

emission layer of this design, which is a patented organic material concept initialled by the co-

operator company of this project, Lomox Ltd [58]. The orientation of the molecules inside the 

emission layer profoundly influences the refractive index, conductivity, and emitting 

polarizability. This section introduces the scheme of molecule alignment based on the potential 

structures of proposed LC molecules first and then discusses the influences of the orientation 

of molecules on the optical and electrical properties of luminescent LC materials. 

The Aggregation-induced emission (AIE) liquid crystal molecules were synthesized 

successfully using AIE as core chromophores for the luminescent liquid crystal [59, 60]. 

Typically, (E)-stilbene core materials have been commercially applied in OLEDs as a passive 

polarized filter[61]. 4,4'-[4,4'-Biphenyldiyldi(E)-2,1-ethendiyl]bis(N, N-diphenylanilin) 

(BDAVBi), one of the (E)-stilbene derivatives, is also widely developed as core chromophores 

[61] and can be employed as the emission core of LC molecules. Figure 3.7 shows the proposed 

one of the potential LC's molecular structures based on the BDAVBi core. The BDAVBi core 

at the centre supplies the emission function of whole molecules. 
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Figure 3.7 Potential molecule structure of EML material (BDAVBi derivation) used in the 

manuscript. 

The molecule shown in Figure 3.7 possesses a rod-like shape spatially. For a rod-like 

molecule, its transition dipole moment generally coincides with its long molecule axis [54], in 

which the molecule's orientation dominates the direction of the electric field vector during 

emission. The aligned emission film is proven to achieve emission with a high polarized ratio. 

In 1995, Dyreklev et al. performed oriented substituted polythiophene for light emission with 

a polarized ratio up to 60:1 [50]. They suggested that the electronic properties of conjugated 

polymers are governed by the delocalized 𝜋-electron system. Alignment of the polymer chain 

will perform an electronically anisotropic material since the dipole transitions are oriented 

along the main chain direction. Optical absorption and photoluminescence will be stronger 

parallel to the orientation direction simultaneously [50]. The transition dipole moment from 

𝑆0(𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑡𝑎𝑡𝑒)  to 𝑆1(𝑙𝑜𝑤𝑒𝑠𝑡 𝑠𝑖𝑛𝑔𝑙𝑒𝑡 𝑒𝑥𝑐𝑖𝑡𝑒𝑑 𝑠𝑡𝑎𝑡𝑒)  is known to be predominantly 

oriented along the long axis of the molecule, along the system series of pi-conjugated bonds 

[62]. Therefore, the effective dipole emitters in organic film with all molecules in same 

orientation are aligned along the same direction as the long axis of molecules. 

If all the molecules in the EML can be perfectly aligned in the same direction, linearly 

polarized emission can be achieved. The Photo-crosslinking and photo-alignment material had 

already been synthesized and demonstrated [63], where a photoreactive group is employed for 

achieving those functions. The photoreactive group adopted for this design is cinnamate ester, 

which has been tested as the photo cross-linkable end group for liquid crystal to achieve 

photoalignment [58, 64] and can also be used as the mesogenic unit for luminescent liquid 

crystal materials [65, 66]. As seen in Figure 3.7, photoreactive end groups are bonded at both 

ends of BDAVBi molecules. Therefore, the orientation of proposed luminescent liquid crystal 

molecules can be manipulated by an external electric field, for example, an electrostatic field 
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or an incident light wave. Besides, the promising liquid crystal molecule is not only photo-

alignment available, but also photo cross-linkable, which means the photoreactive group will 

react with the same group on neighbouring molecules when exposed to linearly polarized 

ultraviolet (UV) light. Hence, a crystallized emission layer with aligned molecules can be 

fabricated[67]. As shown in Figure 3.8, the molecules in the emission layer are all in-plane 

aligned in the same direction. 

 

Figure 3.8 Model of the polarized OLED with crystallized EML. 

However, the alignment leads to anisotropy in the optical constant. In the case of 

molecules with rod-like shapes, their molecular polarizability along the long axis is 

significantly larger than in the other directions. This is because the electrons moving inside an 

organic molecule is easier than between the molecules, which results in anisotropy in molecular 

polarizability [20]. Therefore, a high birefringence can be achieved in perfectly horizontally 

aligned EML. Notably, in this homogenous aligned EML, the refractive index component in 

the y-axis, 𝑛𝑦, is significantly enhanced because the long molecular axes are oriented in the y 

direction. Although the in-plane oriented (aligned) BDAVBi material has not been reported, 

for liquid crystal molecules, the in-plane alignment is not difficult to achieve [67, 68]. As 

mentioned, the EML material adopted is a luminescent liquid crystal based on BDAVBi 

derivation. This liquid crystal material's in-plane alignment is achievable by exposure to 

particular linearly polarized UV lights, also known as photoalignment [67, 69]. Besides, in 

2002, researchers from Hull university proved that the quantum efficiency of 

photoluminescence of fluorene-based luminescent moiety is increased by cross-linking caused 

by compounding the photoreactive end groups [63], so the emission of BDAVBi core is 

supposed not be influenced significantly after compounding those end groups. 
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Figure 3.9 (a) 2D structure of OLEDs ( XoZ plane), (b) Aligned rod-like shape molecules in the plane 

of EML from the top view(XoY plane), (c) Randomly distributed rod-like shape molecules in the plane 

of amorphous EML from the top view(XoY plane). 

The orientation of molecules also influences the conductivity of the whole EML layer. 

First, improving the degree of molecular orientation can promote a considerable overlap of the 

wavefunction of 𝜋-orbitals among 𝜋-conjugated molecules, which is a promising method for 

achieving high charge-carrier mobility [70]. Therefore, the maximum conductivity is achieved 

with perfect alignment of the EML layer; in other words, all molecules are in the same direction. 

In summary, highly aligned molecules lead to both higher conductivity and highly polarized 

emission. Since this research mainly concerns optical properties, the conductivities for different 

orientation statuses are assumed to be the same to simplify the simulation. 

3.4.1 Losses mode analysis of polarized OLEDs based on 

luminescent Liquid Crystal 

Because of the anisotropy index of luminescent LC material due to the structure and 

orientation of its molecules, the polarized OLEDs based on it may have different optical loss 

compared to conventional OLEDs (Figure 3.1). This section analysis the optical losses of 

polarized OLED by numerical simulation. Figure 3.10 (a) and (b) illustrate the OLED 

simulation model with amorphous and crystallized EML, respectively. From the top to the 

bottom of the structure, a 100 nm ITO layer represents the anode, 60 nm 𝛼-NPD is adopted as 

hole transport layer (HTL), 100 nm LC material is EML, 60 nm Alq3 is the electron transport 

layer (ETL), and 300 nm Aluminium is the reflective cathode for the devices. The refractive 

index of the EML material, luminescent LC based on BDAVBi, has never been measured. 

However, the indices of aligned BDAVBi film were reported with strong anisotropy[71], and 

Yokoyoma et al. have investigated the anisotropy refractive index of BDAVBi at crystallized 

status [72]. The adopted refractive index of EML for the simulation is fixed. The values are 

𝑛𝑦 ≈2.4, 𝑛𝑥 = 𝑛𝑧 ≈1.8, which is the value around the most prominent point on the index 

spectrum in for 𝑛𝑜  and 𝑛𝑒 , respectively from Yokoyama’s result. The refractive index 

Yokoyama tested is from BDAVBi film with molecules oriented in the horizontal direction. 



Chapter 3 

Study of Active Devices – OLEDs 

- 31 - 

 

More specifically, the long molecular axis of each molecule is in the substrate plane without 

alignment. Therefore the film they tested is negative birefringence. The EML material for this 

design is a liquid crystal (BDAVBi derivation) which can be homogeneous aligned along the 

Y axis (in the plane) as mentioned. Because the long molecular axes of all molecules in EML 

are oriented in the Y axis (homogeneous alignment), the 𝑛𝑦 of our LC should not be less than 

the 𝑛𝑜 Yokoyama tested. Besides, Yokoyama et al. proved that longer molecular length leads 

to more significant anisotropy in their previous work [73]. The proposed LC molecules have a 

longer main chain than BDAVBi core molecules, which means higher birefringence. Therefore, 

the largest value of the refractive index tested by Yokoyama is adopted for simulation. Besides, 

the refractive index at amorphous status can be calculated by the following equation. 

𝑛𝑖𝑠𝑜 = √
2𝑛𝑒2 + 𝑛𝑜2

3
(3.1) 

Where 𝑛𝑒  and 𝑛𝑜 are the extraordinary and ordinary refractive indices, respectively. The 

refractive indices and the thickness of each layer we used in the simulation are shown in Table 

3.1. 

Table 3.1 Refractive indices and the thickness of each layer 

layers Material Thickness refractive index 

substrate Glass 3000 nm 1.5 

anode ITO 100 nm 1.8 

HTL 𝛼-NPD 60 nm 1.78 

EML 

LC Material 

(BDAVBi 

derivation) 

50~150 

nm 

𝑛𝑦≈2.4, 𝑛𝑥 =

𝑛𝑧≈1.8, 𝑛𝑖𝑠𝑜 ≈2.1 [72] 

ETL Alq3 60 nm 1.76 

Cathode Aluminium 300 nm 1+6j 

 

In general, OLEDs with a multi-layer structure forms an optical cavity. The spatial 

distribution of different optical eigenmodes highly determines the optical losses of OLEDs and 
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provides the basis for designing nanostructures to enhance optical extraction. Therefore, by 

utilizing a finite difference eigenmode (FDE) solver in Lumercial FDTD software, an 

eigenmode analysis for structures based on the parameters in Table 1 is performed to identify 

the optical losses in polarized OLEDs with crystallized EML as shown in Figure 3.10(c). For 

the model with an amorphous emitting layer, the loss channel of TE eigenmode is mainly 

located at the interface between the ITO anode and HTL, which behave like typical 

conventional OLED structures [74]. However, the TE mode loss channel of the crystallized 

model moves inside the emitting layer due to its higher in-plane ordinary refractive index 𝑛𝑦, 

as shown in Figure 3.10 (d). Therefore, unlike most of the previous research that focused on 

the design of the optical nanostructure located at the anode and cathode interfaces of 

conventional OLEDs to improve the extraction efficiency, more attention should be given to 

nanostructure inside the EML to enhance the extraction efficiency and EQE of polarized 

OLEDs based on LC material. In particular, this work focuses on designing the periodic index 

change grating in the EML. 

 

Figure 3.10 (a) Multi-layer structure of OLEDs with amorphous emitting layer; (b) Structure of 

OLED with crystallized emitting layer; (c) Normalized intensity distribution of lossy mode in OLEDs 

with amorphous emitting layer; (d) Normalized intensity distribution of lossy mode in OLEDs with 
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crystallized emitting layer, the TE lossy mode is confined in emitting layer due to high ordinary 

refractive index; 

3.4.2 Light extraction by refractive index gratings in EML 

According to the above results and discussion, the crystallization of the emitting layer 

indeed impacts the EQE of devices, where anisotropy of aligned EML leads to a significant TE 

waveguide mode loss channel at the EML. To suppress this energy loss and recover it to the 

output, we propose a refractive index grating in the EML, as shown in Figure 3.11. This grating 

expands along the x-axis, which can be potentially fabricated based on the photo-crosslink 

properties of the emitting material [58]. By compounding photo alignment moiety to BDAVBi 

molecules, the formed BDAVBi derivation can show liquid crystal characteristics. When the 

LC material is exposed under the interference fringes formed by UV light, the material in the 

exposed area (bright fringe area) undergoes photochemical cross-linking and curing to keep 

the rod-like molecules arranged in order stably; that is, the rod-like dichroic molecules are 

arranged in one direction. After that, the entire structure is heated so that the area where the 

photochemical cross-linking does not occur becomes a liquid with a disorderly distribution of 

rod-shaped molecules due to the increase in temperature, and then UV exposure is performed 

on all areas again. The amorphous regions are also crosslinked and cured. Finally, a stable 

index change grating structure is formed, consisting of a highly stable crystallized area and an 

amorphous area alternately, as shown in Figure 3.11.  

 

Figure 3.11 The OLEDs structure with refractive index grating in its emitting layer, the amorphous 

and crystallized areas are arranged along the x-axis, T is the grating period, F=𝛬/T represent the fill 

factor of grating, and 𝛬 is the width of crystallized areas. 

The FDTD method is employed for the simulation of the grating model. The structure of 

the grating model is shown in Figure 3.11. The material and thickness of each layer used in this 
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model are generally the same as in Table 3.1. The difference is that the refractive index gratings 

formed by periodical isotropic and anisotropic areas in the EML are considered in this model. 

As a comparison, an EML with a crystallized area without formed gratings is also simulated to 

study the enhancement in outcoupling efficiency and EQE. The reference devices in the 

remainder of the text will have the same geometric parameters as the grating devices. 

The simulation is based on the classic 2-dimensional dipole model on XoZ plane, while a 

dipole array located in the centre of the z span of the EML represents the excitons [75]. For 

amorphous EML, the excitons inside it have random oscillation directions. To perform it 

precisely, each dipole in the amorphous area has three representative oscillating directions 

perpendicular to each other: in-plane direction (x and y axis) and vertical direction (z axis). On 

the contrary, in the crystallized area, the long axis of rod-like molecules is aligned along the y-

axis, as shown in Figure 3.12. Their transition dipole moments and the oscillating direction are 

set along the y-axis. Additionally, to simplify the simulation, the molecular density and 

conductivity of the amorphous and crystallized are assumed to be the same, which ensures the 

dipole amount in the two areas is identical. 

 

Figure 3.12 Simulated the electric field intensity distribution via side view. (a) Grating structure. (b) 

Non-grating structure. 

Firstly, a simple 2-D one-dipole model simulation is implemented to verify the optical 

extraction effect of the refractive index change grating. The oscillation direction of the dipole 

is set along the z direction. Figure 3.12 shows the simulated electric field intensity from a 

section view of both grating and non-grating structures at 550 nm emission wavelength. Figure 

3.12 (b) reveals clear periodical intensity patterns in the EML layer along the x-axis, which are 
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the TE waveguide modes transmitting in the EML layer. Since the dipole moment is set at the 

y-axis, its waveguide modes alternate strong and weak patterns along the x-axis. Besides, the 

intensity of the waveguide modes decreases along the x-axis due to the absorption of the 

medium. 

In contrast, the TE waveguide modes experience a dramatic decrease along the x-axis in 

the EML with the grating structure, as shown in Fig. 4(a). Additionally, a series of alternating 

fringes are observed in the glass layer of the OLED with a grating structure. The waveguide 

modes in the EML are extracted, and light outcoupled in the glass substrate are enhanced. 

EQE is commonly adopted to present the performance of OLED devices. The following 

equations generally derive the EQE of OLEDs. 

𝐸𝑄𝐸 = 𝜂𝑜𝑢𝑡 × 𝐼𝑄𝐸 (3.2) 

𝐼𝑄𝐸 =
𝛾𝑟𝑎𝑑

𝛾𝑟𝑎𝑑 + 𝛾𝑛𝑟𝑎𝑑
(3.3) 

Here, 𝜂𝑜𝑢𝑡 is the optical outcoupling efficiency of the structure, and IQE is the internal 

quantum efficiency of the EML material. In this model, the IQE is considered 0.8 to simplify 

the simulation because the BDAVBi is a fluorescent material. The 𝛾𝑟𝑎𝑑 = 0.8 and 𝛾𝑛𝑟𝑎𝑑 =

0.2 are the EML's radiative and nonradiative decay rates, respectively. However, the energy 

of the dipole in homogeneous media is different from that in free space. The surrounding media 

and structures deeply influence the emission rate of the dipole. Hyunsu Cho et al. have 

investigated the influence of the Purcell factor of the dipole system on the simulation accuracy. 

The EQE can be substituted by the following equation [76]: 

𝐸𝑄𝐸𝑓𝑢𝑙𝑙 = 𝛾𝑟𝑎𝑑 × 𝜂𝑜𝑢𝑡 ×
1

1 − 𝛾𝑟𝑎𝑑 + 𝑃(𝜆)𝛾𝑟𝑎𝑑
(3.4) 

Where 𝑃(𝜆) is the Purcell factor of the model, which is the ratio of dipole power to the 

source power in the FDTD solver. Note that 𝜂𝑜𝑢𝑡  can be obtained in simulation via 

normalizing the outcoupled power to the source power. The outcoupled power is the total 

power received by a one-meter radius semi-circle at the far field. Therefore, EQE can be 

calculated via the above equation.  

Polarization performance is usually the primary target for the design of these devices. The 

polarized ratio is generally applied for estimating the performance of polarized OLEDs and can 

be calculated based on the following equation [77]. 
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𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑒𝑑 𝑟𝑎𝑡𝑖𝑜 = 10 ∙ 𝑙𝑜𝑔 [
𝑇𝑇𝐸
𝑇𝑇𝑀

] (3.5) 

Where 𝑇𝑇𝑀 and 𝑇𝑇𝐸  are the transmission of TM and TE polarized light, respectively. 

Their transmission is the ratio of outcoupled power to original dipole power. 

 

Figure 3.13 External quantum efficiency simulated for the reference device and devices with grating 

structures with different periods and different thicknesses of EML. (a) The EQE of the grating period 

from 200 nm to 600 nm with EML thickness at 50 nm, (b) The EQE of the grating period from 200 nm 

to 600 nm with EML thickness at 60 nm, (c) The EQE of the grating period from 200 nm to 600 nm 

with EML thickness at 70 nm, (d) The EQE of the grating period from 200 nm to 600 nm with EML 

thickness at 80 nm 

Figure 3.13 above illustrates the simulation results of EQE of grating structures with 

periods from 200 nm to 600 nm and thicknesses of EML from 50 to 80 nm, respectively. The 

black dot curves in each sub-figure in Figure 3.13 (a) to (d) represent the EQE of a structure 

with total anisotropic EML at each thickness. Generally, these four groups of curves show a 

redshift trend with the EML layer's increasing thickness. For each figure, the EQE of structures 

with grating periods from 200 nm to 600 nm all show enhancement, which proves that the 

refractive index grating can enhance the EQE of whole devices. With the increasing grating 
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period, the EQE in all four figures experience an initial increase and then a drop after the 

periods exceed 400 nm. At the wavelength of 550 nm, the structure with a grating period of 

400 nm and EML thickness of 50 nm shows the highest EQE. 

 

Figure 3.14 Purcell factor spectrum simulated for the reference device and devices with a thickness of 

EML of 50 nm. 

In Figure 3.13, the grating structure with a period of 400 nm shows higher EQE. Purcell 

factor is introduced in the EQE calculation to improve the accuracy. The Purcell factor is the 

enhancement of a quantum system’s spontaneous emission rate by its environment. The Purcell 

factor adopted in this simulation is defined by the following equation. 

𝑃𝑢𝑟𝑐𝑒𝑙𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑃𝑑𝑖𝑝𝑜𝑙𝑒

𝑃ℎ𝑜𝑚𝑜
(3.6) 

Where 𝑃𝑑𝑖𝑝𝑜𝑙𝑒 is the power of the dipole source radiated in the microcavity, and 𝑃ℎ𝑜𝑚𝑜 

is the power that would be radiated in a homogeneous medium. In this simulation, it is an 

electrical dipole coupling with the microcavity of OLEDs, especially the EML layer. The 

Purcell factor could be influenced by both the geometry of the cavity and the refractive index 

[78]. In this case, because the proposed nanostructure is index grating, the grating period 

influences the medium surrounding each dipole, which influences the Purcell factor and further 

influences the EQE. Figure 3.14shows the results of the Purcell factors against wavelength at 

different gratings periods with the thickness of EML of 50 nm. It can see lower Purcell factors 

at T=400 nm compared with other grating periods. Accordingly, the EQE can be worked out 

from Equation 3.4, which shows higher EQE with a gratings period of 400 nm compared with 

others.  
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Figure 3.15 Simulation of the far field electric intensity distribution of reference devices and grating 

structure in TE and TM polarization, respectively. (a, b) The reference devices. (c, d) The grating 

structures (T=400 nm, EML thickness=50 nm). 

It is noticeable that each EQE spectrum in Figure 3.13 has several peaks, which are caused 

by the overlap between different dispersion orders of optical modes [79]. Figure 3.15 shows 

the electric intensity distribution in the far field for structures with a grating period of 400 nm 

and non-grating structures. The EML thickness is 50 nm in both cases. The far-field profiles 

are simulated with respect to emission angle and wavelength changes. EQE spectrum of the 

400 nm grating period has pronounced peaks around 450 nm and 480 nm wavelengths in Figure 

3.13(a). Correspondingly, its far-field distribution in Figure 3.15(c) shows the overlapping 

points of TE dispersion at wavelengths 450 nm and 480 nm, which are points A and B, 

respectively. Every peak of the EQE curves in Figure 3.13(a) has a corresponding overlapping 

point in its far-field distribution. Generally, the effectiveness of refractive index gratings leads 

to the overall lifting of EQE curves shown in Figure 3.13(a), which can be illustrated as a 

brighter area in Figure 3.15(c, d) compared with the reference non-grating device shown in 

Figure 3.15(a, b). In addition, Figure 3.15(b) does not show any pattern, and this is because the 

EML of the non-grating model is crystallized, which means all the dipoles in this model 

oscillate in the same direction and emission in the same polarization, so there is no power of 

TM mode can be observed in far-field of the non-grating model. 
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In summary, the peaks, in other words, the overlapping point, indicate specific 

enhancement at the corresponding wavelength. With these characteristics, grating structures 

enhances the optical extraction and EQE of whole devices. As the grating is designed to expand 

in the plane, TE mode experiences higher intensity at the overlapping point than TM mode, 

which confirms the purpose of our design. 

Although the EQE of each period and grating thickness shows noticeable enhancement, 

the polarized performance of all the grating structures is not ideal. As seen in Figure 3.16, the 

polarized ratio of structures with different grating periods and thicknesses is generally lower 

than 10 dB. To further improve the polarized performance, an investigation of the effects of 

the fill factor on the polarized ratio is required, and the structure's optimal period must be 

determined first. It is obvious that grating with a 500 nm period shows the highest polarized 

ratio in all thicknesses, and EQE of a 500 nm period grating structure with a 50 nm thickness 

is acceptable. Consequently, the structure with T=500 nm and EML thickness with 50 nm, 

which shows 51.5% EQE and 8 dB polarized ratio at 550 nm emission wavelength, is chosen 

as the ideal model for further optimization of polarized performance.  

 

Figure 3.16 Polarized ratio simulated for the reference device and devices with grating structures 

with different periods and different thicknesses of EML. (a) The Polarized ratio of the grating period 
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from 200 nm to 600 nm with EML thickness at 50 nm, (b) The Polarized ratio of the grating period 

from 200 nm to 600 nm with EML thickness at 60 nm, (c) The Polarized ratio of the grating period 

from 200 nm to 600 nm with EML thickness at 70 nm, (d) The Polarized ratio of the grating period 

from 200 nm to 600 nm with EML thickness at 80 nm 

The influence of the fill factor on the polarized ratio is first investigated to enhance the 

polarised ratio. The fill factor of grating refers to the ratio of the width of the crystallized area 

to the grating period. Unlike the previous simulation, the amounts of dipoles in the crystallised 

and amorphous areas are proportionally adjusted with the corresponding fill factor. A 

simulation with a fill factor sweeping from 0.3 to 0.7 at T=500 nm is applied. As shown in 

Figure 3.17(b), the polarized ratio drops slightly with the rise of the fill factor. Besides, the 

increase of the crystallized area leads to the increase of the effective refractive index of the 

EML layer, which further influences the EQE performance. In Figure 3.17(a), EQE experiences 

a decrease as the fill factor increase from 0.3 to 0.7. In conclusion, increasing the fill factor for 

merely 1 dB enhancement on polarized ratio decrease the EQE correspondingly by 10%, which 

is not very significant. Thus, an alternative method to enhance the polarized ratio is required. 

 

Figure 3.17 (a) EQE simulated for the reference device and devices with grating structures with 

different fill factors. (b) The polarized ratio of grating structure with different fill factors (T=500 nm). 

3.4.3  Enhancing polarized ratio with an extra crystallized 

emitting layer 

In section 3.4.2, the EQE and polarized ratio of OLEDs with grating structure employing 

LC material based on BDAVBi as EML material is comprehensively discussed, and significant 

EQE enhancement is achieved by inducing index change grating. However, the polarized ratio 

remains low (below 11 dB). An extra crystallised emitting layer is introduced based on the 

previous design to improve the polarized ratio without affecting the EQE enhancement from 

gratings. The simulation model is shown in Figure 3.18. An additional layer of crystallized 

EML is inserted beneath EML with a designed grating structure. Based on the optimized design 
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parameter of grating obtained in the last Section (T=500 nm, F=0.3, EML thickness with 50 

nm), simulations were implemented to investigate the influence of extra layer thickness 𝑑 to 

EQE and polarized ratio. 

 

Figure 3.18 The OLED structure with an extra crystallized emitting layer underneath the grating 

structure. d is the thickness of the extra crystallized emitting layer. 

 

Figure 3.19 EQE spectrum simulated for the reference device and devices with grating structures with 

different thicknesses of the extra emitting layer. (b) The polarized ratio of structure with different 

thicknesses d of extra emitting layer (T=500 nm, F=0.3). 

Figure 3.19 illustrates the EQE and polarized ratio with a change of thickness of extra 

layer 𝑑 . Black dot curves in Figure 3.19(a) are the EQE from the model employing a 

crystallized EML with 60 nm thickness, which equals the sum of the thickness of the grating 

layer (50 nm) and the stated thickness (10 nm) of the extra layer. Remarkably, the EQE 

spectrum in Figure 3.19(a) experiences a decrease at the 500 nm-700 nm region with the 

increase of 𝑑. This is because the increasing thickness leads to larger optical thickness between 

the cathode and anode, which moves the outcoupling centre of the cavity and further influences 

the EQE in the desired wavelengths, but this decreasing of EQE is acceptable because the 
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polarized ratio is enhanced significantly. As expected, the polarized ratio is improved up to 28 

dB at the wavelength of 550 nm when 𝑑 increases to 50 nm shown in Figure 3.19(b). As 

comparison, the highest polarized ratio of polarized OLEDs based on luminescent liquid crystal 

material is reported to be around 20.3 dB [80]. Furthermore, based on the simulations with 

different geometrical dimensions of the structure, it is noticeable that the enhancing waveband 

is adjustable by changing the thickness of the extra layer and the whole EML layer. 

Simultaneously, the polarization ratio is guaranteed at a higher level. 

 

Figure 3.20 Normalized far-field intensity as a function of the viewing angle. (T=500 nm, F=0.3, 

emission wavelength=550 nm).  

The far-field angular emission profile is another essential value to estimate the angular 

visibility of OLED devices. In Figure 3.20, the red and blue curves are structures with a total 

crystallized EML (without grating) of 50 nm and 100 nm thickness, respectively. Remarkably, 

the intensity of 50 nm thickness is much higher than the 100 nm thickness. This is because of 

the redshift trend due to increased thickness. A minimum point of the curve moves closer to 

the 550 nm emission wavelength with the thickness increased from 50 nm to 80 nm (see Figure 

3.13). This trend continues with the further thickness increase. The green curve in Figure 3.20 

shows that the emission intensity of the structure with d=50 nm extra crystallized emitting layer 

is enhanced in the full range of emitting angle. Compared with the structure with only 50 nm 

grating EML (black curve), the 50 nm grating plus 50 nm crystallized layer (without grating) 

structure has better uniformity in the entire viewing range, and its curve is similar to a 

Lambertian radiator, which is better for application in display. 
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3.5 Conclusion 

Firstly, the TEOLED structure with Ag nanograting anode is investigated to enhance LEE. 

The FEM simulation result of field distribution indicates that the Ag grating anode can reduce 

the SPP and waveguide modes of TEOLED devices. Then FDTD simulation optimises the 

grating design by adjusting the grating period. The calculation predicts that a 60% enhancement 

of light extraction efficiency could be achieved by Ag grating anode on TEOLED with a period 

at 500nm. Additionally, the simulation result of the angular emission profile shows good 

viewing angle properties of the proposed structure, promising the commercial application 

potential of the metallic anode TEOLED. 

Secondly, a conceptual design of high linearly polarized OLEDs with a refractive index 

grating in the emitting layer has been proposed and researched via numerical simulation. The 

influences on EQE and polarized ratio induced by EML thickness, grating period, grating fill 

factor and extra layer thickness are investigated comprehensively. A change in EML thickness 

can move the centre of the emission waveband of the entire structure, and a change in the 

grating period influences the enhancement of EQE. The grating fill factor only slightly 

influences both the EQE and polarized ratio. Furthermore, an extra crystalized emission layer 

significantly improves the polarized ratio with good EQE in the designed wavelength band. 

Finally, the optimized structure with a grating period of 500 nm and filling factor of 0.3 for 

emitting layer and extra emitting layer with a thickness of 50 nm shows 47% EQE and up to 

28 dB polarized ratio at 550 nm emission wavelength. 56% EQE and 19 dB polarized ratio are 

also achieved at 550 nm emission wavelength with the flexible, designed structure (T=500 nm, 

F=0.3, and d=10 nm). In addition, the optimized structure has significant light extraction 

enhancement at each viewing angle. Due to the nature of the photo-alignment and photo-

crosslink of LC material based on BDAVBi derivations, this grating structure is easy to 

fabricate and, therefore, could be a promising approach for the polarized OLEDs light source 

with scaling to high-volume manufacturing. 
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Chapter 4  

Study of Passive Devices – FWM 

on SOI waveguides 

Chapter 4 focuses on the non-linear effect in passive devices, namely the FWM on SOI 

waveguide. Optimized designs of SOI waveguide and corresponding fibre-to-chip coupler 

based on numerical simulation are proposed for achieving high conversion broadband FWM, 

which is presented for high precision absolute distance measurement technique.  

4.1 Introduction 

4.1.1 Integrated Photonics 

Integrated Circuit (IC) technology has significantly reformed human civilization since the 

1970s. Nowadays, Chips based on ICs are embedded in every device, from smartphones to 

large airliners. The modern calculation, communication, fabrication, transportation, and the 

internet all rely on IC technology. Until the 2010s, Moore’s law precisely predicted the 

technique revolution and market expansion of ICs. However, in the last decades, the 

advancement of semiconductor technology experienced its bottleneck due to physics law and 

economic limitations. 

Meanwhile, the requirements for faster speed, wider band, higher efficiency, and cheaper 

cost increased significantly, making the ICs more critical for individuals and nations. The last 

three years' epidemic also reinforces the importance of chips in modern life. The photon, 

another ideal information carrier, attracted much attention from researchers and industry to 

further expand the functions and performance of semiconductor devices. After a few decades 

of development, Photonic Integrated Circuits (PICs) play an increasingly more prominent role 

in the semiconductor industry. Unlike the electronic integrated circuit, the PICs chip contains 

photonic devices that work with photons and electro-photon interactions. The idea of integrated 

photonics was started almost simultaneously with ICs. In 1969, Stewart E. miller initialled the 

concept of integrated optics. They enlightened the future of photonics research about integrated 
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photonic devices with electronic components based on the in state of the art microelectronics 

and optoelectronics technology at that time [81]. Smoekh and Yariv proposed a concept to 

integrate both electronic and photonic components on one single semiconductor substrate to 

achieve a repeater for fibre optics communication in 1972 [82], which provides an essential 

structure for following researchers about the blueprint of integrated optics. Since then, efforts 

have been made to achieve integrated photonics devices. The integrated optics devices or 

circuits contain active and passive components, including a source, waveguide, modulator, 

sensors, and coupler. Ideally, all the components should be fabricated on a single substrate to 

form a monolithic PIC. However, most PICs are heterogeneous because no single 

semiconductor material can satisfy different performance requirements to form different 

devices. Since the 1960s, various semiconductor materials have been applied to fabricate PICs, 

which can be categorized as direct band and indirect band materials. Materials with the direct 

band are generally used for active components, including high-power laser sources, Electro-

Optic Modulators (EOM), photodetectors, and sensors. On the contrary, the indirect band 

material is hard to be applied for source devices since its radiative transition rate is relevantly 

low due to involving phonons during its radiative transition from the conductive band to the 

valence band. Therefore, indirect band materials are commonly used in passive components 

such as waveguides, couplers, and sensors with bonding with other materials. 

Lithium Niobate, Germanium, and III-V compound semiconductors are most used for 

integrated active components. At the early stage of integrated optics, LiNbO3 was adopted for 

most photonics components [83]. The Lithium Niobate material was considered one of the 

most promising materials for integrated photonics. It is used to fabricate optical switches and 

low-voltage EOM thanks to its excellent linear photoelectric effect [84]. The Germanium was 

seen as a promising candidate in the infancy of IC technology, and it can also be used in PIC. 

Germanium is commonly used for near-infrared photodiodes since its band gap energy. 

Although the Germanium has an indirect band, it can be transformed into a quasi-direct band 

via energy band engineering and be further applied for luminescent applications [85]. The III-

V material is a series of compound semiconductors composed of elements in the third and fifth 

main groups. For example, Gallium Arsenide (GaAs), as a direct band III-V material, has been 

commercially applied for 850nm Lasers and detectors [86] and can be used for composing 

quantum well with ternary GaAlAs [87]. Another representative example of III-V material is 

Indium Phosphide (InP), commonly used as the substrate of III-V components [88]. An 

advantage of III-V materials is that they can compose various ternary or quaternary compounds, 
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for example, the Ga1-xPxIn1-yAsy composed of GaAs, GaP, InAS, and InP, with different 

proportions, respectively. By adjusting the proportion of different elements, both their lattice 

structure and energy level structure are variable and further influence the refractive index and 

band gap, which means its properties are adjustable to satisfy different devices, including 

waveguides [89, 90], amplifiers [91, 92], near-infrared lasers [93], and detectors [94]. However, 

the highly integrated application of these materials is still limited because of their complex 

fabrication process and the relatively high volume of devices. 

Passive on-chip devices have a more flexible choice of materials than active components. 

The essential part for passive devices is the waveguide; waveguides must connect all functional 

modules for cooperative working and advanced functions. Silicon dioxide (silica), Silicon 

Nitride (SiN), Silicon on Insulator (SOI) and some organic materials are mainly used for the 

waveguide in PIC [95]. The silica on silicon was used for waveguides in early-stage PICs. The 

refractive index of silica can be changed by doping germanium [96]. Therefore, a buried 

waveguide can be formed by doping in a particular area of silica. However, the large dimension 

of silica compares with others confines its applications. Various polymer is also used for 

fabricating waveguide, for example, Benzo Cyclobutene (BCB) [97], Polymethyl Methacrylate 

(PMMA) [98], and SU-8 photoresist [99]. The polymer waveguide is easy to fabricate and low 

cost, but they are easily damaged by high temperature, contamination, dissolution, and 

mechanical strength, thus hard to integrate with other materials. The SiN is widely used for 

isolating layers in Complementary Metal Oxide Semiconductor (CMOS) process. Recently, 

SiN has been increasingly used for waveguides and PICs [100, 101]. One of its advantages is 

the variable refractive index by adjusting the airflow proportion during the PECVD process of 

fabrication, which lets the SiN be seen as a promising candidate for PICs.  

The last introduced material is the SOI, a material comprised of placing a thin film of 

silicon on a layer of insulated silicon dioxide substrate forming a silicon-silica-silicon sandwich 

structure, which has been widely used in PICs. Figure 4.1 illustrates a typical structure from 

the cross-sectional view of an SOI wafer. From bottom to top, there are silicon substrate layers, 

box layers made of silica, silicon on an insulator layer, and a cladding layer typically made of 

PECVD silica. Objectively speaking, silicon is not the best choice from a photonics perspective 

because the photoelectric conversion efficiency of silicon material is relatively low due to its 

indirect bandgaps, which limit its application for active devices, for example, the light source. 

Besides, the central symmetrical lattice structure makes direct electro-optic modulation on 

silicon impossible. However, due to the high compatibility with current CMOS technology 
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[102], the mass production of PICs based on SOI is cheap and straightforward compared with 

other materials. Therefore, the SOI is the most widely used material for waveguides and is seen 

as the mainstream for future PICs. The silicon material is transparent at 1.3~1.7 𝜇𝑚 

wavelength range. It is ideal to be widely applied for high confinement waveguides owning to 

high refractive index (3.5 around 1.5 𝜇𝑚 wavelength), which means a small cross-sectional 

dimension of silicon waveguide for single mode and significantly reduces the dimension of 

PICs. Besides, although silicon is indirect band material, it can still be bonded with other 

materials to inject passive components. In recent years, a series of optical devices have been 

achieved using the SOI material, including couplers [103, 104], tuneable attenuators [105], 

optical switches [106] and modulators [107].  

 

Figure 4.1 The structure of Silicon on Insulator (SOI) wafer with 220nm SOI layer. 

4.1.2 silicon waveguide and non-linear effect 

The two widely used SOI wafers are 220 nm and 340 nm in thickness of the silicon layer. 

Various waveguides have been proposed, in which the most used type is a rectangular 

waveguide, which can be categorized as a ridge waveguide, rib waveguide and slot waveguide. 

Figure 4.2 shows the cross-sectional structure of those three types of SOI waveguides. The 

ridge waveguide is the most suitable for single-mode propagation [108], which has the smallest 

effective area and most extensive effective index and highest confinement on the light wave 

propagation inside among those three types. The ridge waveguide typically provides the 

smallest bending radius thanks to its small effective mode area and cross-sectional dimension, 

which benefits ultra-dense photonic circuits. However, high confinement also suggests high 

propagating losses [109, 110]. The rib waveguide has a thin layer of silicon basement, as shown 

in Figure 4.2 (b), which releases confinement on the light wave, reduces the losses, and leads 
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to a relatively more significant dimension than the ridge waveguide. Another problem of rib 

waveguides is the high order mode loss since this structure allows mode leaking to the thin 

silicon basement, which requires highly accurate coupling alignment for being used in a fibre 

system. A slot waveguide is designed to propagate light in a low-index medium between to 

silicon ridge waveguide. The two side boundaries of the low index medium result in high quasi-

TE components amplitude in the low index region [111, 112], which could suppress the 

propagation of quasi-TM mode. Among these waveguides, the most promising candidate is the 

ridge waveguide since it is much easier to fulfil the single mode conditions with this structure. 

The single mode FWM could supply sufficient conversion band for covering the C band. The 

rib waveguide is excluded due to potential inter-modal FWM, and the slot waveguide is 

excluded since most light energy is propagated outside silicon. 

 

Figure 4.2 Three typical structures of SOI waveguide. (a) Ridge/Wire waveguide. (b) Rib waveguide. 

(c) Slot waveguide. 

Nonlinear optics is an essential topic of modern optics research. It focuses on the research 

of nonlinear effect and corresponding application on optical medium with the interaction of 

coherent incident light. The interaction between medium and incident light could generate new 

frequency components. The interaction changes the medium's refractive index, polarizability, 

and absorption coefficient. Several typical nonlinear optics processes are shown in Figure 4.3, 

which include second harmonic generation (SHG) [113], sum frequency generation (SFG) 

[114], third harmonic generation (THG) [115], and four-wave mixing (FWM) [116], where the 

SHG and SFG are 2-order nonlinear effect, THG and FWM are 3-order nonlinear effect. Phase 

matching condition is crucial to achieving these non-linear effects. Besides, the medium should 

also have sufficient 2-order (χ (2) effect) or 3-order (χ (3) effect) polarizability [117]. 
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Figure 4.3 Schematic of different non-linear optics processes. (a) SHG, (b) THG, (c) SFG, (d) FWM 

In addition, there are other 3-order non-linear effects of those as mentioned earlier, such 

as self-phase modulation (SPM) [118], cross-phase modulation (XPM) [119], and stimulated 

Raman scattering [120]. This project will mainly focus on the FWM in SOI waveguide for 

generating two symmetrically swept lasers for frequency scanning interferometry (FSI). 

Generally speaking, the intensity of the non-linear response is dominated by both intensity of 

incident light and the non-linear coefficient of material [117]. The non-linear coefficient is 

determined by the non-linear refractive index and efficient mode area, in which the non-linear 

refractive index is the intrinsic properties of materials. The efficient mode area mainly depends 

on the transmitting medium, which can be optimized by the dedicated geometrical design of 

the medium. High non-linear fibre (HNLF), photonic crystal fibre (PCF), and non-linear 

waveguide are the three most common mediums applied in non-linear optics. The PCF and 

HNLF are compatible with the current fibre optics system. They have higher non-linear 

coefficients than conventional single-mode fibre (SMF). The HNLF is commonly made from 

material with high nonlinearity, and PCF is a kind of organic fibre with a periodical pattern of 

air hollows embedded. Its nonlinearity is tuneable by tuning the period and dimension of air 

hollows [121]. 

However, the fibre-based non-linear mediums have relatively high cross-sectional area, 

typically micrometres level, which limits the power intensity and density inside them and 

further limits their non-linear response. The SOI material has both a high refractive index and 

a non-linear refractive index [122]. Thanks to the mature nanofabrication techniques, a non-

linear SOI waveguide can be easily obtained now, which can confine the guided mode down 

to the sub-micrometres level due to the high refractive index. Such a small mode area can 

significantly enhance the guided power density, which allows lower incident power to achieve 

the non-linear effect. Additionally, the sub-micrometres level cross-sectional area is lower than 

the c-band wavelengths commonly adopted in telecommunication, which means the 
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transmission of the c-band wave is very sensitive to the change of the waveguide dimension 

[123]. Therefore, the waveguide's dispersion properties are easily tuned by changing the cross-

sectional dimension to apply to different applications. Several optical non-linear effects were 

applied to achieve wavelength conversion and multiplication. In particular, the FWM, as a 

third-order nonlinear process which generates a new frequency of light from the interaction of 

two or more incident lights in a non-linear medium, has been investigated and seen as one of 

the main approaches to wavelength conversion in silicon photonics [123, 124], besides, it can 

be further applied in Optical Signal Processing [125], Optical Parametric Amplification 

[126] ,and Frequency Comb Generation [127]. 

4.2 The target of this chapter 

This research aims to design and fabricate an SOI waveguide for achieving high 

conversion broadband Four Wave Mixing (FWM) to provide dual frequencies symmetrically 

sweeping laser source for the frequency scanning interferometry (FSI) system. The proposed 

wavelength conversion devices should work around the C band (1530 𝑛𝑚 to 1565 𝑛𝑚). 

The FSI is a technique for absolute distance measurement for single or multi-targets, 

which could be applied in many industries, including large-scale parts assembly (aero plane 

wing, shipbuilding) [128], robot arm calibration [129], and tiny deformation detection for 

structural analysis. It is generally a Michelson-type interferometer as shown in Figure 4.4 (a), 

a sweeping laser is split into two beams, one is bounced back by the reference mirror, and 

another is reflected back by the target, and finally received by the photodiode and then be 

processed by the signal analysis unit for solving the target distance. Figure 4.4 (b) explains the 

basic principle working flow for FSI signal process. Due to the optical path differences between 

the two arms, the beam reflected by the target will be a little bit delayed by 𝜏 . With a 

continuously sweeping laser source with a pre-determined frequency tuning range 𝐵, a stable 

distance-correlated beat frequency is detected by photodiode along the time domain. By 

applying Fast Fourier Transform (FFT), a stable distance-correlated peak signal is 

reconstructed in the frequency domain, which could be used for defining the target distance. 
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Figure 4.4 (a) Basic schematic of FSI system. (b) Principle of FSI system. 

However, the accuracy of conventional single-frequency FSI is suffered from unwanted 

deliberate movement and vibration of both the target and sensing system., therefore a Dual-

frequency sweeping concept was proposed to overcome this problem and enhance FSI accuracy, 

in which the second sweeping laser could compensate the measurement error induced by 

reasons above [130]. For the dual frequencies FSI, the two sweepings need to be synchronized 

and swept in the opposite direction along the frequency domain; in other words, one laser is 

tuned to a higher frequency, and another is tuned to a lower. Therefore FWM technique can be 

utilized to generate an idler beam with the exact frequency change and phase as the original 

signal beam, which perfectly matches the requirements of dual-frequencies FSI. Dual 

frequencies FSI achieved by FWM employing nonlinear semiconductor optical amplifier (SOA) 

have been achieved before [5]. However, their accuracy is still limited by the FWM conversion 

bandwidth and efficiency of non-linear SOA, which has been previously reported with 20 nm 

conversion band and -10 dB for highest conversion efficiency [131]. For non-linear OSA, it is 

difficult to retain a large signal to noise ratio for converted signal of FWM and the conversion 

efficiency decreases swiftly with increasing conversion band [132]. 

Thus, this project aims to design a suitable SOI waveguide, including coupling 

components for the FSI system. The benefit of employing SOI waveguide is making the whole 

FSI more compatible and minimised. There are three main topics in this chapter 4. The first is 

the nonlinear effect investigation of SOI waveguide, mainly the 3-order nonlinear effect.  

Mode analysis, phase matching, group velocity dispersion, high order nonlinear dispersion and 

FWM conversion efficiency of SOI ridge waveguide with different geometry dimensions were 

simulated and calculated via eigenmode solution, finite element method and Coupled 
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Nonlinear Schrödinger equations (CNSE). The second topic is mainly focused on the fibre-to-

waveguide coupling technique, the design and optimization of two types of edge coupler 

including SU-8 covered taper coupler and free space coupler is discussed. Since an on-chip 

tuneable laser that satisfies the demand of FSI does not exist, the waveguide for FWM 

generating still must be deployed in a fibre optical system. Besides, the nonlinear conversion 

efficiency is also extremely sensitive to the input energy, which makes the waveguide to fibre 

coupling for our project an even more vital issue. Two types of edge couplers were designed 

and optimized for our application. The last topic is the test and experiment of SOI waveguide. 

Coupling efficiency, FWM conversion properties, and generated dual frequency sweeping 

properties are tested and demonstrated in the lab. All samples of SOI waveguide with coupler 

are fabricated in Glasgow University by e-beam lithography and tested in our lab at the 

University of South Wales. The allocated test results were summarized in this thesis to estimate 

the project's output and ignite the way for future work. 

4.3 Theory of non-linear optical effects in the silicon 

waveguide 

Naturally, non-linear optical effects are the result of the interaction between light and 

matter. More specifically, the electric polarization of the medium is caused by the interaction 

between the electric field of light and the carriers in the medium (for example, electrons and 

holes in silicon material). According to Maxwell’s equation (Equation 2.2), the intensity of this 

process is defined as the polarization density of the medium 𝑃⃗ , and for the light-matter 

interaction, it is given by, 

𝑃⃗ = 𝑃𝐿⃗⃗⃗⃗ + 𝑃𝑁𝐿⃗⃗ ⃗⃗ ⃗⃗  (4.1) 

Where 𝑃𝐿⃗⃗⃗⃗  and 𝑃𝑁𝐿⃗⃗ ⃗⃗ ⃗⃗   are linear and non-linear electric polarization, respectively. 

Generally, the 𝑃𝑁𝐿⃗⃗ ⃗⃗ ⃗⃗   is neglectable when the electric field of incident light is weak. However, 

for high-power applications or interactions with high nonlinearity medium, the non-linear 

electric polarization must be considered. The non-linear electric polarization density is given 

by following the series equation, 

𝑃𝑁𝐿⃗⃗ ⃗⃗ ⃗⃗  = 𝑃⃗ (1) + 𝑃⃗ (2) + 𝑃⃗ (3) +⋯+ 𝑃⃗ (𝑛) +⋯ (4.2) 
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The 𝑃⃗ (𝑛) is the 𝑛𝑡ℎ order component of non-linear electric polarization correlating to 

𝑛𝑡ℎ  power of the electric field 𝐸⃗  of incident light. The following equations give their 

relationship, 

𝑃⃗ (𝑛)(𝑡) = ∑ 𝜀0
𝛼1,𝛼2,…,𝛼𝑛

𝜒(𝑛)(𝜔𝛼1 , 𝜔𝛼2 , … , 𝜔𝛼𝑛)| 

𝐸⃗ (𝜔𝛼1)𝐸⃗
 (𝜔𝛼2)… 𝐸⃗

 (𝜔𝛼𝑛)𝑒
−𝑖 ∑ 𝜔𝛼𝑚𝑡

𝑛
𝑚=1 (4.3) 

Where 𝜒(𝑛) is defined as the 𝑛𝑡ℎ order electric polarization ratio of the medium. It is a 

tensor with several elements. The number of elements is related to the order number 𝑛, for 

𝑛𝑡ℎ order non-linear polarization. It involves the interaction among 𝑛 incident electric fields 

or the incident lights with different frequency 𝐸⃗ (𝜔𝛼𝑛). This work mainly focuses on the third 

non-linear effect. To simplify, the 3rd order non-linear electric polarization is written as, 

𝑃(3)(𝜔) = 𝜀0𝐾𝜒
(3)(−𝜔;𝜔1, 𝜔2, 𝜔3)𝐸𝜔1𝐸𝜔2𝐸𝜔3 (4.4) 

The number 𝐾 is the optical constant depending on a specific optical process [133].  

Despite the similar non-linear optical characteristics of the silicon waveguide and the non-

linear fibre, the silicon waveguide also posse unique non-linear characteristics as 

semiconductor materials. This section introduces the theory and mathematic models adopted 

for the FWM simulation of silicon waveguides on SOI. The different non-linear effects 

considered for the FWM calculation are introduced, including the Kerr effect, Two-photon 

absorption, Free Carrier absorption, and Stimulated Brillouin Scattering. Then the theory and 

coupling equation of FWM is introduced. 

4.3.1 The Optical Kerr effect in SOI material 

The Optical Kerr effect is a third order nonlinear effect that the refractive index of the 

medium will change as a response to interaction with the external electric field change. The 

optical Kerr effect could occur without an external electric field. The incident light with enough 

intensity offers an electric field for its self-modulation because it is also an electromagnetic 

wave. The optical Kerr effect in SOI is very similar to it in optical fibres. Both are intensity 

dependent. The Kerr effect in SOI is characterized by its non-linear Kerr coefficient 𝑛2, which 

is crucial for the third-order non-linear effect. The 𝑛2  has been reported as a range from 

2.5 × 10−18 to 14.5 × 10−18 𝑚2/𝑊. The 𝑛2 is expressed as the following equation [117]. 
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𝑛2 =
3𝜒(3)

𝑅𝑒

3

4𝑐𝜀0𝑛02
(4.5) 

Where the 𝑐 , 𝜀0  and 𝑛0  are speed of light, permittivity, and refractive index in a 

vacuum, respectively. The 𝜒(3)
𝑅𝑒

 is the real part of 3rd order non-linear coefficient. When the 

wavelength of incident light is pre-determined, the intensity dependant non-linear refractive 

index is then equal to [117], 

𝑛(𝐼) = 𝑛0 + 𝑛2 (4.6) 

Here the 𝐼 is the intensity of incident light, 𝑛0 is the refractive index of the material. 

Like the optical fibre, the light transmitted in the SOI waveguide is strictly confined inside the 

waveguide, there for the non-linear coefficient 𝛾  of SOI waveguide can be defined with 

effective mode area 𝐴𝑒𝑓𝑓 and non-linear Kerr coefficient 𝑛2. 

𝛾 =
2𝜋𝑛2
𝜆𝐴𝑒𝑓𝑓

(4.7) 

Since optical fibre and SOI nano-waveguide usually have relevantly complicated sectional 

structures, so their effective mode area cannot be evaluated by commonly used 1/𝑒2 average 

methods. Their effective mode area is defined as, 

𝐴𝑒𝑓𝑓 =
(∬ |𝐹(𝑥, 𝑦)|2𝑑𝑥𝑑𝑦

+∞

−∞
)
2

∬ |𝐹(𝑥, 𝑦)|4𝑑𝑥𝑑𝑦
+∞

−∞

(4.8) 

the 𝐹(𝑥, 𝑦) is the mode profile function for different guided modes, which can be derived 

from mode analysis based on the FEM simulation mentioned before. With 𝐴𝑒𝑓𝑓 from rigorous 

simulation, the non-linear coefficient of the SOI waveguide is obtained. 

4.3.2 Two-Photon Absorption 

Two-Photon Absorption (TPA) indicates the non-linear process in that medium absorbs two 

photons simultaneously for stimulation from a normal ground state to a higher energy state. 

Since the energy of a single photon is insufficient to achieve such stimulation, two photons are 

required simultaneously, and the total energy of two photons is equal to or larger than the gap 

energy between two states. With the absorption of two photons, the stimulation from the ground 

state to the excited state is achieved through a virtual state. The hypothesis of TPA was 

initialled by Maria Goeppert-Mayer in 1931 [134], but the TPA was impossible to be observed 
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until the 1960s. When the Laser was invented [135], the scientist could demonstrate this 

process for the first time thanks to the high power density of the Laser. The probability of TPA 

is proportional to the energy of incident light, which indicates its nonlinearity [136]. Since the 

TPA process is highly power dependent, 𝛼𝑇𝑃𝐴, which is the nonlinear coefficient of TPA is 

given by [137], 

𝛼𝑇𝑃𝐴 = 𝛽𝑇𝑃𝐴 ∙ 𝐼 (4.9) 

Where 𝛽𝑇𝑃𝐴 is the coefficient of degenerated TPA, which is correlated with the imaginary 

part of the non-linear coefficient of the material. Therefore, it can be given by [137], 

𝛽𝑇𝑃𝐴 =
−3𝜔

2𝑐2𝑛02𝜀0
𝐼𝑚(𝜒(3)) (4.10) 

The following figure shows the relationship between 𝛽𝑇𝑃𝐴 and wavelength of the incident 

light, the data is based on Alan’s experiment and Garcia’s calculation [138, 139]. 

 

Figure 4.5 Measured 𝛽𝑇𝑃𝐴 for 125 𝜇𝑚 thick silicon wafer (black square) as a function of 

wavelength; Best fitting based on calculation from Garcia and Kalyanarama (solid red line). 

As shown in Figure 4.5, the TPA is unneglectable in the application utilizing a non-linear 

effect Silicon waveguide, especially for the wavelength smaller than 2200 𝑛𝑚 [122]. Since 

the band gap of silicon material 𝐸𝑔 is around 1.12𝑒𝑉, when the energy of incidence photon 

is larger than 𝐸𝑔/2, the TPA will occur. The following Figure 4.6 present the TPA schematic 

in silicon. When the two incident photons have the same frequency, it is the degenerated TPA; 

when the frequencies are different, it is a non-degenerated TPA. A phonon is involved in both 

processes since silicon is indirect bandgap material. In silicon waveguides, the TPA is also 
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related to the dimension of a waveguide. The injecting power to the silicon waveguide can not 

be very high for commonly used 220 𝑛𝑚 and 340 𝑛𝑚 thickness; otherwise, the TPA will 

dominate the losses due to high power density for the nano-waveguide. Typically, the limitation 

of injection power for 220 𝑛𝑚 thickness silicon waveguide is 300 𝑚𝑊 (25 𝑑𝐵𝑚). 

 

Figure 4.6 Schematic of TPA in silicon (a) Degenerated TPA (b) Non-degenerated TPA. 

4.3.3 Free Carrier Absorption 

Free Carrier Absorption is a phenomenon that occurs in semiconductor when free charge 

carrier excites to another intra-band energy level or sub energy level, and absorbs photon 

simultaneously, which results in absorption of the incident light by semiconductor material. 

For silicon waveguides, free electrons and holes will be generated in the value and conductive 

bands when TPA occurs while the light is transmitting through. These free carriers, including 

electrons and holes, can interact with incident light, which results in the Intra-band Transition 

of free carriers [140] and the absorption effect for incident photons. If the incident light is a 

superfast pulse, the free carrier concentration 𝑁 in SOI waveguide can be given by [140-142], 

𝑑𝑁(𝑡)

𝑑𝑡
=
𝛽𝑇𝑃𝐴
2ℎ𝜐0

𝐼2(𝑡) −
𝑁(𝑡)

𝜏𝑒𝑓𝑓
(4.11) 

Where ℎ, 𝜐0, 𝐼, and 𝜏𝑒𝑓𝑓 are the Planck constant, light frequency, light intensity, and 

carrier lifetime, respectively. With the carrier concentration, the free carrier absorption 

coefficient Δ𝛼 is given by following The Drude-Lorenz equation [143], 

Δ𝛼 = −
𝑒3𝜆3

4𝜋2𝑐3𝜀0𝑛
[

Δ𝑁𝑒
(0.26𝑚0)2𝜇𝑒

+
Δ𝑁ℎ

(0.39𝑚0)2𝜇ℎ
] (4.12) 

Where 𝜇𝑒 and 𝜇ℎ are the mobility of electrons and holes, respectively, 𝑁𝑒 and 𝑁ℎ are 

the concentration of electrons and carriers, respectively, 𝑚0 is the mass of the electron. 𝑒 is 
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the elementary charge. The above equation suggests that the FCA highly depends on the 

concentration of free carriers. Increasing the intensity of incident light enhances the TPA. 

Meanwhile, the concentration of free carriers is also increasing, consequently leading to higher 

FCA. 

4.3.4 Stimulated Brillouin Scattering in the silicon waveguide 

SBS is a third-order nonlinear phenomenon that involves interaction between travelling-

wave photons and phonons, namely the light wave and acoustic wave. This process results in 

scattering of photons due to the phonons. In the SOI waveguide, leakage of phonons to the 

silica box layer (unlike fibre) prevented observation of SBS in the SOI platform. Most 

researchers aim to design specific structures to enhance the SBS for other applications to 

confine the phonons by a local etching of the buried oxide in a pedestal waveguide structure 

[144] or a fully suspended silicon membrane structure [145]. Even for this enhanced design, 

the SBS is still hard to be observed (lower than the threshold) in short (mm, cm level) SOI 

waveguide because of the weak overlap between guided optical and acoustic modes.  

That said, the conventional silicon waveguide as an SBS material has inherently poor SBS 

gain coefficient, high speed of sound, and significant acoustic losses. For reference, the 

estimated SBS gain coefficient 𝑔𝑃  which is around 2.4 × 10−12(𝑚 ∗𝑊−1)  [146]. To 

estimate the SBS impact on the FWM in SOI waveguide, the SBS threshold equation (equation 

4.13) in fibre is adopted for the complex SOI SBS coupler model [147], as the fibre could be 

seen as the worst-case scenario. Here 𝑔𝑃 is the SBS gain coefficient, 𝐴𝑒𝑓𝑓is the effective area 

of the waveguide at end facet. 𝐿𝑒𝑓𝑓is the effective length of the SOI waveguide. According to 

the Agarwal’s nonlinear optics handbook, the SBS pump threshold is given by 𝑃𝑡ℎ = 𝐺𝑡ℎ ∙

𝐴𝑒𝑓𝑓/(𝑔𝑃𝐿𝑒𝑓𝑓) [117, 148], where 𝐺𝑡ℎ is the exponential gain of SBS [149], basing on the 

critical condition of SBS from equation 9.2.4 in Agarwal’s handbook, the 𝐺𝑡ℎ is commonly 

taken as value 21 at critical pump energy [117]. To calculate the threshold with certain 

linewidth of pump and SBS signal, an extra term (∆𝑣𝐵 + ∆𝑣𝑝)/2∆𝑣𝐵  is multiplied to 

Agarwal’s equation, which give us the equation 4.13, where ∆𝑣𝐵 and ∆𝑣𝑝 are the SBS wave 

linewidth (Unit: GHz) and pump wave linewidth (Unit: kHz), respectively. Particularly, the 

constant 𝐴 has values as two times of 𝐺𝑡ℎ as 𝐴 = 2𝐺𝑡ℎ = 42. 

𝑃𝑡ℎ ≈ 𝐺𝑡ℎ ×
1

𝑔𝑃

𝐴𝑒𝑓𝑓

𝐿𝑒𝑓𝑓
×
∆𝑣𝐵 + ∆𝑣𝑝

2∆𝑣𝐵
= 𝐴 ×

1

𝑔𝑃

𝐴𝑒𝑓𝑓

𝐿𝑒𝑓𝑓
×
∆𝑣𝐵 + ∆𝑣𝑝

∆𝑣𝐵
(4.13) 
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According to the This equation estimates the SBS pump threshold for an SOI waveguide 

with a 400×600nm cross-sectional dimension. The waveguide length is assumed as  10−2𝑚, 

with the effective area 𝐴𝑒𝑓𝑓 as 0.24 × 10−12𝜇𝑚2, which is an estimated value based on the 

cross-sectional area of waveguide for simplifying the calculation. The calculated SBS pump 

threshold 𝑃𝑡ℎis around 420W, much higher than the power of the tuneable laser and amplifier 

proposed for this project. For this reason, the SBS impact is not considered for FWM 

conversion efficiency calculation and simulation. 

4.3.5 The FWM in the silicon waveguide 

Four-wave mixing (FWM) is a well-known technique to achieve all-optical control 

wavelength conversion, which has been widely applied in all-optical communication and all-

optical processing system. Most commercial FWM-based devices are built with optical fibre 

due to deep and comprehensive research towards optical parametric amplification (OPA) and 

wavelength conversion processes based on in-fibre FWM. The refractive index and non-linear 

coefficient of silicon are significantly higher than fibre, which allows high conversion 

efficiency FWM to be achieved in silicon nano-waveguide with dimensions far less than optical 

fibre. 

FWM is a third-order non-linear process described by 𝜒(3) coefficient as well, it will 

occur when at least two optical beams with different frequencies are transmitted simultaneously 

in the same non-linear medium. Figure 4.7(a) is the energy level diagram for the single-mode 

non-degenerated FWM process, which express the interaction between four different 

frequencies. Assuming two incident lights as pump lights with different angular frequency𝜔1 

and 𝜔2, due to third-order non-linear electric polarization of medium and SPM and CPM, two 

new frequencies 𝜔3 and 𝜔4 will be generated. If a light beam of 𝜔3 or 𝜔4 also incident to 

the medium, it will be amplified as optical parametric amplification (OPA), as can be seen in 

Figure 4.7(b). The frequency of four beams follows 𝑓1 + 𝑓2 = 𝑓3 + 𝑓4 , the frequency 

difference between 𝑓3 and 𝑓1 is equal to the difference between 𝑓2 and 𝑓4. 

If two of the three incident beams are at the same frequency, the process is then 

transformed to degenerated FWM. As it is shown in Figure 4.7(c), for this case, the two incident 

beams with the same frequency can be seen as a single pump beam with frequency 𝑓𝑝 and 

photon energy ℏ𝜔𝑝 , then an incident signal beam with a nearby frequency 𝑓𝑠  could be 

amplified by the pump beam, the amplification of each signal photon ℏ𝜔𝑠 will absorb the 
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energy of two-photon from the pump beam ℏ𝜔𝑝 and generate a new photon with energy ℏ𝜔𝑖, 

which is normally called idler frequency or idler beam. The idler frequency 𝑓𝑖 will be located 

at the opposite side of the signal frequency 𝑓𝑠  about the pump frequency 𝑓𝑝 . The idler 

frequency and signal frequency are symmetric with respect to the pump frequency.  

 

Figure 4.7 Schematic of FWM in silicon (a) Energy level diagram of single mode Non-degenerated 

FWM, (b) frequency view of Non-degenerated FWM, (c) Energy level diagram of single mode 

Degenerated FWM (d) frequency view of Degenerated FWM. 

According to this correlation between idler light and signal light of FWM, it is ideal for 

generating a symmetrical sweeping dual-frequencies source for the FSI system. The dual-

frequencies FSI requires the intensity of light frequency to maintain at a comparable level [130], 

which makes the conversion efficiency of FWM crucial for our SOI waveguide design, here 

the method of calculation of FWM conversion efficiency in silicon waveguide is introduced. 

The maximum efficiency of FWM conversion only occurs when the phase-matching condition 

of two incident lights is satisfied [117]. For non-degenerate FWM, the phase-matching 

condition is given by, 

𝑘1 + 𝑘2 = 𝑘3 + 𝑘4 (4.14) 

Where 𝑘 = 2𝜋/𝜆 is the wavenumber for different beams involved in an FWM interaction. 

Obviously, for degenerated FWM, equation 4.14 is reformed to, 

2𝑘𝑝 = 𝑘𝑖 + 𝑘𝑠 (4.15) 

Where 𝑘𝑝, 𝑘𝑖  and 𝑘𝑠 are wavenumber of pump, idler, and signal light, respectively, 

when the phase-matching condition is broken, their linear phase mismatch is, 
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Δ𝑘𝐿𝑖𝑛𝑒𝑎𝑟 = 2𝑘𝑝 − 𝑘𝑖 − 𝑘𝑠 (4.16) 

With the energy conversion condition 1/𝜆𝑖 = 2/𝜆𝑝 − 1/𝜆𝑠 [150] derived from equation 

4.15, the linear phase mismatch is approximately transformed to, 

Δ𝑘𝐿𝑖𝑛𝑒𝑎𝑟 = −𝛽2(∆𝜔)
2 −

1

12
𝛽4(∆𝜔)

4 (4.17) 

Where ∆𝜔 = |𝜔𝑝 − 𝜔𝑠| is the frequency mismatch between the signal and pump light. 

Apparently, the frequency difference between the idler and pump beam should be the same 

value. 𝛽n is the 𝑛𝑡ℎ order dispersion coefficient of the waveguide, it is equivalent to the 𝑛𝑡ℎ 

order derivative of effective index 𝑛𝑒𝑓𝑓  of silicon waveguide with respect to angular 

frequency, the 𝛽n is given by the following equations [117], 

𝛽 = 𝑛𝑒𝑓𝑓𝑘, 𝑘 =
2𝜋

𝜆
, 𝛽𝑛 =

𝑑𝑛𝛽

𝑑𝜔𝑛
(4.18) 

Where 𝛽  and 𝜔  are propagating constant and angular frequency, respectively. The 

mode effective refractive index 𝑛𝑒𝑓𝑓  is defined as the ratio of the propagating (or phase) 

constant 𝛽 to the wavenumber 𝑘 in a waveguide, which is used to quantify the increase in 

the wavenumber caused by the wave medium. The effective index depends on several factors, 

including the geometrical design of the silicon waveguide, the surrounding material index, 

mode wavelength and mode number. In this work, it is solved by an eigenmode solver with 

FEM simulation. The obtained effective refractive index 𝑛𝑒𝑓𝑓  is an array of values with 

respect to frequency, then its derivative is calculated using equation 4.18 for the dispersion 

analysis of the SOI waveguide. It is noticeable that the linear phase mismatch is a function with 

respect to frequency mismatch ∆𝜔, which seems contradicted to 𝛽n derived from 𝑛𝑒𝑓𝑓 with 

respect to frequency. However, in simulation, the pump wavelength is treated to be constant. 

Therefore the ∆𝜔 can be resubstituted to a function with respect to signal frequency. For the 

proposed system, the dual sweeping frequencies for FSI indicate the signal and idler beam, and 

the input beams of the theoretical model are simplified to a sweeping signal and a constant 

pump wavelength. 

As a non-linear process, the phase mismatch of the FWM process also contains a non-

linear term, which is given by, 

∆𝑘𝑛𝑜𝑛−𝑙𝑖𝑛𝑒𝑎𝑟 = 2𝛾𝑃𝑝𝑢𝑚𝑝 (4.19) 
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Where 𝛾 is the non-linear coefficient, which is given by equation 4.7, and 𝑃𝑝𝑢𝑚𝑝 is the 

power of the pump wave. In addition, the effective mode area 𝐴𝑒𝑓𝑓 at pump wavelength for 

calculating 𝛾 is also solved by FEM simulation. With equations 4.19 and 4.17, the phase 

mismatch ∆𝑘 of FWM in SOI waveguide is given by, 

∆𝑘 = 2𝛾𝑃𝑝𝑢𝑚𝑝 − ∆𝑘𝑙𝑖𝑛𝑒𝑎𝑟 = 2𝛾𝑃𝑝𝑢𝑚𝑝 + 𝛽2(∆𝜔)
2 +

1

12
𝛽4(∆𝜔)

4 (4.20) 

It is easy to be found that the non-linear term is a constant value for our model since the 

pump light is assumed to be a constant wavelength with steady power input. Thus the phase 

mismatch is seen as a function with respect to the signal wavelength (or frequency), which 

indicates that the dispersion modulation based on the geometry of the SOI waveguide is the 

vital factor for the design process, the condition of maximum conversion will be the 

equalization between non-linear and linear phase mismatch. 

The frequency tuning range in an FSI system is crucial for measurement resolution and 

accuracy [151]. Therefore a broad tuning range laser is usually adopted as the signal source of 

the FSI system, which creates challenges in the design of the SOI waveguide to achieve broad 

FWM conversion bandwidth. The FWM conversion band should be wide enough. A generated 

idler light should have a comparable intensity to the signal light, which signifies the importance 

of accurate calculation of conversion bandwidth and efficiency. Typically, approximate 

processing is adopted for treating the small signal of the FWM process, and the conversion 

efficiency 𝐶𝐸𝑎𝑝𝑝𝑟𝑜𝑥 is given by [152], 

𝐶𝐸𝑎𝑝𝑝𝑟𝑜𝑥 =
𝑃𝑖
𝑃𝑠0

= [
𝛾𝑃𝑝𝑢𝑚𝑝

𝑔
sinh(𝑔𝐿)]

2

(4.21) 

Where 𝐿 is the effective interaction length. 𝑃𝑖 and 𝑃𝑠0 are the converted idler power 

and injected signal power, respectively. 𝑔 is the parametric gain coefficient. 

𝑔 = √[𝛾𝑃𝑝𝑢𝑚𝑝∆𝑘𝑙𝑖𝑛𝑒𝑎𝑟 − (
∆𝑘𝑙𝑖𝑛𝑒𝑎𝑟

2
)
2

] (4.22) 

However, the conversion efficiency 𝐶𝐸𝑎𝑝𝑝𝑟𝑜𝑥 obtained by this method does not account 

for the absorption of silicon waveguide. Gao et al. explained another approach for conversion 

efficiency solving based on the CNSE [150]. With the phase mismatch obtained, the following 



Chapter 4 

Study of Passive Devices – FWM on SOI waveguides 

- 62 - 

 

equations are solved by a customized MATLAB script (see appendix A.1) to get the amplitude 

of the pump, signal, and idler signal, respectively.  

{
 
 
 
 

 
 
 
 
𝑑𝐴𝑝

𝑑𝐿
= −

1

2
(𝛼𝑝 + 𝛼𝑇𝑃𝐴𝑝 + 𝛼𝐹𝐶𝐴𝑝) 𝐴𝑝 + 𝑗𝛾𝑝 [|𝐴𝑝|

2
+ 2|𝐴𝑠|

2 + 2|𝐴𝑖|
2] 𝐴𝑝

+2𝑗𝛾𝑝𝐴𝑝
∗𝐴𝑠𝐴𝑐 exp(𝑗∆𝑘𝐿)

𝑑𝐴𝑠
𝑑𝐿

= −
1

2
(𝛼𝑠 + 𝛼𝑇𝑃𝐴𝑠 + 𝛼𝐹𝐶𝐴𝑠)𝐴𝑠 + 𝑗𝛾𝑠 [2|𝐴𝑝|

2
+ |𝐴𝑠|

2 + 2|𝐴𝑖|
2] 𝐴𝑠

+𝑗𝛾𝑠𝐴𝑐
∗𝐴𝑝

2 exp(𝑗∆𝑘𝐿)

𝑑𝐴𝑖
𝑑𝐿

= −
1

2
(𝛼𝑖 + 𝛼𝑇𝑃𝐴𝑖 + 𝛼𝐹𝐶𝐴𝑖)𝐴𝑖 + 𝑗𝛾𝑖 [2|𝐴𝑝|

2
+ 2|𝐴𝑠|

2 + |𝐴𝑖|
2] 𝐴𝑖

+𝑗𝛾𝑐𝐴𝑠
∗𝐴𝑝

2 exp(𝑗∆𝑘𝐿)

(4.23) 

Where 𝛼, 𝛼𝑇𝑃𝐴 and 𝛼𝐹𝐶𝐴 are linear absorption, twin photons absorption (TPA), and 

free carrier absorption (FCA) coefficient, respectively. The parameters 𝐴𝑝, 𝐴𝑠 and 𝐴𝑖 are 

the amplitude of the pump, signal, and idler, respectively. 𝐿 is the coupling length of the SOI 

waveguide. The conversion efficiency is then given by: 

𝐶𝐸𝐶𝑁𝑆𝐸 =
𝑃𝑖
𝑃𝑠0

=
𝐴𝑖
2

𝑃𝑠0
(4.24) 

The conversion efficiency derived by CNSE is more comprehensive than the 𝐶𝐸𝑎𝑝𝑝𝑟𝑜𝑥 

since the absorption effects are considered. The conversion efficiency calculated by both 

methods is all with respect to the frequency of the signal beam in this thesis. The conversion 

band can then be accounted as the -3dB band or the Full Width Half Maximum (FWHM) of 

the main peak in the spectrum of conversion efficiency. 

4.4 Design and numerical simulation of SOI 

waveguide for FWM 

In this section, the simulation and corresponding result of the FWM in SOI waveguide are 

introduced step by step. Firstly, the mode analysis of silicon waveguide with variable cross-

sectional dimensions is conducted by commercial FEM software. Then dispersion analysis and 

modulation of the silicon waveguide are implemented. Finally, the conversion efficiency 

results with respect to different parameters are obtained. Based on these simulation results, a 

design of silicon waveguide on SOI is initiated for fabrication. 
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4.4.1 Mode analysis of silicon waveguide 

An accurate simulation of the mode profile is crucial for the FWM simulation. The 

effective index and effective mode area as a function with respect to frequency are required for 

phase mismatch calculations. The mode profile of the SOI waveguide correlates to both the 

cross-sectional dimension and the wavelength of the guided mode. For this project, the 

waveguide should be designed to work in the C band because the peripheral optical devices for 

the FSI system are all working in the C band. Furthermore, the C band supplies various choices 

of devices. Therefore, this project adopts the 220 𝑛𝑚 thick silicon layer SOI platform for the 

FWM waveguide design rather than the 340 𝑛𝑚 platforms because 220 𝑛𝑚 is the cut-off 

thickness for satisfying the single mode condition of wavelength around 1550 𝑛𝑚, and further 

avoid the multi-mode on vertical direction of the waveguide’s cross-section. Maintaining the 

single mode is crucial for this project since the conversion of intermodal FWM experiences 

more loss than the single FWM [153], the 220nm silicon waveguide is covered by PECVD 

silica with over 3 𝜇𝑚 thickness for cladding layer. In simulation, the thickness of cladding 

layer is treated as infinite for simplification, since its dimension is far bigger than the silicon 

core. 

 

Figure 4.8 Geometry of buried SOI waveguide for simulation. 

To achieve high conversion FWM in a silicon waveguide, the proposed waveguide should 

be able to confine and propagate the light wave at the C band. A fast mode search based on the 

effective index method (EIM) is conducted to verify that. The test wavelength is set as 1546 

𝑛𝑚, since the proposed pump laser source for the experiment is 1545~1546 𝑛𝑚. Figure 4.8 

shows the modal used for mode simulation. As can be seen, the model is a buried strip of silicon 

waveguide surrounded by silica. The upper side cladding layer silica is supposed to be the 
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PECVD fabricated silica due to the process for fabrication, but in simulation, it is treated as 

same as the silica in the box layer. The original refractive index data adopted for the simulation 

is from Palik’s Handbook [154]. For mode search simulation, a single index value at 1546 𝑛𝑚 

is adopted ( 𝑛𝑏𝑜𝑥 = 1.444 , 𝑛𝑐𝑜𝑟𝑒 = 3.47 , 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 = 1.444 ). Obviously, the only 

changeable variable for influencing the mode profile is the width because the height is fixed at 

220 𝑛𝑚, and the width is sweeping from 200 to 1000 𝑛𝑚. Figure 4.9 is the effective index 

𝑛𝑒𝑓𝑓 for possibly existed mode calculated by EIM versus the width of the waveguide at 1546 

𝑛𝑚 wavelength. In the result, only the modes above the cladding index are possibly guided. 

The bottom boundary is the cladding index. The fundamental quasi-TE mode (TE0) is mainly 

focused for this project, which is the most used mode for 220nm thick SOI devices [102]. It is 

seen that the cut-off width for the single TE0 mode is located at 350 𝑛𝑚, where the higher 

order TE1 mode appearances, and the TE2 mode is supported with width bigger than around 

680 𝑛𝑚. To avoid the potential intermodal losses, the mode higher than TE2 needs to be 

avoided. Besides, although the waveguide width below 350 𝑛𝑚 supports pure single-mode 

propagation, the low effective mode index (<2.2) indicates insufficient confinement of the 

silicon core, which leads to increasing losses and poor non-linear coefficient. Therefore, a 

width range from 300nm to 700nm is adopted for a more accurate FEM mode simulation of 

the TE0 mode. Additionally, effective indices of the quasi-TM modes in 220 𝑛𝑚 thick SOI 

waveguide are generally poor, and they are not accounted for in the dispersion analysis for 

FWM calculations. 

 

Figure 4.9 Calculated effective index of modes in 220 𝑛𝑚 thick strip SOI waveguide versus width of 

waveguide. 

The eigenmode solver of COMSOL is employed for accurate mode solving and the 

dispersion effective index calculation. The modal used is generally the same as EIM mode 
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searching, but the index adopted is the dispersion material index. Figure 4.10 is the fundamental 

TE mode distribution with a width from 300 𝑛𝑚 to 700 𝑛𝑚. Generally, the confinement of 

silicon waveguides gets stronger with increasing width. Waveguide with a width from 400 to 

700 𝑛𝑚 is capable to confine most of the energy inside the silicon core, as shown in Figure 

4.10(b-g) with increasing width, the energy concentrating at the side wall decreases. Notably, 

in Figure 4.10(a), it can be seen that most of the energy is propagated outside the 300 𝑛𝑚 

width silicon waveguide due to narrow dimension. Besides, the Figure 4.10 (h) and (i) show 

TE1 and TE2 mode for the width of 700 𝑛𝑚, respectively, higher mode exists, which should 

be avoided for this project. Therefore, width range from 400 to 600 𝑛𝑚 is adopted for the 

dispersion analysis and FWM calculations. 

 

Figure 4.10 Normalized E field intensity of TE modes of 1546 nm light wave for 220nm thick SOI 

waveguide with width sweeping from 300 𝑛𝑚 to 700 𝑛𝑚; (a) TE0 of 𝑊 = 300 𝑛𝑚, (b) TE0 of 
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𝑊 = 400 𝑛𝑚, (c) TE0 of 𝑊 = 450 𝑛𝑚, (d) TE0 of 𝑊 = 500 𝑛𝑚, (e) TE0 of 𝑊 = 550 𝑛𝑚, (f) TE0 

of 𝑊 = 600 𝑛𝑚, (g) TE0 of 𝑊 = 700 𝑛𝑚, (h) TE1 of 𝑊 = 700 𝑛𝑚, (i) TE2 of 𝑊 = 700 𝑛𝑚. 

To calculate the dispersive effective index 𝑛𝑒𝑓𝑓  and mode area 𝐴𝑒𝑓𝑓 , the 𝐴𝑒𝑓𝑓  is 

calculated by equation 4.8 based on the mode profile data obtained by the Lumerical eigenmode 

solver. Parametric sweep along the wavelength band from 1450 to 1650 𝑛𝑚 for TE0 mode 

with width from 400 to 600 𝑛𝑚 is performed, and the sweeping step is 50 𝑛𝑚 to leave 

sufficient tolerance for fabrication. Figure 4.11 illustrates the 𝑛𝑒𝑓𝑓  and 𝐴𝑒𝑓𝑓  versus 

wavelength. It is seen that the effective index generally decreases with increasing wavelength. 

The effective index difference between 400 𝑛𝑚 and 450 𝑛𝑚 at same wavelength is larger 

than the difference between 550 𝑛𝑚 and 600 𝑛𝑚, that suggests the effective index of mode 

is saturated with increasing width, or the cross-sectional area, this trend is witnessed at TE0 

curve in Figure 4.9 as well. Also, the index of a narrow waveguide drops faster than a broader  

 

Figure 4.11 Effective index and mode area of TE0 mode of strip waveguide with different width (a) 

effective index versus wavelength (b) effective mode area versus wavelength. 

waveguide because more energy will concentrate on the side wall and propagate in the cladding 

layer with wavelength rising, which leads to the drop of 𝑛𝑒𝑓𝑓. As for the effective mode area, 

it also be seen a limitation with increasing width. 𝐴𝑒𝑓𝑓 drops with increasing of width since 
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narrow waveguide has more energy propagated through the low confinement area, the cladding, 

which significantly enhances the effective mode area. With increasing width, more energy will 

be guided in the silicon core, and this will reach a limit when all energy is confined in the core. 

4.4.2 Dispersion modulation and FWM conversion calculation 

The last section discussed the mode simulation and analysis of a strip SOI waveguide, 

with the obtained 𝑛𝑒𝑓𝑓 and 𝐴𝑒𝑓𝑓, the high-order dispersion is calculated, and phase mismatch 

is analysed in this section. Then the FWM conversion is calculated through CNSE and small 

signal approximation methods introduced in chapter 4.3.5. Table 4.1 lists all parameters 

adopted for the FWM calculation. 

Table 4.1 Parameters for dispersion modulation and FWM simulation of SOI waveguide. 

symbol meaning value unit 

𝜆𝑝 Pump wavelength 1546 𝑛𝑚 

𝜆𝑠 Signal wavelength 1450 − 1650 𝑛𝑚 

𝑛2 
Non-linear refractive 

index 
5.59 × 10−18  [155] 𝑚2/𝑊 

𝜏𝑒𝑓𝑓 
Carrier lift time for 

FCA 
1.1 × 10−9 [156] 𝑠 

𝛽𝑇𝑃𝐴 TPA coefficient 9.95 × 10−12 [155] 𝑚/𝑊 

𝑃𝑝𝑢𝑚𝑝 Input pump power 6~18 𝑑𝐵𝑚 

 Firstly, the second and fourth-order dispersion profile is calculated according to equation 

4.18, and linear phase mismatch is further calculated with equation 4.17. Figure 4.12 shows 

𝛽2, 𝛽4 and linear phase mismatch Δ𝑘𝐿𝑖𝑛𝑒𝑎𝑟 versus the signal light wavelength. The second-

order derivative of the propagation constant 𝛽2 can also be reformed to the commonly used 

Group Velocity Dispersion (GVD) by the following equation, 

𝐷 = −
2𝜋𝑐𝛽2
𝜆2

(4.25) 

The GVD versus signal wavelengths is shown in Figure 4.13(a). According to equation 

4.17, the linear phase mismatch is mainly depending on 𝛽2, it is noticeable the 500 𝑛𝑚 width 

waveguide performs most flat GVD with two zero-GVD points in the whole signal band, and 
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the two zero dispersion point is symmetrical with respect to the pump wavelength. The 

minimum value of 𝛽2, or the maximum value of GVD experiences a trend of red shifting and 

becomes flatter with increasing waveguide width. This is because the dispersion sensitivity of 

the waveguide is reducing due to the reduction in energy density caused by the increased cross-

sectional area of the waveguide. 𝛽4 of different widths generally show similar rising trends 

along the wavelength. Apparently, the slope of 𝛽4 of narrow waveguide is much higher than 

a wide waveguide, which further deteriorates the phase mismatch of a narrow waveguide. 

Figure 4.12(c) is the original value of linear phase mismatch, but the trend is not very clear and 

demanding to be distinguished due to the data scale and overlapping of some curves with others, 

so the linear phase mismatch is reorganized in Figure 4.12(d) as Δ𝑘𝐿𝑖𝑛𝑒𝑎𝑟 ∙ L/π, the waveguide 

length here is set as 1 𝑐𝑚. Foster suggests that the range of the magnitude of this transformed 

linear phase mismatch between ±𝜋 is approximately corresponding to the conversion band of 

FWM [123]. Obviously, the 500 𝑛𝑚 width is predicted to have the widest conversion band, 

which will be 1470 to 1630 𝑛𝑚. The rest widths are generally showing a parabolic shape curve 

and are not promising for a wide-band FWM conversion. It is seen that the mouth direction is 

generally rotating contra-clockwise with increasing width; the fourth-order dispersion is 

correlated with this trend. The 450 𝑛𝑚 and 550 𝑛𝑚 waveguide also possess a very flat 2nd 

dispersion curve. However, because they hold only one zero GVD point in this signal band, 

coupled with the displacement between their minimum GVD point and pump wavelength, their 

linear phase mismatch curve is unsymmetric, which suggests their conversion is not broad as 

the 500nm width waveguide. 

The conversion efficiency is then calculated by CNSE and small signal approximation 

methods, respectively. The parameter used for the simulation is listed in Table 4.1. Figure 4.13 

illustrates the GVD, phase mismatch, and conversion efficiency versus signal wavelength. As 

shown in Figure 4.12(b), compared with the linear phase mismatch, introducing nonlinear 

terms does not change the phase mismatch trend of all widths in the short band region since 

the non-linear term is a constant value for different widths, respectively, according to equation 

4.19. Figure 4.13(c) and (d) are the conversion efficiency spectrum calculated by CNSE and 

small signal approximation, respectively, the coupling length is 10 𝑚𝑚 here, and the pump 

energy is set as 15 dBm. In general, the conversion calculated by both methods agrees with the 

linear phase mismatch result; 500 𝑛𝑚 width waveguide displays the largest conversion band 

in both spectrums. Particularly, the conversion band obtained by a small signal approximation 

of 500 𝑛𝑚 width prove the ±𝜋 range prediction before, as it is shown in Figure 4.13(d), 
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Figure 4.12 The high order dispersion and linear phase mismatch versus signal wavelengths, the 

pump wavelength is 1546 𝑛𝑚. (a) Beta 2 versus signal wavelengths, (b) Beta 4 versus signal 
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wavelengths, (c) Linear phase mismatch versus signal wavelengths, (d) 𝛥𝑘𝐿𝑖𝑛𝑒𝑎𝑟 ∙ 𝐿/𝜋 versus signal 

wavelengths 

the yellow curve for 500 𝑛𝑚 has a -3 dB conversion band a around 1470 to 1630 𝑛𝑚. Both 

the two-neighbour width of 500 𝑛𝑚, 450 𝑛𝑚 and 550 𝑛𝑚 have a wide but unsymmetric 

conversion band as the expectation, the conversion band of 450 𝑛𝑚 is biased towards the 

short wave band, on the contrary, 550nm is biased towards the long wave band. Therefore, the 

500 𝑛𝑚  width waveguide is adopted for the next step length sweeping. Obviously, the 

conversion efficiency derived by CNSE of every width is lower than the result of Small Signal 

Approximation, and the conversion bands of CNSE are narrower than Small Signal 

Approximation. That is because the CNSE solution considered the linear absorption of silicon 

material and non-linear absorption, including TPA and derived FCA, which suggests the result 

from CNSE is more reliable for the coupling length sweeping.  

The longitudinal length of the waveguide is another essential factor that would influence 

the conversion efficiency and band. It is equal to the coupling length of FWM in the waveguide. 

For the fabrication process, the length of the SOI waveguide for ideal conversion needs to be 

identified. Equation 4.22 also shows that the solutions of CNSE are amplitudes of the different 

wave, or equivalently, the conversion efficiency, which can be reorganized to a function with 

respect to the coupling length 𝐿, and equation 4.20 indicated the conversion calculated by 

small signal approximation also could be seen as a function with respect to the coupling length 

𝐿. Therefore, a sweeping length simulation towards the coupling length is implemented, and 

the results are shown in Figure 4.14. The length sweeping results of the CNSE and Small Signal 

Approximation are in Figure 4.14(a, b), respectively. In Figure 4.14(a), the max conversion 

efficiency increases with the growth of length firstly and reaches the maximum around 2 𝑚𝑚, 

then starts dropping since the absorption of waveguide. As for the results of small signal 

approximation, the max conversion efficiency is continuously climbing with increasing 

coupling length Since a small approximation does not consider the absorption. For conversion 

derived by both methods, the conversion bands are shrinking with increasing coupling length.  
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Figure 4.13 (a) The GVD of different width SOI waveguides with 220nm height. (b) the Phase 

mismatch versus signal wavelength. (c) the conversion efficiency calculated by the CNSE method. (d) 
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the conversion efficiency is calculated by Small Signal Approximation method. Here the pump energy 

is set as 15 dBm, the coupling length is 10 mm, and the pump wavelength is 1546 nm. 

A finer length sweeping is conducted with CNSE to investigate the influence of coupling 

length in detail; the result is shown in Figure 4.15, where the left axis and blue curve is the 

maximum conversion efficiency with varying length, and the right axis and red curve is the 

Full Width of Half Maximum (FWHM) of the conversion bandwidth along different coupling 

lengths. The conversion bandwidth is the FWHM of the central band of the conversion 

spectrum. The pump energy and wavelength for the sweeping operation are set as 15 dBm and 

1546 𝑛𝑚 respectively. The results show that the conversion efficiency will increase as the 

coupling length increases, and the max conversion power is reached at 2.3 𝑚𝑚 around -23.3 

dB. 

 

Figure 4.14 The length sweeping of conversion efficiency, the width is 500 𝑛𝑚, the pump power is 15 

dBm at 1546 nm (a) the result of CNSE versus signal wavelength of different coupling length (b) the 

result of small signal approximation versus signal wavelength of different coupling length. 

However, the coupling length cannot be infinitely long since the linear absorption is also 

enhanced by expanding the coupling length. The conversion efficiency will be reduced by 

continuously increasing linear absorption. As seen in the figure, the conversion efficiency 

decreases after the maximum point. Besides, the conversion bandwidth decreases dramatically 
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with increasing length. Therefore, a trade-off between the conversion band and efficiency for 

practical application is inevitable. 

 

Figure 4.15 The fine length sweeping result solved by CNSE, the width is 500 𝑛𝑚, the pump power is 

15 dBm at 1546 nm, the max conversion efficiency and conversion bandwidth versus coupling length 

is shown. 

Another factor that could influence the conversion efficiency is the pump power, pump 

energy sweeping simulation is done with the small signal approximation method, and the result 

is shown in Figure 4.16. The conversion efficiency increases corresponding to the increasing 

pump power. This pump energy range of 6 dBm to 18 dBm is based on the source, and Erbium-

Doped Fiber Amplifier (EDFA) is proposed to be used. A maximum -20 dB conversion is 

expected based on this simulation result when pump energy is 18dBm. 
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Figure 4.16 Conversion of different pump energy versus signal wavelength, where the width is 500 

𝑛𝑚, length is 2.2 𝑚𝑚, and pump wavelength is 1546 𝑛𝑚. 

Based on the simulation results, the waveguide with 500 nm width and 220 nm height 

waveguide is employed for fabrication. Two batches of waveguides were proposed to fabricate, 

the first batch with a 15 mm coupling length and the second batch with a 20 mm coupling 

length. The maximum coupling length was not chosen based on the fabrication side's advice. 

It is compromising to fabricate more waveguides on a single wafer. Indeed, the coupling length 

influences the conversion efficiency, but the impact is not that large, so a little loss of the 

conversion efficiency for more chips is acceptable. Both the 15 mm and 20mm coupling lengths 

still illustrate acceptable conversion efficiency and bandwidth. 

4.5 Fibre-to-waveguide coupling 

The FWM conversion efficiency is highly dependent on the pump energy, meaning the 

pump light's input energy into the waveguide must be as high as possible. The critical problem 

of fibre-to-waveguide coupling is the big difference between the cross-sectional scale of fibre 

(for SMF, 8  𝜇𝑚 diameter) and nano waveguide (500 nm * 220nm for the proposed design), 

which brings them around 0.5 𝜇𝑚  and 9 𝜇𝑚  mode field diameter (MFD), respectively, 

resulting in -20 dB insertion loss with direct edge coupling in estimate with the mode 

overlapping theory. The coupling from the waveguide to the fibre or inverse significantly 

limited the application of PICs. To date, all proposed fibre-to-waveguide coupler structures can 

be categorized as grating couplers, lens couplers and taper couplers (Edge couplers). 

A Taper coupler 

The taper coupler, or Edge coupler, indicates that the fibre and waveguide are aligned in 

a line, and the energy is input directly from the edge or facet of the waveguide. The two typical 

taper couplers are forward and inverse taper couplers, both formed by a taper structure made 

of the core material. Figure 4.17 (a) and (b) show the schematic of typical forward and inverse 

taper couplers, respectively. The basic idea of forward taper is straightforward, fabricating a 

taper made of the core material with two ends area that matches the fibre’s cross-section and 

waveguide’s cross-section, respectively, so that the guided mode size is compressed or 

enlarged with propagation along the longitudinal direction (x direction in Figure 4.17 (a)) of 

taper. The fibre end of the forward taper usually is a facet match with the dimension of single 

mode fibre or lensed fibre (around 2~8 𝜇𝑚), and the waveguide end is the same size as 
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waveguide. The first horizontal taper coupler was proposed by Day et al. in 2003. The best 

coupling efficiency they achieved was -0.5 dB [157]. In 2003, Sure et al. reported a vertical 

taper coupler and achieved -2.6 dB coupling efficiency [158], and Fijol et al. fabricated another 

3-dimensions taper coupler in the same year and achieved -0.63 dB coupling efficiency  [159]. 

However, the process required for these forward taper couplers are relatively complicated, 

which is not suitable for mass production and wide application, besides, the waveguide suitable 

for forward taper coupler are relevantly large size (few micrometres level), since a smooth and 

continuous taper shape from few microns to sub-wavelength size is difficult to fabricate, the 

production yield is poor. 

 

Figure 4.17 Schematic of typical edge coupling taper coupler. (a) Forward taper coupler. (b)Inverse 

taper coupler. 

As for the inverse taper, its working scheme is different to the forward taper. It utilizes 

the mode match principle for designing. The narrower end, or tip end, typically with a 

dimension around 100 𝑛𝑚, faces the fibre end, as seen in Figure 4.17 (b). The larger end of 

the taper is the same size as the waveguide and is linked with the waveguide. With the 

narrowing core towards the tip end of the inverse taper, an increasing part of energy propagates 

in the cladding layer, which forms evanescent wave surroundings on the surface of the core 

waveguide. Therefore, the effective mode area is enlarged with a narrow waveguide at the tip 

side, further matching the fibre's mode area. The inverse taper coupler is suitable for small-size 

waveguides, for example, 220 𝑛𝑚 or 340 𝑛𝑚 thick SOI waveguide. Almeida from Cornell 

University proposed the first nanometre-level inverse taper coupler in 2003, which achieves 

around -3 dB coupling efficiency [160]. In 2002, Shoji et al. proposed a polymer-based inverse 

taper coupler for SOI waveguide and achieved -1 dB coupling efficiency ; they further 

improved the coupling efficiency to -0.7 dB in 2008 [108].  
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Since both the forward and inverse taper are edge coupling, the injection facet and fibre-

waveguide alignment conditions significantly influence the coupling efficiency. The facet 

condition is influenced by wafer slicing, facet polishing, and coating, all of which need to be 

careful during the fabrication and further complicate the process. 

B Lensed coupler 

The lensed coupler utilizes a dedicatedly designed prism or lens to focus the light into the 

waveguide. In 2004, Lu et al. invented a prism coupler with -1.55 dB coupling efficiency  

[161], but this external coupling structure is unsuitable for compact integration. Qian’s team 

proposed a Gradient-Index (GRIN) lens for the coupler and achieved -1.08 dB coupling 

efficiency [162], but this structure requires extremely precise fabrication and fibre-coupler 

alignment. 

C Grating coupler 

The grating coupler based on the diffraction effect is another commonly used coupling 

structure on the SOI platform to date. Figure 4.18 shows a typical layout of a grating coupler 

and its cross-sectional view (XoZ plane). The incident light 𝑃𝑖𝑛 is injected quasi-vertically 

into the grating plane, the interaction of guided mode and grating mode eventually guides the 

light energy into the waveguide. The grating coupler has more tolerance for alignment thanks 

to the out-of-plane coupling structure. But the coupling efficiency is limited by three irrelevant 

propagation directions, including transmission through the grating 𝑃𝑠𝑢𝑏  to substrate, 

reflection from the grating plane 𝑃𝑟, and diffraction to the opposite direct 𝑃𝑤𝑟 , all these three 

directions lead to losses, only diffraction to the core direction 𝑃𝑤 can be coupled in. Besides, 

since grating is wavelength sensitive, the coupling band of the grating coupler is relatively poor. 

In 2002, Tailaert invented the first grating coupler for GaAsAl oxide waveguide [163] and 

obtained -4.6 dB coupling efficiency , and the fibre is tilted for 8 to 10 degrees normally to 

avoid the 2nd order reflection. Then they optimized that design and achieved -3 dB coupling 

efficiency with an attached cladding layer made of silicon on top of grating in 2006 [164]. 

Typically, there is a big difference between the simulation results and experimental results of 

insertion losses of grating couplers, and this requires to be addressed by better fabrication 

process [165, 166]. As for the conversion band, few works about a chirped grating structure 

were proposed, which is supposed to enlarge the coupling band with a variable grating period 

[167, 168]; the widest -1dB coupling band obtained via this method is around 100 𝑛𝑚 [169]. 

Although the grating coupler still needs optimization through both fabrication and design, it 
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still is widely applied due to high compatibility with the CMOS process, mode tolerance for 

alignment, and less damage on the waveguide. 

 

Figure 4.18 (a) The schematic of a grating coupler and the four propagating directions in the grating 

coupler. (b) The cross-section (from plane XoZ) of the grating coupler. 

As mentioned before, the insertion loss is the object of designing a fibre-to-waveguide 

coupler, and the insertion loss is composed of propagation loss, Fresnel reflection loss, miss 

alignment loss, and mode miss match loss. The propagation loss is dominated by material, the 

reflection loss can be reduced by coating or related techniques, and the miss alignment loss can 

be relieved by v-groove or other mechanical fixation structure. With the other three factors 

being solved ideally, the mode mismatch loss takes a prominent part of the total insertion loss, 

and this factor is determined by the design of fibre to waveguide coupler. The mode matching 

loss mainly depends on the mode difference between the inlet (fibre side) and outlet 

(waveguide side) and vice versa. The coupling efficiency 𝜂 is given by an overlap integral 

equation between waveguide and fibre mode. 

𝜂 =
∫𝐸𝑤(𝑥, 𝑦)𝐸𝑓(𝑥, 𝑦)𝑑𝑥𝑑𝑦

∫𝐸𝑤
2(𝑥, 𝑦)𝑑𝑥𝑑𝑦 ∫𝐸𝑓

2(𝑥, 𝑦)𝑑𝑥𝑑𝑦
(4.26) 

Where 𝐸𝑤 and 𝐸𝑓 are modes of waveguide and fibre, respectively. SMF usually possess 

a gaussian like centrosymmetric mode profile with a micrometres level diameter. However, the 

mode of the SOI waveguide is not centrosymmetric and far smaller than the fibre mode. As 

can be seen in Figure 4.10, such a mismatch leads to significant insertion loss. Therefore, a 

well-designed coupler plays a role as a bridge between fibre and waveguide, which must be 

able to change the mode size gradually and continuously from fibre to waveguide sides and 

maintain the single mode profile during the whole process as much as possible. 

The waveguide adopted in this project is 220 𝑛𝑚 SOI. Therefore, the candidates for 

coupler design are inverse taper and grating coupler. The rest of chapter 4.5 introduced the 



Chapter 4 

Study of Passive Devices – FWM on SOI waveguides 

- 78 - 

 

design simulation based on Lumerical FDTD and Eigen Mode Expansion solver (EME) of both 

the grating coupler and inverse taper coupler. One design of grating coupler and two inverse 

taper couplers are proposed. Additionally, the impact of lensed fibre on coupling efficiency is 

discussed in the last section of this chapter based on the simulation results. 

4.5.1 Simulation of the grating coupler 

The simulation of a grating coupler is conducted along the model shown in Figure 4.18 

(b). The period 𝑇 and material filled length 𝛬 are 750 and 375 𝑛𝑚 respectively, the fill 

factor is 0.5. These values are taken based on the proposed working wavelength. The 

waveguide dimension is selected as 500 𝑛𝑚  width and 220 𝑛𝑚  thickness respectively. 

Without particular emphasis, the waveguide dimension in the rest of this chapter for coupler 

design is all this dimension. A PECVD silica layer covers the surface of the grating, unlike the 

mode analysis for FMW in chapter 4.4.1, the PECVD silica index here origins from Pan’s et 

al. experimental result [170].  

 

Figure 4.19 Normalized E field of cross-section (from XoZ plane) of the grating coupler, the grating 

period is 𝑇 = 750 𝑛𝑚, 𝛬 = 375 𝑛𝑚. Incident wavelength is 1548 𝑛𝑚. 

Figure 4.19 illustrates the normalized E field of the grating coupler from a cross-section 

view (XoZ). The simulation is conducted using by Lumerical FDTD solution. Since the gating 

coupler is symmetrical with respect to the XoZ plane, the simulation is simplified to the 2D-

FDTD simulation on the XoZ plane. As can be seen, incident light is injected from the top at x 

range 0 to 5microns with an angle of 11 degrees, a significant amount of light passes through 

the grating and is guided to the substrate through the box layer, and there is no reflection from 

the bottom since the simulation boundary is set as PML and the substrate layer is not included 

in this simulation model. As for the waveguide-cladding interface, since the waveguide index 
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is much higher than the cladding, no obvious reflection from this interface is observed. Despite 

the energy transmitting to the substrate, the main part of the incident energy is correctly coupled 

into the waveguide direction. And thanks to the incident angle, which could eliminate the 2nd 

order reflection from grating and waveguide, there is no clear reflection along the opposite 

direction 𝑃𝑤𝑟 of waveguide be observed in the figure. 

A wavelength sweeping simulation is then implemented with the proposed model to 

investigate the broadband coupling efficiency of such a grating coupler, and the result is shown 

in Figure 4.20; the -3dB coupling band for this grating coupler is around 20 𝑛𝑚 with centre 

at 1548 𝑛𝑚, and its minimum insertion loss is around -2.5 dB. 

 

Figure 4.20 The 2D-FDTD simulated coupling efficiency of a grating coupler for 220 nm thick SOI 

waveguide, the grating period is 750 nm, and the grating fill factor is 0.5. 

No further optimization was conducted for the grating coupler since one of the 

requirements of this project is to fabricate as much as possible waveguide on the wafer, the 

grating coupler occupies more space than the taper coupler, and the alignment of the grating 

coupler without package process is potentially complex than the edge couplers due to out of 

plane alignment and rotation of fibre. 

4.5.2 Design and simulation of edge coupler I: SU-8 covered 

taper coupler 

To control the technique risk of the whole project, an inverse taper coupler with SU-8 

outer waveguide is mainly focused on since a similar layout was proved as a low-risk plan 
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[104], and the process polymer outer waveguide is relevantly cheap and fast. The schematic of 

this SU-8 coupler is shown below in Figure 4.21. The end of the silicon waveguide is tapered 

for the mode shrinking or enlarging. For better mode matching with lensed fibre, a more 

oversized or outer waveguide made by polymer SU-8 covers the taper part of the silicon 

waveguide. For this coupler, the design of both the taper and outer waveguide is crucial. The 

taper should have sufficient length to avoid dramatic change in effective mode area; as for the 

outer SU-8 waveguide, it should dimensionally match the lensed fibre beam size, or waist size 

as much as possible, while maintaining a similar mode profile in shape with the TE0 mode of 

designed SOI waveguide. 

 

Figure 4.21 The simulation model of the Su-8 taper coupler. 

Like the SOI waveguide, the EIM analysis is first implemented on the SU-8 outer 

waveguide. The beam waist of one of the lensed fibres proposed to be used for the experiment 

is 3 𝜇𝑚, therefore the width 𝑊𝑠 of SU-8 outer waveguide is set as 3 𝜇𝑚 to match the beam 

size. Since the width-to-thickness ratio of the designed SOI waveguide is more significant than 

1 (500: 220), therefore the thickness 𝐻𝑠 of SU-8 should be smaller than the width to ensure a 

similar mode shape. The index of Su-8 is dynamic and dependent on factors, including 

polymerization temperature, pressure, and exposure time [99] during the fabrication process. 

Thus, it is pretty challenging to be identified. Here the index adopted for this EIM simulation 

is based on the fitting equation proposed by Girault et al. based on their ellipsometer test result 

of SU8 film processed by a two-step thermal process [171]. The result of EIM is shown in 
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Figure 4.22, as it can be seen that the region of TE1 and TE2 cut-off corresponds to the 

thickness from 1.25 𝜇𝑚 to 2.5 𝜇𝑚. Because the proposed SOI is working with this mode area 

(as seen in Figure 4.9), therefore, to ensure best mode matching, this thickness range is 

employed for coupling efficiency simulation. 

 

Figure 4.22 EIM calculated the effective index of modes of SU-8 outer waveguide. (Width 𝑊𝑠=3 𝜇𝑚, 

Thickness 𝐻𝑠 sweeping from 0 to 3 𝜇𝑚) 

The coupling efficiency is solved by the EME solver in the Lumerical MODE solution. It 

is a faster simulation method based on frequency domain methods, which could calculate the 

coupling efficiency based on the mode overlapping between the eigenmode profile of two ports, 

namely the fibre and waveguide here. The result is shown in Figure 4.23. The tip width 𝑊𝑡𝑖𝑝 

here is 80 𝑛𝑚. As it is shown, the coupling efficiency increases with a longer taper length 𝐿𝑡, 

for all SU8 Widths, the insertion loss reaches a minimum when the taper length 𝐿𝑡 exceed 

160 𝜇𝑚. Particularly, the coupling efficiency of SU8 thickness at 1.5 𝜇𝑚 (orange curve) 

show the highest magnitude along all taper length among all thickness simulated. It is seen that 

the highest coupling efficiency here is close to 0 dB. Therefore, the cross-section dimension of 

the SU8 outer waveguide is determined as 𝑊𝑠 = 3𝜇𝑚 and 𝐻𝑠 = 2.5𝜇𝑚. The reason for not 

using finer steps for thickness sweeping is that the thickness of SU8 is hard to be precisely 

controlled, many processes could influence the thickness, for example, spin coating, etching, 
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and washing. So, the thickness value 2.5 𝜇𝑚  here is sufficient for a guideline for the 

fabrication side. 

 

Figure 4.23 Coupling efficiency versus taper length of different Width SU8 waveguides. (𝑊𝑡𝑖𝑝 =

80𝑛𝑚, 𝑊𝑆 = 3𝜇𝑚,𝜆 = 1546𝑛𝑚) 

With the dimension of the SU8 and SOI waveguide determined, a 3D-FDTD simulation 

is performed to further verify the mode transforming process in the SU8 taper coupler. The 

normalized E field of the SU8 taper coupler from the top and side view is shown in Figure 4.24. 

The taper length adopted for this FDTD simulation is 50 𝜇𝑚 (from x=-25 𝜇𝑚 to x=25 𝜇𝑚), 

the taper length over 160 𝜇𝑚 are not selected since they are hard to be shown due to the aspect 

ratio of their size, and the E filed profile of 50 𝜇𝑚 taper is sufficient to explain the principle 

of mode transforming. The distance between the tips end of SOI to the facet of SU8 is 20 𝜇𝑚, 

and the length of SOI waveguide bonded with the taper at the bigger side is 20 𝜇𝑚 as well. 

As it is seen in Figure 4.24 (a), the light is incident from the right (x=40 𝜇𝑚) to left (x=-40 

𝜇𝑚). The incident energy forms very strong evanescent field on the taper surface at x range 

from 10 to -10 𝜇𝑚, which indicates the energy is propagating on the surface of the taper. 

Remarkably, the evanescent field gets weaker with increasing taper width and with going 

deeper inside the coupler, which means more energy is coupled into the silicon waveguide. A 

stable waveguide propagating mode gradually shows up from x= -10 𝜇𝑚, and when exceeding 
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x = -25 𝜇𝑚, energy emerged in the SOI waveguide shows a stable guided mode. As for the 

side view, as it can be seen in Figure 4.24(b), the incident light beam is aligned to aim the 

centre axis of the SU8 waveguide for maximum coupling; the light firstly propagates as SU8’s 

guided mode as been shown in x from 25 to 45 𝜇𝑚 region. Then the light energy tends to 

concentrate on top surface of SOI taper around x = 5 𝜇𝑚, then a stable guided mode in SOI is 

gradually formed. In particular, energy leaking is observed on both the top surface and back 

surface of SU8. These boundaries are cladding-SU8 interfaces, and the material on both sides 

has similar refractive indexes. 

 

Figure 4.24 The Normalized E profile of SU-8 taper coupler (𝑊𝑡 = 80𝑛𝑚, 𝐿𝑡 = 50𝜇𝑚, 𝜆 =
1546𝑛𝑚). (a) Top view (XoY plane). (b) Side view (XoZ plane) 

The cross-section (YoZ plane) E field profiles at different propagating distances (X value) 

are shown in Figure 4.25. This set of images vividly illustrates the mode shrinking process. As 

seen, the light propagates with a single mode in the SU8 waveguide at X=40 𝜇𝑚, and part of 

mode leaking to the cladding layer is observed because this position is close to the facet of the 

SU8 waveguide and light just entered. As the light propagates deeper, a stable single mode is 
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witnessed at X=30 𝜇𝑚 just before interaction with SOI taper. Then the light starts to be 

influenced by both SU8 and SOI at X=20 𝜇𝑚, a tendency of concentrating to the side wall of 

SOI taper emerges. This tendency becomes more intensive at X=10 𝜇𝑚, where most of energy 

is confined on the side wall of the SOI taper, and only a weak E field is observed in the SU8 

area. As the light continues propagating and the taper gets wider, a single mode like E filed 

distribution becomes more evident, as shown in X from 0 𝜇𝑚 to -10 𝜇𝑚. The taper section 

ends at X=-25 𝜇𝑚, eventually, a stable single mode propagation in SOI waveguide is formed 

as shown in Figure 4.25 (i) and (j) for the position at X=-30 𝜇𝑚 and -40 𝜇𝑚. 

 

Figure 4.25 Normalized E field for different propagating distances, cross-section profile form YoZ 

plane. (a) X=40 𝜇𝑚, (b) X=30 𝜇𝑚, (c) X=20 𝜇𝑚, (d) X=10 𝜇𝑚, (e) X=5 𝜇𝑚, (f) X=0 𝜇𝑚, (g) 

X=-5 𝜇𝑚, (h) X=-10 𝜇𝑚, (i) X=-30 𝜇𝑚, (j) X=-50 𝜇𝑚. 

A broadband simulation and tip width sweeping are then conducted by EME solver, 

Figure 4.26 (a) is the coupling efficiency versus tip width 𝑊𝑡𝑖𝑝 , for all taper length, the 

maximum magnitude shows up at a tip width of 100 nm. Therefore, the tip width for the final 

design is determined as 100 nm. Figure 4.26 (b) is a broadband result for the SU8 taper coupler. 

As shown, for taper length over 180 𝜇𝑚 the insertion loss on band from 1520 to 1580 nm is 

below -0.1 dB, which is theoretically much better than the grating coupler in Figure 4.20. 
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Figure 4.26 (a) The coupling efficiency versus wavelength of different taper lengths. (b) The coupling 

efficiency versus tip width of different taper lengths. 

To summarise, the dimension spec of the SU8 covered taper coupler for fabrication is 

identified in this section. The parameters determined for fabrication are 𝑊𝑠 = 3 𝜇𝑚, 𝐻𝑠 =

2.5 𝜇𝑚, 𝑊𝑡 = 100 𝑛𝑚, and taper length no less than 200 𝜇𝑚. A schematic of the mask for 

lithography is drawn based on these parameters and is shown in the appendix A.2. In the mask 

layout, the taper length is extended to 300 𝜇𝑚. The patterning error and washing process can 

lead to lithography error and potentially mistakenly removing the taper tip, respectively. 

4.5.3 Design and simulation of edge coupler II: Free space 

taper coupler 

The proposed SU8-covered taper coupler is a solution to the fibre waveguide coupling 

problem. However, its requirement of high precision of alignment significantly impacts the 

experiment, which will be introduced in detail in the following chapter. Besides, the SU8 

material is hard to form an ideal rectangular waveguide, and the roughness of its top and side 

wall are unpredictable. Therefore, another edge coupler design is proposed, which is also an 

inverse taper structure but utilizes the free space coupling principle. The significant difference 

between this design and SU8 coupler is the absence of the SU8 outer waveguide, which means 

this design only contains three materials and performs a simple box-core-cladding structure 

from bottom to top. As seen in Figure 4.27, the SU8 waveguide is removed, and a pre-guiding 

SOI waveguide with the exact width of the tip of the taper extends to the facet. According to 

the coupled mode theory (CMT), the light energy propagating in free space will tend to 

concentrate on a high refractive index area. For this case, Although the dimension of pre 

guiding SOI waveguide does not support single-mode propagation inside, it still can attract the 

energy and performs a weak confinement effect on the incidence light, which could supply 

more tolerance for the alignment. Unlike the SU8 coupler, the fibre is supposed to aim at the 
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centre axis of the SOI waveguide for this free-space coupler. Besides, the taper plays the same 

role as shown in Figure 4.25.  

 

Figure 4.27 The simulation model of the free space coupler. 

An FDTD simulation is conducted with 𝑊𝑡𝑖𝑝 = 100 𝑛𝑚, as that is the optimized value 

from chapter 4.5.2, the 𝐿𝑒 and 𝐿𝑡 is set as 25 𝜇𝑚 and 50 𝜇𝑚 here, since this taper length 

is enough for verification of the taper’s function. The normalized E field from the top view 

(XoY plane) and side (XoZ plane) sectional views are shown in Figure 4.28. Unlike the E-field 

distribution of the SU8 coupler, a significant amount of energy concentrates at the inlet 

boundary of the model and then dissipates to free space due to the absence of the SU8 outer 

coupler. The pre-guiding stage indeed plays a role in confinement, as seen in Figure 4.28 (a) at 

X range from 30 to 40 𝜇𝑚, a tendency of concentration towards the side wall of pre-guiding 

stage is witnessed, but this effect is much weaker than the confinement of SU8. Similarly, a 

side wall concentration of energy is observed at X range from -10 to 10 𝜇𝑚 of the taper, then 

a stable single mode propagation is shown a X range from -45 to -25 𝜇𝑚, but the magnitude 

of final guided mode in the SOI waveguide of this free space coupling is significantly weaker 

than the SU8 covered taper coupler, which indicates the coupling efficiency of this design could 

less than the design with SU8, the following EME based simulation also suggests this 

conclusion. As for the E field of the side view, the mode leaking in the box layer is much more 

severe than the cladding layer since the index of the bottom layer is more significant than the 

cladding layer. 
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Figure 4.28 The simulated E profile of the direct taper coupler (𝑊𝑡𝑖𝑝 = 100 𝑛𝑚, 𝐿𝑒 = 25 𝜇𝑚 𝐿𝑡 =

 50 𝜇𝑚). (a) Top view (XoY plane). (b) Side view (XoZ plane) 

Then an EME simulation is performed to numerically estimate the coupling efficiency 

versus taper length for this design. As the results are shown in Figure 4.29, in general, coupling 

efficiency rises with increasing taper length, similar to the SU8-covered taper coupler, but a 

longer taper length (1630 𝜇𝑚) is required to this free space coupling design for achieving 

theoretical 0 loss maximum coupling, this length is impractical for achieving the object of this 

project. The major worry is about the impact on the FWM conversion band for such a long 

taper with 1630 𝜇𝑚  at both end of the SOI waveguide. Besides, From the fabrication 

perspective, fabricating and maintaining a decent gradient on the side walls for a taper with 

such an exaggerated length-width ratio is difficult and unfeasible. Therefore, a compromise of 

adopting a shorter taper length is inevitable. The taper length for the final design is determined 

as 300 𝜇𝑚, because an acceptable coupling efficiency (~-1.25 dB) is predicted, and this length 

is also feasible for fabrication. The mask for the fabrication of this free space coupling design 

is also shown in the appendix A.2. Although the coupling efficiency in the simulation of this 

design is lower than the SU8 one, the large mode area at the inlet facet caused by the thin pre-
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guiding stage can supply more tolerance for the manual alignment between lensed fibre and 

coupler, which is witnessed in following chapter 5.2. 

 

Figure 4.29 Coupling efficiency versus Taper Length of the free space taper coupler with 𝑊𝑡𝑖𝑝 =

100 𝑛𝑚 and 𝜆 = 1546 𝑛𝑚. 

4.5.4 Insertion loss from lensed fibre to edge coupler  

The proposed two designs of edge coupler numerically analyse the potential insertion loss 

caused by mode mismatch and mode transformation. However, another significant proportion 

is not considered, which is the insertion loss between the fibre lenses and to coupler facet. This 

section discusses this part of insertion loss based on numerical simulation. 

The lensed fibre is a series of special optical fibres with a dedicated shaped end for 

reforming the output beam shape; commonly, it can be categorised as tapered, spherical, and 

multi-stage lensed fibre. The particular shape is usually formed by thermal stretch, melting and 

polishing. Diameters of the core of single-mode fibres for the C band are generally 8 to 10 𝜇𝑚, 

which is much larger than the coupler dimension, not to mention the dimension of the silicon 

waveguide. With the lensed fibre, the output beam size of the fibre is reduced to match the inlet 

dimension of an edge coupler. The lensed fibre deployed for the experiment of this project is 

tapered lensed fibre. For this species, its output beam is a gaussian like profile, as it is shown 

in Figure 4.30. The narrowest point of the beam is the beam waist 𝑤𝑏. 𝐿𝑓 is the working 
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distance of the lensed fibre, which indicates the distance from the end of the lensed fibre to the 

beam waist. 𝐿𝐺  is the distance from lensed fibre end to the facet of the edge coupler, and 𝜃 

is the divergence angle of the output beam. The simulation is performed with a 2D FDTD 

solver with the previously determined coupler dimension. The fibre lensed is set as a Gaussian 

source, and the distance between the injection plane and the waist of the source is set as the 

exact value of 𝐿𝑓. As for beam waists, two lensed fibres are deployed in the lab with 3 𝜇𝑚 

and 5 𝜇𝑚 of beam waists, respectively. 

 

Figure 4.30 Schematic of the simulation model of lensed fibre to coupler facet coupling. 

Figure 4.31 illustrates coupling efficiency versus gap distance between fibre and coupler 

for different beam waists. Assuming perfect alignment, only 𝐿𝐺  and 𝑤𝑏  are considered 

variable for this simulation. Both lensed fibres show maximum coupling at zero gap position. 

However, this gap position is impractical due to contamination and scratch on both surfaces 

caused by contact. With increasing gap distance, both waists experience a little drop in coupling 

and then maintain stability for a short range. That range corresponds to the working distance, 

meaning that the beam waist is nearly located on the facet of the coupler in this position range. 

Therefore the coupling efficiency maintains stability. Then with the gap continuing to rise, the 

coupling efficiency drops dramatically and inevitably. Besides, the coupling efficiency of 3 

𝜇𝑚 waist is larger than the waist of 5 𝜇𝑚 in all the range.  

Intuitionally, the 3 𝜇𝑚 waist is the best solution. However, another factor challenges this 

conclusion, the beam waist influences the divergence angle. According to the product spec, the 

lensed fibre with 3 𝜇𝑚 waists is with ~50° divergence angle, and the 5 𝜇𝑚 one is ~40°, 

which caused inconsistent experimental results, as shown in chapter 5.2. The following 

equation gives the numerical aperture of the SU8 coupler.  

𝑁𝐴 = √𝑛𝑆𝑈−82 − 𝑛𝑃𝐸𝐶𝑉𝐷 𝑆𝑖𝑂2
2 = 0.634 = 𝑠𝑖𝑛𝜃 ∙ 𝑛𝐴𝑖𝑟 ,          𝜃 = 39.362

° (4.27) 
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Figure 4.31 Coupling efficiency versus fibre to waveguide distance 𝐿𝐺 for different beam waists 

respectively. 

Where refractive indices are adopted as a single value at 1546 𝑛𝑚, the NA of the SU8 

coupler is 0.634, and the acceptance angle 𝜃 of SU8 is then derived out as 39.362° according 

to Snell’s law. These values suggest that although the beam waist of 3 𝜇𝑚 is more overlapping 

than the 5 𝜇𝑚, its large divergence angle caused more loss for the inlet side of the SU8 coupler. 

Therefore, the final coupling layout adopts 5 𝜇𝑚 waists lensed fibre at the inlet and 3 𝜇𝑚 at 

the outlet, because a smaller divergence angle benefits the input coupling and a larger 

divergence angle ensures more receiving at the output side. 

To summarise, this chapter proposes two edge coupler designs for fabrication. Namely, 

the SU8 covered taper coupler and the free space taper coupler, respectively. These couplers 

will be fabricated at both sides of the SOI waveguide, and lensed fibre with 5 𝜇𝑚 and 3 𝜇𝑚 

of beam waist is adopted for the inlet and outlet of the chip, respectively. 

4.6 Conclusion 

This chapter describes systematic works towards the FWM in silicon waveguides in 

theory and numerical simulation. An optimized design of SOI waveguide on 220nm thickness 

wafer for single mode FWM is proposed. Two optimized designs of edge couplers are reported 

for addressing the fibre-to-waveguide coupling issue.  
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Chapter 5  

Experiment 

This chapter introduces the experiment system's layout and the experiments' inventory list, 

three main parts are covers in this chapter. Initially, the basial set up of whole experiment 

system is introduced, the equipment adopted in the experiment is listed. The rest two parts 

introduced the two parts of experiment including test of the coupling efficiency of the SOI 

waveguide sample and test of the conversion efficiency of FWM on SOI waveguide. 

5.1 Experimental set up 

5.1.1 SOI chip samples 

Based on the design discussed in the last chapter, two batches of SOI waveguide chips 

with two types of edge couplers were fabricated at Glasgow University. The first batch includes 

four independent chips with the SU8 edge coupler. Each chip contains 35 independent SOI 

waveguides organized into seven groups. The waveguide length for this batch is 15 𝑚𝑚. For 

the second batch, the waveguide length is modified to 20 𝑚𝑚, and the coupler is replaced with 

the free space taper coupler. Only two chips are received in the 2nd batch, and each chip 

contains 20 independent waveguides. 

 

Figure 5.1 Photos of the first batch of SOI chips (with SU-8 covered taper coupler), from left to right 

is the chips No. 1,2,3, and 4, respectively 

Figure 5.1 exhibits photos of the first batch of SOI chips with SU-8 covered taper coupler, 

the size of those chips has slight differences due to a different position on the single wafer and 
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cleaving process. They are generally no more significant than the thumb fingernail size. As 

seen in the photo of waveguide No.2, the black object is a scissor handle, which could be a 

reference for a better understanding the chip size. More detail under microscope photos of the 

chip is shown in chapter 5.2 to discuss the coupling efficiency test. 

 

Figure 5.2 Photos of the second batch of SOI chips (with free space taper coupler), from left to right 

is the chip no 1 and 2, respectively 

Figure 5.2 shows photos of the 2nd batch of SOI chips, which are generally similar in size 

to the first batch. More detail is shown in Appendix A.3. 

5.1.2 Manually alignment system 

As mentioned before, alignment accuracy is crucial for the fibre-to-waveguide coupling, 

and a manual high-precision alignment system is employed. Figure 5.3 is a photo of the fibre-

to-waveguide alignment system adopted. Component No.1 at the bottom is an X and Y axes 

stage supplied by Thorlabs; two of them are at the opposite position but overlapped by 

illustration. These stages are mounted on the optical table, representing the basement of the 

whole alignment system and in charge of wide-range rough position adjustment. Component 

No.2 mounted on No.1 is a pair of X, Y, and Z axes piezo controllers supplied by the Elliot E-

Wedge series. They support manual and piezo-controlled adjustments and supply 10 𝑛𝑚 

resolution for 25 𝜇𝑚 piezo controlling range. These stages are used for the fine position 

adjustment in all three axes. On top of component No. 2, component No. 3 is mounted, a pair 

of two axes rotation stages supplied by Elliot as well; they are adopted for the yaw and tilt 

control of lens fibre, which can supply less than one arc seconds resolution towards the degree. 

A pair of V-groove lensed fibre holders (No.4) are mounted on those rotation stages; these 

components are where the lensed fibres (No.5) are fixed on, the right side one is for input, and 

the left side one is for output. Between the two lensed fibres is the SOI chip (No.6), placed on 
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a stage supplied by Thorlabs (No.7). An optical microscope is deployed over the SOI chips to 

monitor the alignment process. 

 

Figure 5.3 The fibre-to-waveguide alignment system 

5.1.3 FWM testing system layout 

The testing system to evaluate the FWM properties of SOI waveguide was built at the 

University of South Wales. Despite SOI chips, non-linear Semiconductor Optical Amplifiers 

(SOA) and High Nonlinear Fibres (HNLF) are tested as well as a comparison for the SOI chips. 

 

Figure 5.4 Block diagram of the experimental testing system of SOI waveguide. 

Figure 5.4 is the block diagram of the SOI waveguide testing system. FWM properties 

tests, coupling efficiency tests, and dual frequency sweeping tests are all implemented by this 
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system. The pump source of the system is formed by a Thorlabs DFB laser with a 1544 nm to 

1546 nm tuning range amplified by a 23 dBm output erbium-doped fibre amplifier (EDFA). 

The light output from the pump source will then pass a short pass filter (<1545 nm) to eliminate 

the noise from the EDFA gain spectrum, mainly located at the wavelength range over 1550 nm. 

A New Focus TLM-8700 tuneable laser is employed as the signal source, and its output is also 

amplified by another 23 dBm EDFA and then passes through a 99/1 splitter, where 1% of the 

energy of the light is directed to a clock module for the FSI, it is a Mach Zehnder interferometer 

to generate the clock signal for FSI sampling synchronization. The 99% output port is linked 

to a 90/10 splitter, and then 90% of the signal light is guided to a -3 dB coupler for mixing with 

the pump signal and then directed to the SOI waveguide for generating FWM. Another 10% of 

signal energy from the 90/10 splitter is guided to another -3dB coupler for recombination with 

the idler signal from FWM and then forms the dual-frequency sweeping laser output, another 

output from the -3dB coupler is linked to the Optical Spectrum Analyser (OSA) for 

measurement and record the spectrum and test result. 

A notch filter and a long pass filter are placed after the SOI to eliminate the pump and 

signal light from the FWM output; after these two filters, only the idler light remains, which is 

then amplified by another 23 dBm EDFA to be combined with the rest 10% of the original 

signal light, finally to be guided to the collimating lens of FSI system for illuminating the target. 

The schematic of the FSI module is not shown comprehensively since this thesis only focuses 

on the dual frequency sweeping laser source and FWM generation. 

When testing the coupling efficiency, the signal source part is switched off. Only the pump 

source is required. Besides, the notch filter, long pass filter, and EDFA3 are disconnected 

during the coupling test, and the output from the lensed fibre is directly linked to the input port 

of OSA, as the red dotted linkage shown in Figure 5.4. 

During the FWM conversion test, both the pump and signal source are used. The signal 

source is directly linked to the -3dB coupler, and the output of SOI is directly linked to the 

input port of OSA, as the red dotted linkage shown in Figure 5.4. 
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Figure 5.5 Block diagram of an experimental testing system for HNLF. 

Figure 5.5 illustrates the block diagram for testing the HNLF, which is generally the same 

as the system for SOI. HNLF replaces only the SOI and lensed fibre module. Two types of 

HNLFs are prepared for testing. In particular, no coupling test is conducted for the HNLF since 

it does not have the coupling problem since it is directly linked with SMF with FC/APC or 

FC/PC connection. 

 

Figure 5.6 Block diagram of the experimental testing system for Non-linear SOA. 

The system for non-linear SOA is slightly different, as seen in Figure 5.6. The SOA 

adopted for the test is Kamelian L1. Since non-linear SOA is an active component with a self-

amplification effect, the EDFA 1 for the pump source is no longer required. The EDFA 2 for 

signal source is kept for ensuring sufficient energy for the FSI system and dual frequency 

sweeping laser source, but an optical attenuator is adopted between the 90/10 splitter and -3dB 

coupler in case high energy damage the non-linear SOA. The SOA does not have the coupling 

issue as well.  

Table 5.1 lists the instruments adopted for the whole experiment section. 
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Table 5.1 Inventory list of adopted equipment 

Item title Supplier and model Key Parameter Photo 

LASER 1 Newfocus TLM-8700 

1510-1620 nm tuning 

range with 2-2000nm/s 

tuning speed, 

wavelength accuracy: 

±30 pm  

 

LASER 2 Thorlabs Pro 8000-4 

1546 nm module is 

adopted, tuning rage for 

2 nm 
 

EDFA 1 Optilab EDFA-I-23-B 
Up to 23 dBm output 

power  

EDFA 2 
Amonic AEEDFA-PM-

37-RF-A 

Up to 23 dBm polarized 

maintain out put  

EDFA 3 Thorlabs 300s 
Maximum output 

optical power 26 dBm 
 

HNLF 1 
OFS HNLF-Z1-0100-1-

2-Z0 

100 meters length, 

Non-linear coefficient: 

10.8𝑊−1 ∙ 𝑘𝑚−1  

HNLF 2 NL 1016 B 

100 meters length, 

Non-linear coefficient 

not specified 

 

Non-linear SOA 
Kamelian SOA-NL-L1-

C-FA 

Biased at 300 mA,  

Peak gain wavelength of 

1550 nm with gain of 26 

dB and -3 dB bandwidth 
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of 64 nm, gain recovery 

time of 25 ps 

OSA Anritsu MS9740B 

For 600 nm to 1750 nm 

spectrum range, 

supporting multi and 

single mode input 

 

Input lensed fibre 

OZ optics TPMJ-X-

1550-8/125-0.4-7-5-26-

2 

Beam waist 5±0.5 𝜇𝑚 

 

Output lensed fibre Raysung Photonics Inc. 

Beam waist 3 𝜇𝑚 

Divergence angle: 45 to 

75 degree  

 

5.2 Experiment 1: Coupling efficiency test 

The first experiment tests the coupling efficiency of each waveguide on every chip, which 

is necessary before FWM testing. Within this step, waveguides with the best coupling 

efficiency are identified so that the following experiment can be conducted. The system 

adopted for the coupling test is introduced in the previous section. All the coupling test is 

conducted with a single wavelength signal from the pump source with a wavelength from 

1545.2 to 1546.9 𝑛𝑚. The input energy 𝑃𝑖𝑛 is the read number for the power meter linked to 

another output port of the -3 dB coupler. As shown in the previous section, power output from 

this port equals the port linked with the input lensed fibre. The output power 𝑃𝑜𝑢𝑡 is measured 

by another optical power meter deployed at the same connector as the OSA. For each 

waveguide, three independent data reading was recorded, and the maximum reading number is 

shown in this thesis. Then the single-side insertion loss is defined as,  

𝛿 =
𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡

2
(4.28) 
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As mentioned in section 4.5.4, the insertion loss at the input and output sides may differ. 

However, the power reading inside the SOI waveguide is impractical. This 𝛿 value is taken 

for the single side insertion loss as an average loss of both sides. 

5.2.1 Coupling test of SU8-1 

Figure 5.7 illustrates the microscope view photo of SOI waveguide chip No.1 with SU-8 

covered taper coupler. As it can be, two photos are taken for the left and right parts, respectively, 

due to the limitation of the angle of view of the microscope used. From top to bottom, seven 

groups of the waveguide are in view, marked as groups No.1 to No.7, respectively. Each 

independent group contains five waveguides named waveguides 1 to 5, respectively. A clear 

white area is seen at both sides of the SOI waveguide (red dotted rectangular area); these are 

the SU-8 outer waveguides of the couplers. In particular, the SU8 coupler on the right-hand 

side is not the same length as the left side, which is made on purpose. The chip is cleaved down 

from the wafer with a cleave angle of about 8 to 10 degrees at the right side, which could supply 

various SU-8 waveguide lengths. Hence there should be a waveguide with the best SU-8 length 

for maximum coupling efficiency. 

 

Figure 5.7 Microscope view of SOI waveguide with SU-8 covered taper coupler No.1. 

Table 5.2 exhibits the coupling test results of waveguide SU8-1, the value NaN means no 

coupling-out signal is detected; the peak is immersed in the background noise, which indicates 

the waveguide is not working, maybe damaged. The insertion loss measured by this waveguide 

is generally high. Two minimum loss waveguides are No.1 and 2 in group 6, with an insertion 

loss of 4.58 dB and 4.515 dB, respectively. Waveguides No. 1, 2, and 3 are not work may be 
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due to the quality of the cleaving process. As seen on the left side, the facet of cleaving shows 

an irregular shape, indicating poor facet quality for couplers.  

Table 5.2 Coupling test results of waveguide SU8-1. 

Group Number 
Waveguide 

number 

Input energy 

𝑷𝒊𝒏 (dBm) 

Output energy 

𝑷𝒐𝒖𝒕 (dBm) 

Insertion loss 

of single side 

𝜹(dB) 

1 

1 18.23 NaN NaN 

2 18.23 NaN NaN 

3 18.23 NaN NaN 

4 18.23 8.37 4.93 

5 18.23 4.66 6.785 

2 

1 18.23 NaN NaN 

2 18.23 5.52 6.355 

3 18.23 7.08 5.575 

4 18.23 -13.93 16.08 

5 18.23 7.93 5.15 

3 

1 18.23 -32.53 25.38 

2 18.23 -55.64 36.935 

3 18.23 7.39 5.42 

4 18.23 6.32 5.955 

5 18.23 1.58 8.325 

4 

1 18.23 1.31 8.46 

2 18.23 1.43 8.4 

3 18.23 7.49 5.37 

4 18.23 8.03 5.1 

5 18.23 4.91 6.66 

5 

1 18.23 7.25 5.49 

2 18.23 7.14 5.545 

3 18.23 8.4 4.915 

4 18.23 8.06 5.085 

5 18.23 8.83 4.7 

6 

1 18.23 9.07 4.58 

2 18.23 9.2 4.515 

3 18.23 8.71 4.76 

4 18.23 -12.67 15.45 

5 18.23 9.04 4.595 

1 18.23 1.31 8.46 

2 18.23 1.33 8.45 
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7 
3 18.23 2.88 7.675 

4 18.23 4.72 6.755 

5 18.23 5.73 6.25 

5.2.2 Coupling test of SU8-2 

The microscope photo of chip SU8-2 is shown in Figure 5.8. It is generally the same as 

chip SU8-1. However, only one group of waveguides is working on this chip, which is the 

group at the bottom. The other group are damaged to varying degrees for different reasons. As 

can be seen in red dotted rectangular No.1, the left couplers of waveguides in group 1 are 

irregular, and their SU-8 coupler contains an exact knot shape which is presumed to be formed 

due to the thermal process. Waveguides in group 2 meet similar problems as group 1. Although 

their deformation (in red dotted rectangular 2) is not apparent as in group 1, it still leads to 

unfunctional waveguides. Remarkably, a big scratch is seen on the chip SU8-2, as shown in 

red dotted rectangular 3, and it covers the range from waveguide group 3 to group 7. The reason 

group 7 survives is that the scratch on group 7 is relatively thin, which only hurts the cladding 

layer at this position. However, the other waveguides are all damaged. The wide scratch on 

them may damage both the cladding and core. 

 

Figure 5.8 Microscope view of SOI waveguide with SU-8 covered taper coupler No.2. 

Therefore, Table 5.3 only shows the results of group 7. Overall, the insertion loss of this 

group is higher than chip SU8-1. The minimum loss is seen on waveguide 4, which shows a 

7.54 dB insertion loss. 
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Table 5.3 Coupling test results of waveguide SU8-2. 

Group Number 
Waveguide 

number 

Input energy 

𝑷𝒊𝒏 (dBm) 

Output energy 

𝑷𝒐𝒖𝒕 (dBm) 

Insertion loss 

of single side 

𝜹(dB) 

7 

1 18.9 -0.22 9.56 

2 18.9 0.67 9.115 

3 18.9 -0.33 9.615 

4 18.9 3.82 7.54 

5 18.9 4.79 7.055 

5.2.3 Coupling test of SU8-3 

Chip SU8-3 is regular without any apparent damaged parts. One thing needs to be 

mentioned, the right-hand side coupler of waveguide No.3 in group 5 was deformed due to 

high-power laser input (~20dBm) for over 1 hour, which happened during a dual sweeping test. 

As shown in Figure 4.39, the insertion figure is zoomed in view of that damage, clear bubbles 

are observed on that waveguide, which may be caused by scattering and absorption of laser 

energy by defects in that coupler. This phenomenon hints at the damage risk of polymer 

waveguides in use in a high-power system, which prompts the design and fabrication of 

waveguides with free space inverse taper coupler  

 

Figure 5.9 Microscope view of SOI waveguide with SU-8 covered taper coupler No.3. 

Table 5.4 lists the tested insertion loss of waveguides on chip SU8-3. Two waveguides 

are not working, namely waveguide 1 of group 2 and waveguide 5 of group 6. The minimum 
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insertion loss obtained on this chip is 5.02 dB from waveguide No.5 of group 3. Besides, 

waveguide No.3 of group 1, waveguide No.3 of group 2, waveguide No.4 of group 4, and 

waveguide No.2 of group 5 all show insertion loss below 6 dB with 5.615 dB, 5.465 dB, 5.625 

dB, and 5.205 dB respectively. 

Table 5.4 Coupling test results of waveguide SU8-3. 

Group Number 
Waveguide 

number 

Input energy 

𝑷𝒊𝒏 (dBm) 

Output energy 

𝑷𝒐𝒖𝒕 (dBm) 

Insertion loss 

of single side 

𝜹(dB) 

1 

1 18.56 4.48 7.04 

2 18.56 -25 21.78 

3 18.56 7.33 5.615 

4 18.56 -0.91 9.735 

5 18.56 5.11 6.725 

2 

1 18.56 NaN NaN 

2 18.56 5.18 6.69 

3 18.56 7.63 5.465 

4 18.56 -1.8 10.18 

5 18.56 -2.56 10.56 

3 

1 18.56 -1.42 9.99 

2 18.56 -1.7 10.13 

3 18.56 6.16 6.2 

4 18.56 5 6.78 

5 18.56 8.52 5.02 

4 

1 18.56 4.92 6.82 

2 18.56 4.97 6.795 

3 18.56 5.5 6.53 

4 18.56 7.31 5.625 

5 18.56 -9 13.78 

5 

1 18.56 1.05 8.755 

2 18.56 8.15 5.205 

3 18.56 6.66 5.95 

4 18.56 2.8 7.88 

5 18.56 -3.82 11.19 

6 
1 18.56 -0.86 9.71 

2 18.56 3.09 7.735 

3 18.56 -1.18 9.87 

4 18.56 -0.21 9.385 
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5 18.56 NaN NaN 

7 

1 18.56 -0.52 9.54 

2 18.56 0.26 9.15 

3 18.56 -30.18 24.37 

4 18.56 -8.27 13.415 

5 18.56 -15.63 17.095 

5.2.4 Coupling test of SU8-4 

Chip SU8-4 has no apparent damage or defects, as shown in Figure 5.10. All waveguides 

on this chip are working correctly, and minimum insertion loss over all 4 SU8 chips is obtained 

on this chip. Therefore, this chip is adopted as the premier choice for the test of FWM and dual 

frequency sweeping laser. 

 

Figure 5.10 Microscope view of SOI waveguide with SU-8 covered taper coupler No.4. 

As shown in Table 5.5, the minimum insertion achieved is 3.595 dB for waveguide No.1 

in group 2. Besides, waveguide No.3 of group 1, waveguide No.1 of group 4, waveguide No.3 

of group 4, and waveguide No.5 of group 3 all show insertion loss below 5 dB with 4.11 dB, 

4.78 dB, 4.92 dB, and 4.005 dB respectively. 

Table 5.5 Coupling test results of waveguide SU8-4. 

Group Number 
Waveguide 

number 

Input energy 

𝑷𝒊𝒏 (dBm) 

Output energy 

𝑷𝒐𝒖𝒕 (dBm) 

Insertion loss 

of single side 

𝜹(dB) 

1 18.51 2.5 8.005 
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1 
2 18.51 8.36 5.075 

3 18.51 10.29 4.11 

4 18.51 0.08 9.215 

5 18.51 8.26 5.125 

2 

1 18.51 11.32 3.595 

2 18.51 0.03 9.24 

3 18.51 9.85 4.33 

4 18.51 4.64 6.935 

5 18.51 0.55 8.98 

3 

1 18.51 2.01 8.25 

2 18.51 -1.27 9.89 

3 18.51 0.52 8.995 

4 18.51 2.25 8.13 

5 18.51 3.46 7.525 

4 

1 18.51 8.95 4.78 

2 18.51 3.42 7.545 

3 18.51 7.05 5.73 

4 18.51 8.67 4.92 

5 18.51 10.5 4.005 

5 

1 18.51 6 6.255 

2 18.51 7.49 5.51 

3 18.51 2.36 8.075 

4 18.51 5.6 6.455 

5 18.51 5.08 6.715 

6 

1 18.51 7.08 5.715 

2 18.51 -1.64 10.075 

3 18.51 9.03 4.74 

4 18.51 8.44 5.035 

5 18.51 4.22 7.145 

7 

1 18.51 3.33 7.59 

2 18.51 7.45 5.53 

3 18.51 1 8.755 

4 18.51 8.18 5.165 

5 18.51 1.08 8.715 

 

In summary, the measured coupling efficiency is not good as the simulation result. That 

is mainly caused by the quality of the facet at double sides; both sides are unpolished and 

uncoated, which leads to more losses on the facet than expected. The unstable SU-8 process is 

another issue to that problem. Besides, the error during the fabrication of the SOI may also 
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contribute to this mismatch between the simulation and experimental results. The plasma-

enhanced chemical vapour deposition (PECVD) fabricated silicon dioxide covering the top of 

the waveguide may have a different refractive index than the index we adopted for the 

simulation. 

The coupling efficiency of 2nd batch chips (with free space coupler) is generally lower 

than the SU-8 coupler, which agrees with the simulation result. However, it is easier for manual 

alignment. The microscope view of the 2nd batch chip is shown in Appendix A.3. 

5.3 Experiment 2: FWM conversion efficiency test 

Conversion bandwidth and efficiency are the two most concerned parameters of the 

designed SOI chip in this work. They are measured and tested by the system mentioned before. 

Where the pump source adopted is working at a wavelength around 1546 𝑛𝑚, the pump source 

is sweeping from 1547 𝑛𝑚 to around 1570 𝑛𝑚. The notch filter, long pass filter and 10% of 

the original signal are not required for the FWM conversion test. The output from the FWM 

module is directly linked to the OSA for analysis. The conversion profiles are obtained from 

the OSA, the conversion efficiency equals the ratio of the magnitude of the idler peak to the 

magnitude of the signal peak, and the signal noise (SNR) ratio of the idler peak is recorded and 

analysed to evaluate the broadband conversion. In comparison, the FWM of nonlinear SOA 

and two types of HNLFs are tested. 

The wavelength detuning is introduced when describing the wavelength parameters of the 

conversion band and efficiency. The wavelength detuning is defined as the difference of 

wavelength between pump and signal light, and it is given by ∆𝜆 = |𝜆𝑝 − 𝜆𝑠|.  

5.3.1 Wideband FWM test of SOI chip 

Figure 5.11 (a) and (b) are the FWM spectrum of SOI waveguide at the smallest (1.38 

𝑛𝑚) and largest (27 𝑛𝑚) sampling wavelength detuning points, respectively. The waveguide 

adopted here is waveguide No.1 in group 2 from SU8 chip 4. Four peaks are seen in the 

spectrum of the most minor sampled ∆𝜆 point, they are the converted pump, signal, pump, 

and idler peak, respectively, from left to right. Only the two peaks in the middle (pump and 

signal) are incident light; the FWM process in the SOI waveguide generates the others. The 

pump and signal for the smallest detuning are 1543.9 𝑛𝑚 and 1545.22 𝑛𝑚 respectively. 

Figure 5.11 (b) illustrates the FWM spectrum of the most significant sampled detuning point. 
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Only three laser signals are observed in the view: signal, pump, and idler, respectively. From 

left to right, the converted pump is out of the range for that single sample, which does not 

influence the result analysis. The pump and signal are located at 1546 𝑛𝑚 and 1519.96 𝑛𝑚 

respectively. It is noticeable the pump wavelength is different between the two samples because 

the pump wavelength is merely adjusted for each sampling signal wavelength to achieve the 

highest magnitude of the idler peak. In addition, a clear baseline is seen in figure (b), which is 

the overall gain spectrum of EDFA. A hill is seen between the signal and pump peak. Since the 

FWM is an energy-sensitive process, both pump light and signal light are pre-amplified by two 

EDFAs, making the results suffer from the EDFA gain spectrum. Frankly, the gain spectrum 

is supposed to be symmetric with respect to the pump wavelength, which means another hill 

should appear on the idler side. However, for a better idler quality, a shot pass filter is applied 

between the pump source and the -3 dB coupler, as shown in Figure 5.4, to suppress that hill 

and impact from EDFA baseline to idler SNR. Particularly, the SNR of the idler is introduced 

to describe the conversion of FWM because the peaks’ magnitude-based conversion calculation 

is significantly influenced by the baseline of EDFA. On the contrary, the EDFA merely impacts 

the SNR.  

 

Figure 5.11 Measured FWM spectrum of SOI chip by OSA. (a) FWM spectrum of the smallest 

detuning. (b) FWM spectrum of the largest detuning. 

Figure 5.12 illustrates the sampling and fitting results of the SNR of the idler 𝑆𝑁𝑅𝑖 and 

conversion efficiency versus detuning wavelength, respectively. The SNR is defined as the 

ratio of its peak value to its adjacent baseline level. As shown, the tested conversion efficiency 

of SOI drops from -15 dB to -25 dB with the wavelength detuning increase from 5 to 20 𝑛𝑚, 

but 𝑆𝑁𝑅𝑖  maintains stable at 30 dB in the same region because the conversion here is 

evaluated by the magnitude of peaks read from the optical spectrum analyser (OSA). When the 

detuning wavelength continuously increases, the scanning band of OSA is required to be 
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expanded to cover the range from signal to idler wavelength. Since the expanding spectrum 

measuring range will influence the sampling rate and wavelength step of the OSA, magnitudes 

read from OSA of large wavelength detuning will be relatively smaller than its actual value, 

which could lead to a misreading of conversion efficiency. Honestly, accurately measuring the 

conversion efficiency of FWM is quite tricky. The most accurate method, in theory, is using a 

different combination of filters and power meters to precisely measure the magnitude of peaks 

in different wavelength bands by filtering all the other wavelengths, but all these different 

devices for different wavelengths will introduce various noise figures to the system and further 

increase the uncertainty of the whole testing system. Therefore, to minimize the uncertainty, 

the result reading of the FWM testing in this project still adopts a single OSA. 

 

Figure 5.12 Measured wide band FWM results of SOI chip. (a) The SNR of idler 𝑆𝑁𝑅𝑖 versus 

wavelength detuning ∆𝜆, including sampled data points and fitting curve. (b) The conversion 

efficiency versus wavelength detuning ∆𝜆, including sampled data points and fitting curve. 

It is noticeable that the conversion efficiency of the most significant wavelength detuning 

point is abnormally higher than all the other sampling points, but the SNR is lower than all the 

other points. The reason behind this phenomenon is the influence of the EDFA’s gain spectrum. 

As shown in Figure 5.11(b), both the signal and idler exceed the gain band of the EDFA, which 
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suggests that the result at the largest wavelength detuning point is not comparable with the 

others. Thus, the wide-band testing is cut off at this detuning value. 

In conclusion, the SOI waveguide shows good wide band conversion in both conversion 

efficiency (around -20 dB) and SNR (around 30 dB) for ∆𝜆 range from 0 to 25 𝑛𝑚, with 

pump wavelengths around 1546 𝑛𝑚, it can be seen as a conversion band from 1521 to 1571 

𝑛𝑚, which covers the whole C band. 

5.3.2 Wide band FWM test of HNLF 

100 meters long OFS HNLF-Z1-0100-1-2-Z0 is first adopted as an FWM generator for this 

FWM test. The FWM spectrum of the smallest and largest sampling detuning point is shown in Figure 

5.13. Unlike the SOI waveguide, two extra side peaks are observed surrounding the four FWM peaks, 

as shown in Figure 5.13 (a). These peaks are the 2nd-order conversion of FWM, which suggests high 

FWM conversion efficiency at this ∆𝜆. It is also can be seen influence of EDFA baseline to idler 

peaks in Figure 5.13 (b). 

 

Figure 5.13 Measured FWM spectrum of HNLF1 by OSA. (a) FWM spectrum of the smallest 

detuning. (b) FWM spectrum of the largest detuning. 

𝑆𝑁𝑅𝑖 and conversion efficiency of HNLF1 shows a similar trend in Figure 5.14. The 

conversion efficiency of HNLF 1 is overall higher than the SOI with slight detuning below 6 

𝑛𝑚, and then drops to -30 dB with detuning increasing to 20 𝑛𝑚. 𝑆𝑁𝑅𝑖 of HNLF1 below 6 

𝑛𝑚 detuning is generally 38 dB, which is higher than the SOI (around 32 dB) in the same 

region. However, it drops very fast when it exceeds 15 𝑛𝑚 detuning, which is close to the 

boundary of the EDFA gain spectrum. SOI tested with the same EDFA shows a dropping trend 

over 20 𝑛𝑚 detuning, which suggests the conversion band of SOI is wider than the conversion 

band of HNLF1. 
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Figure 5.14 Measured wide band FWM results of HNLF1. (a) The SNR of idler 𝑆𝑁𝑅𝑖 versus 

wavelength detuning ∆𝜆, including sampled data points and fitting curve. (b) The conversion 

efficiency versus wavelength detuning ∆𝜆, including sampled data points and fitting curve. 

Another test is conducted on HNLF2, which is 100 meters of NL 1016 B fibre. The FWM 

spectrum for the smallest and largest sampling detuning point is shown below in Figure 5.15. 

Conversion in small detuning for HNLF2 is not good as HNLF1. The 2nd order FWM 

conversion is hard to be seen. The SNR of the idler also confirms this, as seen in Figure 5.16 

(a), 𝑆𝑁𝑅𝑖 is generally below 30 dB at detuning from 0 to 6 𝑛𝑚. 
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Figure 5.15 Measured FWM spectrum of HNLF2 chip by OSA. (a) FWM spectrum of the smallest 

detuning. (b) FWM spectrum of the largest detuning. 

𝑆𝑁𝑅𝑖 of HNLF2 drops with increasing detuning. At the largest detuning, only 22 dB SNR 

remains. The conversion spectrum of HNLF2 shows a strange trend and is different to the SNR 

spectrum. It fluctuates between -15 dB to -30 dB along the detuning band, suggesting 

inhomogeneous dispersion and poor quality for this particular HNLF. 

 

Figure 5.16 Measured wide band FWM results of HNLF2. (a) The SNR of idler 𝑆𝑁𝑅𝑖 versus 

wavelength detuning ∆𝜆, including sampled data points and fitting curve. (b) The conversion 

efficiency versus wavelength detuning ∆𝜆, including sampled data points and fitting curve. 

Both conversion bands of two HNLFs are smaller than the SOI. The conversion efficiency 

of HNLF1 is higher than the SOI at small detuning but drops faster than SOI with detuning 

increasing. HNLF2's conversion efficiency is lower than SOI in the whole band. 

5.3.3 Wideband FWM test of nonlinear SOA 

The nonlinear SOA was successfully applied in dual-sweep FSI [5]. Therefore, the 

comparison with the FWM of non-linear SOA is also valuable for estimating the FWM of SOI. 

The testing system for non-linear SOA is slightly different from that for SOI and HNLF, the 

EDFA for the pump is removed because non-linear SOA is also working as an amplifier. 

However, A EDFA baseline is still observed in the FWM spectrum at the largest detuning due 

to EDFA for the signal source, as shown in Figure 5.17 (b). The Kamelian SOA was operated 
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with 300 mA current with 26 dB gain for the small signal. The FWM spectrum of non-linear 

SOA at smallest detuning also contains two clear peaks for 2nd order FWM conversion, which 

indicates high conversion for small detuning, but the idler peak at most significant detuning is 

small in both magnitude and SNR, which indicates narrow conversion band of non-linear SOA. 

 

Figure 5.17 Measured FWM spectrum of Non-linear SOA by OSA. (a) FWM spectrum of the smallest 

detuning. (b) FWM spectrum of the largest detuning. 

The wideband conversion efficiency and SNR spectrum also affirm this conclusion, as 

seen in Figure 5.18. Both SNR and conversion efficiency drop dramatically with increasing 

wavelength detuning. At the smallest detuning, 33.55 dB SNR and -10.5 dB conversion are 

acquired. The two numbers decrease to 10 dB and -40 dB at the largest detuning. That said, the 

conversion band of SOA is relatively narrow. The -3dB conversion bandwidth measure here is 

around 6 𝑛𝑚. With this poor idler signal quality, the dual-sweep FSI meets significant noise 

problems in data processing [5]. On the contrary, the SOI waveguide designed is tested for -

3dB conversion bandwidth around 40 𝑛𝑚, which is promising to enhance the accuracy of dual-

frequency FSI. 
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Figure 5.18 Measured wide band FWM results of Non-linear SOA. (a) The SNR of idler 𝑆𝑁𝑅𝑖 versus 

wavelength detuning ∆𝜆, including sampled data points and fitting curve. (b) The conversion 

efficiency versus wavelength detuning ∆𝜆, including sampled data points and fitting curve. 

5.4 Experiment 3: Dual-Frequency sweeping 

(filtered FWM) measurement 

Dual-frequency sweeping laser output is tested based on the system for FWM. Essentially, 

the pump light is unwanted for generating the dual sweep laser output. Therefore, FWM output 

from the FWM module is filtered by a long pass and a notch filter to remove the signal light 

and pump light. The spectrum of the long-pass filter and notch filter is shown in Figure 5.19, 

the long-pass filter’s cut-off wavelength is 1545 nm, which allows wavelength higher than 

1545 nm to pass through, and the notch filter only reflected wavelength around 1546 nm. Only 

the idler peak from the FWM output remains with these two filters. However, applying these 

filters will also introduce extra losses on the idler peak; therefore, an extra EDFA3 is employed 

to compensate for the loss from filters. Output from EDFA 3 is then recombined with 10% of 

the original signal source to form the dual frequencies output. This complicated design removes 



Chapter 5 

Experiment 

- 113 - 

 

the pump peak of FWM, so the final output contains two sweeping peaks, namely the signal 

and idler light. 

 

Figure 5.19 Transmission spectrums of long-pass and notch filter. (a) Long-pass filter. (b) Notch 

filter. 

Figure 5.20 shows the dual sweeps generated on the SOI waveguide for different detuning 

wavelengths. A remained pump peak is located at the reference line named pump wavelength 

for each measurement. Due to the long pass filter, the idler side shows a higher baseline than 

the signal side. The SNR of the signal is higher than the SNR of the idler because signal light 

here is only amplified once; hence, a lower noise figure is introduced. The idler peak maintains 

a compatible magnitude with the signal peak, 𝑆𝑁𝑅𝑖 reduces 3.1 dB from 1547. nm to 1561.68 

nm, corresponding to 1,48 nm and 15.61 nm of detuning, respectively. For 20.8 nm of detuning, 

the baseline has risen since the expanded sampling range of OSA, and the idler remains at 20.6 

dB of SNR. 
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Figure 5.20 Dual sweeping generated by SOI waveguide. The left-side peaks are the filtered signal 

light plus the original signal light, and the right-side peaks are the idler peak after EDFA 3. 

As mentioned in the last section, the left peak (signal peak) comprises 10% original signal 

light and long pass filtered signal light from FWM. At 20.8 nm detuning, the idler peak (-

11.6956 dBm) of the SOI is still comparable with its signal peak (-6.6194 dBm). With the result 

shown, the dual-frequency sweeping laser output is achieved. It has a 20.8 nm detuning range 

and pump wavelength at 1546 nm, equivalent to a 1525.4 to 1567 nm tuning range, which is 

suitable enough to cover the whole C band, resulting in sufficient for dual-frequency FSI.  

 

Figure 5.21 Dual sweeping generated by HNLF 1. The left-side peaks are the filtered signal light plus 

the original signal light, and the right-side peaks are the idler peak after EDFA 3. 

Figure 5.21 and Figure 5.22 are the dual-sweep spectra generated by HNLF 1 and HNLF 

2, respectively. Both spectrums contain a remained pump peak at the centre. In general, the 

𝑆𝑁𝑅𝑖 of HNLF1 is better than HNLF 2, over 30 dB 𝑆𝑁𝑅𝑖 is seen for wavelength detuning 

below 15.55 nm on HNLF 1. Remarkably, the signal power of 15.55nm detuning is oddly 

smaller than the others, which is -16 dBm; however, the other signal peaks are 3.3, 2.5, and 3.1 

dBm, respectively. This difference is caused by the change in OSA’s sweeping range. As for 

HNLF 2, 26.5 dB 𝑆𝑁𝑅𝑖 is witnessed at 20.7 nm detuning of wavelength, no significant drops 

towards 𝑆𝑁𝑅𝑖 is seen with increasing detuning. jump of signal power is observed as well due 

to the OSA issue. The signal power for 1540.44 nm is significantly higher than the others. 

Both HNLF 1 and HNLF 2 show decent dual sweep spectrum comparable to the SOI, and 

the HNLF 1 even perform higher 𝑆𝑁𝑅𝑖  than SOI at a large detuning point. However, 

considering the scale of the devices, the capability of miniaturization of devices based on SOI 

is undeniable. 
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Figure 5.22 Dual sweeping generated by HNLF 2. The left-side peaks are the filtered signal light plus 

the original signal light, and the right-side peaks are the idler peak after EDFA 3. 

Figure 5.23 shows the dual sweep spectrum of non-linear SOA, similar to the broadband 

FWM spectrum result of SOA shown in Figure 5.18; both power and SNR of idler peak drops 

dramatically with increasing wavelength detuning, which leads to noise for dual sweep FSI 

distance measurement [5]. 

 

Figure 5.23 Dual sweeping generated by Non-linear SOA. The left-side peaks are the filtered signal 

light plus the original signal light, and the right-side peaks are the idler peak after EDFA 3. 

In summary, the SOI show the best dual-sweep properties among the four devices. The 

experiment system based on SOI waveguide can supply an oppositely sweeping signal and 

idler laser output with comparable power along the whole C band. This dual sweeping laser is 

particularly suitable for a dual-frequency enhanced FSI distance measurement system. 
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5.5 Conclusion 

The proposed devices are fabricated and analysed experimentally compared to other 

devices, including HNLF and non-linear SOA. Experiment results suggest that FWM on SOI 

waveguide is broader and higher than other devices, and the dual-sweep generated by SOI 

waveguide can cover the whole C band, which is promising for application in dual sweep FSI 

system.  

Specifically, Table 5.6 compares the three FWM techniques based on the experimental 

results from three aspect including components dimension, usable conversion band for FSI and 

requirement of electric pump injection, particularly, the usable conversion bandwidth is taken 

as the -3dB dropping of idler SNR bandwidth. Obviously, the SOI waveguide achieves the 

widest usable band for FSI within the smallest dimension among all three techniques, which is 

best choice for highly compact dual-sweep FSI system. Both the two HNLF can achieve over 

10 nm usable band, however, they require at least 100 metres length, which is far bigger than 

the SOI dimension (15 mm) and unsuitable for miniaturisation of FSI system. Where the Non-

linear SOA has smaller dimension at centimetres level, but its usable conversion bandwidth is 

only 3 nm and it also require extra electric pump, which is difficult to be deployed in highly 

compact FSI system. 

Table 5.6 Comparison among the FWM techniques based on experimental results 

FWM conversion 

Devices 

Component  

dimension 

Usable conversion 

bandwidth for FSI 

Extra electric 

pump 

SOI waveguide 15 millimetres 23 nm no 

HNLF 1 100 meters length 15 nm no 

HNLF 2 100 metres length 13 nm no 

Non-linear SOA Few centimetres 3 nm yes 
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Chapter 6  

Summary and Outlook 

6.1 Contribution to knowledge 

This thesis contributes towards the nanostructure design of OLEDs and photonic 

integrated devices for improving devices' performance and achieving specific objectives, 

respectively, here the imported conclusions and outcomes for whole thesis are listed. 

• A novel TEOLED with grating on Ag anode to enhance the LEE is introduced. 

Simulation-based investigation indicates the enhancement of LEE by grating with 

various grating dimension parameters, which suggests improvements in LEE and 

angular emission profile by the grating on the anode. A 60% LEE enhancement is 

predicted. 

• Then polarized OLED devices are focused. A refractive index grating structure in 

the EML of polarized OLED made by luminescent liquid crystal material to 

improve both the EQE and polarized ratio is introduced. This is the first example 

reported for index grating in EML formed by mesogenic molecules.  

• The proposed polarized OLED structure is based on manipulating the molecules’ 

orientation in the EML layer by patterned linearly polarized UV exposure. A 

polarized OLED structure with index grating inside the EMl and another with both 

grating-EML and extra crystallized EML is reported.  

• A scheme of how the refractive index grating design influences the emission band, 

EQE, and polarized ratio is discussed based on the numerical simulation. The 

proposed structure's feasibility from both material and fabrication perspectives is 

discussed rigorously. 56% EQE and 19 dB polarized ratio are promising for the 

optimized design. 

• A novel dual-sweep laser source achieved by FWM in SOI nano waveguide is 

developed. In particular, the two laser sweep synchronized with the same tuning 

speed and waveband but in opposite directions. In other words, a symmetrically 

dual-frequency sweeping laser is achieved.  
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• The dual-sweep laser source is proposed to be used in a dual-sweep FSI system 

for vibration compensation. The final design of SOI chips and corresponding edge 

couplers is proposed based on comprehensive numerical simulation and 

optimisation.  

• The experiments were implemented to investigate not only the FWM conversion 

properties of fabricated SOI chips but also the HNLFs and non-linear SOA for 

comparison. The experiment reveals the advantages of SOI waveguides in FWN 

conversion bandwidth and efficiency; the proposed SOI chips design successfully 

achieves dual-sweep laser output covering the whole C band, which is promising 

for driving the dual-sweep FSI system and improving the accuracy of 

measurement. This is the first dual-sweep source for the FSI system based on SOI 

chips. 

6.2 Limitation of work in thesis 

• The designed polarized OLEDs devices haven’t been fabricated and characterised 

experimentally, which could be addressed in future. 

• The taper shape of the fibre-to-chip coupler could be further optimized to achieve 

higher coupling efficiency, curved taper has been reported, which is valuable to 

be investigated specifically. 

• Scanning Electron Microscopy (SEM) wasn’t implemented for the SOI chip 

analysis, which could suggest the reason for relatively poor coupling efficiency, 

for example, the side wall roughness and error of the cross-sectional shape of the 

waveguide. 

• AR coating on the facet of the chip could further improve the coupling efficiency. 

6.3 Prospective work 

Future work for the polarized OLED design is to be done to expand the application of 

luminescent LC materials. First, Although the simulation results indicate that efficient OLED 

emission with a high polarized ratio can be achieved, the perfect alignment of molecules is 

unrealistic, and the degree of molecule orientation could impact the polarized ratio of real 

devices. This is essential to be addressed in the next stage of the study. Besides, this project's 
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next stage should cooperate with industrial partners to synthesize the derivation with rod-like 

molecules. By replacing the BDAVBi with other organic luminescent material with rod-like 

shape molecules [51] and adopting the optical design introduced in this thesis, enhanced the 

EQE of polarized OLEDs in other colours, including red and green, are possibly implemented. 

In addition, the polarized ratio could be further improved by eliminating the emission from the 

amorphous area, which is usually achieved by doping to decrease the conductivity of the 

amorphous area [4]. In addition, This exciting work enlights a vast potential for other UV 

patternable photoreactive materials with broader applications in combining the organic 

semiconductor and nano-photonics such as nano colour filters [172]. 

The work on designing SOI chips can still be improved. Firstly, the maximum coupling 

efficiency achieved is -3.595 dB, which can be optimized by polishing and coating at both ends 

of the chip. The manual alignment inserts significant uncertainty into the experiment, which is 

addressable by the packaging process. The stability of SOI waveguides can be significantly 

enhanced after packaging with lensed fibre. Besides, other materials, including Ge-on-Si and 

III-V semiconductors, can also be used for FWM due to their promising 𝜒(3) properties. 
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Appendix 

A.1 Script for CNSE method 

The following code achieves the calculation of conversion efficiency with respect to 

wavelength by CNSE methods in Matlab. This function requires input parameters, including 

the effective index and mode area calculated by the FEM method in Comsol multi Physics 

software. 

function [lambda_ss,CE,D2] = FWM_Schrodinger(neff,Aeff,f,P_p,lambda_p,L) 
% FWM conversion eff calculation  
c=2.99792e+008;                               % light speed m/s 
P_s=100e-3;                                   % Signal power (w) 
P_i=0*0.01e-3;                                % Idler power (w) 
alpha=2*1e2/(4.343);                          % linear loss  
h=6.626*1e-34;                                % Planck constant 
tau=1.1e-9;                                   % Eq.(6) unit: s Carrier lifetime 
beta_t=9.95e-12;                              % two photons absorption (m/W) 
n2=5.59e-18;                                  % non-linear Kerr index (m^2/W) 
wav=c./f; 
lambdaA=c./f; 
Aeff_f=Aeff; 
p_Aeff=polyfit(lambdaA,Aeff_f,5); 
Aeff_1=polyval(p_Aeff,lambda_p); 
beta=2*pi./wav.*neff; 
K=301; 
p=polyfit(f,beta,5); 
beta0 = polyval(p,f); 
f1=linspace(f(1),f(end),K); 
beta00=polyval(p,f1); 
lamda=c./f1; 
omega=2*pi*f1; 
diff_omega=mean(diff(omega)); 
beta1=diff(beta00)./diff_omega; 
beta2=diff(beta1)./diff_omega; 
D2=-2*pi*c./lamda(1:end-2).^2.*beta2; 
D2=D2+D_mod*1e-6; 
beta2=-D2.*lamda(1:end-2).^2./(2.*pi.*c); 
beta3=diff(beta2)./diff_omega; 
beta4=diff(beta3)./diff_omega; 
beta22=[beta2(1) beta2 beta2(end)]; 
beta44=[beta4(1) beta4(1) beta4 beta4(end) beta4(end)]; 
neff00=spline(f,neff,f1); 
D00=[D2(1) D2 D2(end)]; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Dis_1=D00; 
neff_1=neff00; 
beta2_1=beta22; 
beta4_1=beta44; 
K=length(neff_1); 
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lambda_s=lamda;                                     % signal wavelength 
lambda_i=1./(2./lambda_p-1./lambda_s);              % idler wavelenth 
omega_s=2*pi*c./lambda_s; 
omega_p=2*pi*c./lambda_p; 
gamma_p_1=n2*2*pi./lambda_p/Aeff_1;                 % nonliear wavegide parameter 
deltaK_1=beta2_1.*(omega_s-omega_p).^2+beta4_1.*(omega_s-omega_p).^4+ 
2*gamma_p_1*P_p; 
 
[lambda_ss,CE] = 
FWM(lambda_s,deltaK_1,lambda_p,P_p,P_s,P_i,Aeff_1,L,c,h,alpha,tau,beta_t,n2); 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
function 
[lambda_ss,CE]=FWM(lambda_ss,deltaKK,lambda_p,P_p,P_s,P_i,Aeff,L,c,h,alpha,tau,bet
a,n2) 
K=length(lambda_ss); 
for k=1:K 
        k/K*100 
     
lambda_s=lambda_ss(k);                                    %  signal wavelength 
lambda_i=1./(2./lambda_p-1./lambda_s);                    %  idler wavelenth 
A_p0=P_p.^0.5;                                            %  Pump amplitutue 
global A_s0; 
A_s0=P_s.^0.5; 
A_i0=1*P_i.^0.5; 
f_p=c/lambda_p; 
f_s=c/lambda_s; 
f_i=c/lambda_i;                                           % Frequency  
sigma_p=1.45*1e-21*(lambda_p/(1546*1e-9)).^2; 
sigma_s=1.45*1e-21*(lambda_s/(1546*1e-9)).^2; 
sigma_i=1.45*1e-21*(lambda_i/(1546*1e-9)).^2; 
gamma_p=n2*2*pi./lambda_p/Aeff;                     % nonliear parameter wavegide  
gamma_s=n2*2*pi./lambda_s/Aeff; 
gamma_i=n2*2*pi./lambda_i/Aeff; 
deltaK=deltaKK(k); 
[Z,A0]=ode45(@F,[0 L],[A_p0 A_s0 A_i0]); 
Ap(k)=A0(end,1); 
As(k)=A0(end,2); 
Ai(k)=A0(end,3); 
end 
 
CE0=abs(Ai/(A_s0*0.8)).^2; 
CE=10*log10(CE0); 
 
function Q=F(z,A)     
Q=zeros(3,1); 
 
N_density_p=tau*beta*(lambda_p.*abs(A(1)).^4+lambda_s.*abs(A(2)).^4+lambda_i.*abs(
A(3)).^4)./2/h/c/Aeff^2;   
N_density_s=tau*beta*(lambda_p.*abs(A(1)).^4+lambda_s.*abs(A(2)).^4+lambda_i.*abs(
A(3)).^4)./2/h/c/Aeff^2;   
N_density_i=tau*beta*(lambda_p.*abs(A(1)).^4+lambda_s.*abs(A(2)).^4+lambda_i.*abs(
A(3)).^4)./2/h/c/Aeff^2;   
alpha_p_FCA=sigma_p*N_density_p;                         % Free Carrier absorption 
alpha_s_FCA=sigma_s*N_density_i; 
alpha_i_FCA=sigma_i*N_density_s; 
 
%All-optical wavelength conversion based on four-wave mixing in silicon waveguides 
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alpha_p_TPA=beta/Aeff.*(abs(A(1)).^2+2*abs(A(2)).^2+2*abs(A(3)).^2); 
alpha_s_TPA=beta/Aeff.*(2*abs(A(1)).^2+abs(A(2)).^2+2*abs(A(3)).^2); 
alpha_i_TPA=beta/Aeff.*(2*abs(A(1)).^2+2*abs(A(2)).^2+abs(A(3)).^2); 
 
Q(1)=-0.5*(alpha+alpha_p_TPA+alpha_p_FCA).*A(1)+... 
    i*gamma_p*(abs(A(1)).^2+2*abs(A(2)).^2+2*abs(A(3)).^2).*A(1)+... 
    2*i*gamma_p.*conj(A(1)).*A(2).*A(3).*exp(i*deltaK.*z); 
Q(2)=-0.5*(alpha+alpha_s_TPA+alpha_s_FCA).*A(2)+... 
    i*gamma_s*(2*abs(A(1)).^2+abs(A(2)).^2+2*abs(A(3)).^2).*A(2)+... 
    i*gamma_s.*conj(A(3)).*A(1).^2.*exp(-i*deltaK.*z); 
Q(3)=-0.5*(alpha+alpha_i_TPA+alpha_i_FCA).*A(3)+... 
    i*gamma_i*(2*abs(A(1)).^2+2*abs(A(2)).^2+abs(A(3)).^2).*A(3)+... 
    i*gamma_i.*conj(A(2)).*A(1).^2.*exp(-i*deltaK.*z); 
end 
end 
end 
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A.2 Mask Drawing for lithography 

 

Figure A 1 Mask of a group of SOI waveguides with SU-8 cladding coupler at both ends. 

The above figure is the mask of a group of SOI waveguides with SU-8 coupler. The zoom-

in view clearly shows the SOI layer (red layer) covered by SU-8 layer (purple layer).  
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Figure A 2 Mask of a group of SOI waveguides with free space couplers 
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Because the waveguide length (~15mm) is far bigger than the width of the tip (~100 nm) 

and waveguide (500 nm), it is hard to observe the width change directly from the accurate scale 

mask scale. The cleaving mark at both ends indicates the position of the narrow waveguide 

(with the same width as the tip) part. 
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A.3 SOI chip with free space coupler 

Two SOI chips with free space taper coupler were fabricated. Waveguides on those chips 

have not been grouped. Below figure A 3 is the microscope view of chip1; the photo is taken 

with three shots due to the limited view range of the microscope. As seen in the left part, many 

waveguides are discontinuous and partially missed, overly HF washing process may cause this 

damage. Therefore, most of the waveguides on this chip are not working. The lowest insertion 

loss measured is 5.8 dB for single-side coupling. In addition, the dotted rectangular in the right 

part marks a colour-changed area, the waveguide in this area is reddish, which is caused by the 

width change of the waveguide. Therefore, the taper part should be located in this area. As 

same as the chip with the SU-8 coupler, this chip also has a cleave angle at the right side, which 

is made to ensure at least one waveguide with the best cleave point. 

 

Figure A 3 Microscope view of SOI waveguide with free space taper coupler No.1. 

The below figure is the photo of chip 2. All waveguides on this chip are fully functional, 

and no apparent damage is observed. The lowest insertion loss for single-side measured is 5.47 

dB, which is still higher than the best value achieved by the SU-8 coupler. 

 

Figure A 4 Microscope view of SOI waveguide with free space taper coupler No.2 

 

 

 


