
1' . 

I 

1 . . 

DISPERSION ENGINEERED MID-IR 

SUPERCONTINUUM GENERATION USING DUAL-CORE 

SILICON-RICH NITRIDE PHOTONIC INTEGRATED 

WAVEGUIDE 

ISLAMABAD 

By 

Kiran Ilyas 



SUBMITTED IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

lASTER OF PHILOSOPHY 

AT 

QUAID-I-AZAM UNIVERSITY 

ISLA IABAD, PAKISTAN 

APRIL 2021 

© Copyright by Kiran Ilyas, 2021 

11 



QUAID-I-AZAM UNIVERSITY 

DEPARTMENT OF ELECTRONICS 

The undersigned 

and recommend to 

hereby certify that they 

the Faculty of Graduate 

have read 

Studies for 

acceptance a thesis entitled "Dispersion Engineered Mid-IR 

Supercontinuum Generation Using Dual-core Silicon-Rich 

Nitride Photonic Integrated Waveguide" by Kiran Ilyas 

111 partial fulfillment of the requirements for the degree of 

Master of Philosophy 

Dated: April 2021 

Research Supervisor: 

Chaiman: 



Author: 

Degree: 

Title: 

QUAID-I-AZAM UNIVERSITY 

Date: April 2021 

Kiran Ilyas 

M. Phil. 

Dispersion Engineered Mid-IR Supercontinuum 

Generation Using Dual-core Silicon-Rich Nitride 

Photonic Integrated Waveguide 

Department: Electronics 

Year: 2021 

Permission is herewith granted to Quaid-I-Azam University to circulate 
and to have copied for non-commercial purposes, at its discretion, the above 
t it le upon the request of individuals or institutions. 

Signature of Author 

The author reserves other publicat ion rights, and neither the thesis nor 
extensive extracts from it may be printed or otherwise reproduced without the author's 
written permission. 

The author attests that permission has been obtained for the use of any 
copyrighted material appearing in this thesis (other than brief excerpts requiring 
only proper acknowledgement in scholarly writing) and that all such use is clearly 
acknow ledged. 

IV 



"0 my Lord! 

Bestow wisdom upon me and join me with the 

righteous . " 

(Qur 'an: Surah26, Verse 83.) 

v 



Table of Contents 

Table of Contents 

List of Figures 

1 Introduction 

2 Dispersion Engineering 
2. 1 vVaveguide dispersion 
2.2 Integrated dispersion 

3 Spanning of Supercontinuum Generation 

4 Conclusion and Future Work 
4.1 Conclusion .. 
4.2 Future Insight 

References 

VI 

VI 

VB 

1 

5 
7 

10 

13 

19 
19 
20 

21 



List of Figures 

2.1 Schematic for SbN dual-core waveguide where input section represents 

the inverse taper structure and the output section contains dual-core 

waveguide structure. The cross-section of the waveguide structure is 

also shown on the left. . . . . . . . . . . . . . . . . . . . . . . . 6 

2.2 The effective refractive indices for a dual-core waveguide with core 

height of 0. 5~tm and gap distance of 0.6 ~tm . The insets show field 

profiles for coupled and uncoupled modes . 

2.3 The comparison of waveguide dispersion for uncoupled mode with the 

anti-symmetric mode of dual-core waveguide with core height of 0. 5pm 

8 

for gap distance changing from 0.6Wn to 2pm. . . . . . . . . . . . .. 9 

2.4 The integrated dispersion phase profile for the ant i-symmetric mode of 

dual-core waveguide with core height 0. 5~tm for gap distance changing 

from 0.6~tm to 2pm. .. . . ................... ... . 11 

2.5 The integrated dispersion phase profile of fundamental TEOO mode in 

narrow core and second-order TE01 mode of the wide core are com-

pared for the waveguide with a core height of 0. 5pm. . . . . . . . .. 12 

2.6 The integrated dispersion phase profile for the anti-symmetric mode of 

dual-core waveguide with core height of 0. 8pm for gap distance chang-

ing from 0. 8pm to 1.7pm. .. . . . . . . . . . . . . . . . . . . . . . . 12 

Vll 



3.1 The spectral and temporal representation of pulse evolution in dual­

core waveguide structure with 0.5f.Lm core height and 0.6f.Lm gap spac­

ing. a) The two-dimensional representation of the output pulse spec­

trum. b) The two-dimensional representation of the temporal delay. 

c) The spectral power of the input and output pulse. d) The instan-

taneous power of the input and output pulse. . . . . . 

3.2 The spectral and temporal representation of pulse evolution in single­

core waveguide structure with 0.8f.Lm core height. a) The two-dimensional 

representation of the output pulse spectrum. b) The two-dimensional 

representation of the temporal delay. c) The spectral power of the 

input and output pulse. d) The instantaneous power of the input and 

output pulse. 

3.3 The spectral and temporal representation of pulse evolution in dual­

core waveguide structure with 0. 8WrL core height and 1.7f.Lm gap spac­

ing. a ) The two-dimensional representation of the output pulse spec­

trum. b) The two-dimensional representation of the temporal delay. 

c) The spectral power of the input and output pulse. d) The instan-

taneous power of the input and the output pulse. . . 

4.1 a)The mode coupling in dual-core waveguide structures. b )The mode 

14 

16 

17 

coupling in tri-core waveguide structures. . . . . . . . . . . . . . . .. 20 

Vlll 



IX 

Acknowledgments 

I would like to first express my gratitude to my supervisor, Dr. Qaisar Abbas Naqvi, 

for a valuable experience. The insights and expertise I have gained from him will help 

me steer through my future career as well. I would like to extend my thanks to all 

the Professors of my department including: Dr. Azhar Abbas Rizvi , Dr. Muhammad 

Aqeel Ashraf, Dr. Muhammad Arshad Fiaz, Dr. Muhammad Zia, Dr. Musarat 

Abbas, and Dr. Arshad Hussain for their immense support and advice during my 

candidature. Special thanks to Dr. Azhar Abbas Rizvi whose interaction has always 

been a rewarding experience for me. I would also like to thank the head of the 

Electronics department, Prof. Dr. Aqeel Abbas, who is very supportive and wants 

every student to succeed in their academic endeavors. 

I would like to express my sincere gratitude to my lab members: 1aria Iqbal, imra 

Ali , Fatima Bibi, Kishwar Ali , and Junaid Hassan for their comradeship and joyful 

lab environment. Special thanks to 1aria Iqbal for her support and assistance in time 

of need. I would also like to thank my friends outside my lab: Usman Hashmi, Sajid 

Hanif, Ayesha Jabeen, Muqaddas Parvaiz, Mehwish Malik, Iqra Fareed, Qurat-ul-Ain 

and all the fellows from the department who have been a great support during my 

research. Special thanks to Sundas Baig and Kiran Amjad who have been very com­

passionate in listening to my concerns and always motivating me towards positivity. 

Talking to them was such a stress relief. 

I would like to acknowledge the Electronics department of Quaid-i-Azam University 

for providing me with a fellowship and the opportunity to work in the cutting-edge 

research environment. 



x 

I want to thank my roommates and friends who have made me feel at home, miles 

away from my family: Kawish Mehboob, Rafia Amjad, and Uzma Rahim. I cannot 

thank you enough for the beautiful time we spent together. Special thanks to Kawish 

Mehboob for being such a great friend and carer. 

Last but not least, I would like to thank my family for raising me with so much love 

and affection and giving me t he courage to achieve what I want from life. 

Many thanks , 

Kiran Ilyas 



Abstract 

The dual-core silicon-rich nitride photonic integrated waveguide is presented here to 

numerically model the spanning of supercontinuum generation in the mid-IR region up 

to 4. 7 ~Lm wavelength range by engineering the dispersion profile such that maximum 

phase-matching can be achieved. Tunable dispersive wave generation is observed by 

the variation of gap spacing between two cores. The flat dispersion profile is also 

achieved in near-IR region by coupling t he fundamental mode in first waveguide core 

to the higher-order mode in second waveguide core that gives rise to anomalous GVD 

which plays an essential role in compensating chromatic dispersion in the mid-IR 

region. 



Chapter 1 

Introduction 

Supercontinuum generation (SCG) is a nonlinear process that has been used for spec­

tral broadening and soliton generation[l ]. When a high-intensity light source travels 

in a nonlinear medium, due to the strong nonlinear interactions it undergoes an 

intensity-dependent phase shift and it gets modulated by its own phase known as 

self-phase modulation (SPM) which gives rise to the addition of new frequency com­

ponents [2] [3]. The desired spectral components can then be extracted from the 

broadband output , for example, using a tunable band-pass filter. T hat is why it also 

refers to as a broadband source generation. 

Spanning of the SCG in mid-IR region of the electromagnetic spectrum with the main 

focus on 3 to 5 ~tm wavelength region is getting more attention of the researchers 

t hese days. This particular region is extremely important for many spectroscopy and 

sensing applications because of the presence of vibrational transitions in molecules 

under this range of wavelength[4]. There are many mid-IR sources such as integrated 

cascaded laser (ICL) [5], quantum cascaded laser (QCL)[6][7][8], parametric down­

conversion, frcquellcy diffcrence generation [9][1 0], and diode laser t hat call be used 

to perform several applications in this regime. Optical clocks[ll], bio-sensing[12]' 

imaging[13] , optical coherence tomography[14], frequency metrology[15] , and free­

space communications[16] are a few applications of supercontinuum sources. 

Supercontinuum sources are also used to generate broadband frequency combs which 
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are important for high-resolution spectroscopy applications. It has also been used on 

a variety of mid-IR comb sources recently[17][18]' such as micro-resonator , Kerr fre­

quency combs[19][20][21], and phase-locked mid-IR frequency combs with high bright­

ness and large bandwidth. Such frequency combs are created from a femto-second 

(fs) pumped laser source [22] which represent the high peak power of the pulse that 

leads to the enhancement of nonlinear effects. 

Recently, the photonic integrated platform has received a lot of attention such as 

silicon nanowires[23] [24], silica ridge waveguides [25] [26], lithium niobate [27] [28], 

aluminum gallium arsenide [29] [30], aluminum nitride [31] [32], and silicon nitride 

waveguides [33][34][35] which give access to t ighter confinement , strong nonlinearity, 

dispersion engineering, power-efficient and compact devices at wafer scale. 

As mentioned above, the IR region is highly important for spectroscopy. One of the 

key challenge with chip-based supercontinuum sources is that spectral components 

generated in this specific band have low power due to relatively high phase mismatch 

with respect to the pump. The phase-matching process is important because it defines 

the conservation of energy and momentum of the system. Traditional mid-IR comb 

sources are based on a single waveguide but these particular structures have issues in 

achieving high phase matching. In order to resolve this issue, recently, a method has 

been demonstrated in[36], in which instead of using a single waveguide, two waveg­

uides are placed in close proximity allowing the mode coupling for further dispersion 

engineering. Hence, by introducing mode coupling especially at the mid-IR range, 

the phase mismat ch can be altered t o get enhanced effects of super-continuum in the 

mid-IR region. However, the supercontinuum spanning was limited up to 4/lm. wave­

length [35] [36]. Other platforms like lithium niobate (LiNb03 ) [27] [28], aluminum 

nitride (AIN) [31][32], and aluminum gallium arsenide (AIGaAs) [30][30] also could 

not extend supercontinuum spanning beyond 4f-lm. . In this thesis, we will consider 

a photonic integrated dual-core waveguide with silicon-rich nitride (Si2 ) core and 

lithium niobate (LiNb03) as cladding of the waveguide to observe the supercontinuum 

spanning in mid-IR region beyond 4f-lm. particularly up to 4.7f-lm. wavelength. 
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The silicon nit ride (Si3 N4 ) has been extensively studied in photonic integrated plat­

form because it is compatible with complementary metal-oxide semiconductor (CMOS) 

technology and has a low propagation loss. On the other hand , it is constrained by 

its low optical Kerr nonlinearity of about 2.40xl0- 15cm2/ vV [37] . In contrast to that, 

silicon-rich nitride core in our proposed geometry possesses a high refractive index 

of about 3.16 and strong Kerr nonlinearity of 1.60xl0- 13cm2/W which is four times 

larger than that of silicon , and two orders of magnitude greater than that of sili­

con nitride [37] [38]. The high index of refraction allows the optical mode to be more 

tightly confined in the waveguide, and the stronger Kerr nonlinearity is responsible 

for achieving broadband supercontinuum generation and enables us to operate with 

the incident pulse having peak power of around 10VV which is very low as compared 

to the most widely used silicon nitride (Si3N4 ) mat erial which operates at around 

4.5kvV peak power [36]. 

Supercontinuum generation critically depends on the dispersion properties which can 

be engineered by making some significant changes in the geometry of the waveguide 

such that the maximum phase matching can be achieved for the dual-core waveguide 

in mid-IR region, leading to the generation of dispersive wave up to 4.7p,m wavelength 

when the pump field is in the near-IR region particularly at 1550nm wavelength with 

very low pulse peak power of about 10 W, keeping the pulse time width of 0.95 pico 

second. The fiat dispersion profile is also achieved for some extent in near-IR region 

using silicon rich nitride (Si2N) dual-core waveguide structure which is usually tough 

to achieve in a single-core waveguide structure[38]. 

The main focus of this thesis is to examine the supercontinuum spanning upto mid-IR 

region by engineering t he dispersion profile of the dual-core waveguide structure. To 

give a clear idea of the present work, the discussion is divided into two parts . Firstly, 

the dispersion engineering is discussed in which the waveguide dimensions are tuned 

to get phase matching up to the desired wavelength in mid-IR region. Secondly, the 

supercontinuum generation is observed for the dispersion engineered structure. For 

this intent , simulations are performed on COMSOL Multi-physics software and the 
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information of the effective refractive indices (neff) has been collected. The results for 

both waveguide dispersion (Dwg) and integrated dispersion (1:::.(3) has been calculated 

and at the same t ime influence of variation of gap spacing between two cores has been 

discussed. It is highlighted that supercontinuum spanning is extended beyond 41-lm 

with the closer proximity of the two cores. 



Chapter 2 

Dispersion Engineering 

Silicon rich nitride (Si2N) dual-core waveguide is presented in this thesis which consists 

of narrow core width of WI = 1.3,um and wide core width of W2 = 3,um, with 0.5p,m 

identical core height and 0.6Wn gap distance between the two cores, embedded in 

lithium niobate (Li b03 ) cladding. The schematics are shown in figure (2.1). The 

refractive indices of Silicon rich nitride (Si2N) core and lithium niobate (Li b03 ) 

cladding are modeled by sellmier equation given by equation (2.0.1) and equation 

(2.0.2) , that are taken from [39] and [40] respectively. 

n core 1+ (2.0.1) 

N 
CXk A2 

ncladding = , 1 + L A 2 _ f3 2 
k=1 k 

(2.0.2) 

where (JIk and f3k represent the sellmier coefficients and their values are provided in 

table (2.1) whereas A is considered in ,urn. 

The high coupling efficiency from optical fiber to the waveguide can be achieved with 

lower losses by using inverse taper structure[41] at the input section of the waveg­

uide which is represented in the proposed waveguide structure in figure (2.1). The 

waveguide mode is not entirely confined to the core of the struct ure but it also have 

evanescent tail that extends to the cladding, resulting in an intriguing phenomenon 

5 
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Dual- core waveguide structure 

Figure 2.1: Schematic for Si2N dual-core waveguide where input section represents the 
inverse taper structure and the output section contains dual-core waveguide structure. 
The cross-section of the waveguide structure is also shown on the left. 

Table 2.1: Sellmeier coefficients for core and cladding materials. 

Materials Si2N LiNb03 

N G:k 13k G:k 13k 
k=l 2.21715 0.0632602 2.67334 0.01764 
k=2 1.12108 0.249134 1.2290 0.054914 
k=3 24.8224 250.091 12.614 474.600 
k=4 17.6617 251.079 

called "evanescent wave coupling". The lowest order mode known as the fundamen­

tal mode has the highest field strength in the middle and travels straight through 

the waveguide core and the propagating evanescent wave travels along the boundary 

of the core into the cladding. Whereas the higher-order modes experience multiple 

reflections during the propagation along the waveguide leading to the penetration 

of mode into the cladding. As the waveguide width increases multiple higher-order 

modes start to appear, which is why we try to avoid pumping into the wide core. The 

figure (2 .1) explains the fact that the light signal is pumped into the waveguide from 

the narrow core (top waveguide) and it gets coupled to the wide core placed at the 

closer proximity to the narrow core. The gap spacing between the two cores can be 

tuned in order to engineer the integrated dispersion of the waveguide. 

As the two waveguide cores are separated by a smaller gap distance of 0.6p,m, the 

mode propagating in one core is most likely to be coupled to the mode of the other core 
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Figure 2.5: The integrated dispersion phase profile of fundamental TEOO mode in 
narrow core and second-order TE01 mode of the wide core are compared for the 
waveguide with a core height of O.5J..lm . 
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dual-core waveguide with core height of O.8J..lm for gap distance changing from O.8J..lm 
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Chapter 3 

Spanning of Supercontinuum 
Generation 

Here we are trying to see the combined effect of dispersion (GVD) and nonlinear 

effects (SPM) on t he pulse propagation through a nonlinear medium via nonlinear 

schrodinger equation (NLSE) [1] which can be solved by symmetrized split-step fourier 

method (SSSFM)[42][43]. By tuning the waveguide dimensions, the dispersion phase 

profile can be engineered which facilitates in spanning the broad-band supercontin­

uum generation in the mid-IR region. The phase propagation constants for supported 

modes are calculated by performing the FEM simulations using COMSOL Multi­

physics software. As the dispersion phase profiles for the anti-symmetric mode of 

dual-core waveguide with core height of 0.5J..lm for gap distance of 0.6J..lm have been 

discussed earlier in section 2.2. The dispersive wave generation was observed up to 

4.7J..lm wavelength range. 

In the simulations performed for supercontinuum generation, the nonlinear Kerr in­

dex n2 = 1.60e-17m2/vV and the value of non-linear factor, = 206vV- 1/m [37], the 

peak power of the pump pulse is kept at 10VV and the pulse time width as 0.9 pi­

coseconds. The pump pulse is launched into the 15mm long waveguide with 1550nm 

wavelength. The spectral broadening is initiated at around 5mm length of the waveg­

uide. The spectral evolution can be seen in figure (3. 1 a) which illustrates t hat the 

supercontinuum is achieved from visible to the mid-IR region particularly from 0.7 f.Lm 
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Figure 3.1: The spectral and temporal representation of pulse evolution in dual-core 
waveguide structure with O.5J..lm core height and O.6J..lm gap spacing. a) The two­
dimensional representation of the output pulse spectrum. b) The two-dimensional 
representation of the temporal delay. c) The spectral power of the input and output 
pulse. d) The instantaneous power of the input and output pulse. 
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to 4. 7 ~lm by engineering the dispersion profile of the dual-core Si2N waveguide. It 

can be seen clearly that short-wavelength dispersive wave (SWDvV) is obtained at 

O.7~lm wavelength while the long-wavelength dispersive wave (LvVDW) is achieved at 

4.7Mm wavelength which represents the enhanced effects of supercont inuum at these 

wavelengths. The spectral power of output is t hen calculat ed as shown in figure (3. 1 

c) which illustrates that high power is achieved for the wavelengths where the long 

and short dispersive waves are generated. 

The figure (3.1 b) illustrates that the input pulse experiences a temporal delay along 

the propagation due to the group velocity dispersion (GVD) and splits into high­

intensity narrow-band pulses. It can be noted that the t emporal compression of the 

pulse is initiated at around 5mm length of the waveguide. The instantaneous power 

of the propagating signal can be calculated at any distance z of the waveguide length. 

The figure (3 .1 d) depicts the instantaneous pulse power measured at the waveguide's 

output end, which explains that the input pulse undergoes a linear phase shift due 

to GVD and splits into high-intensity narrowband pulses which can be described by 

the peak power of the splitted waves. 

In figure (2 .6) the calculations performed for dispersion phase profile of single core 

and dual-core waveguide structure with core height O.8Mm i:epresents the extension of 

dispersive wave up to 6.4Mm and 7.1~lm in far-IR wavelength region respectively. The 

spectral and temporal evolution of the pulse as it propagates through the waveguide 

can be obsei"ved for these two geometries in figure (3.2) and figure (3.3) respectively. 

The temporal delay experienced by the input pulse can be described in figure (3.2 

b) for single core waveguide struct ure and in figure (3 .3 b) for dual core waveguide 

structure which explains that the pump pulse starts spliting into four intense narrow 

band pulses at around 3.5mm waveguide length due to GVD . vVhereas the spectral 

evolution of the pulse is shown in figure (3.2 a) and figure (3.3 a) which illustrates 

that spectral broadening also starts at around 3.5mm waveguide length. 

The core height of O.8Mm thus proves very significant for shift ing the barrier to extend 
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the dispersive wave generation up to 6.4p,m with single-core waveguide and up to 

7.1p,m with dual-core waveguide structure. However) the fiat dispersion curve is not 

achieved for these two geometries due to which the frequency components between 

3p,m to 6p,m have no sufficient spectral power in supercontinuum which is presented 

in figure (3.2 c) and figure (3.3 c) respectively. 
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Figure 3.2: The spectral and temporal representation of pulse evolution in single-core 
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power of the input and output pulse. 
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In general , we observe the two main points in spanning of supercontinuum to mid-IR 

region; the long wavelength edge which can be extended by the dispersive wave 

generation in mid-IR or far-IR region by achieving phase matching of the propagation 

phase constant for the anti-symmetric mode of dual-core waveguide with respect to 

the propagation phase constant of pump pulse; the moderate-wavelength part 

between the dispersive wave at short wavelength (SvVDW) and the dispersive wave 

at long wavelength (LvVDW) which is done by t he mode hybridization where the fiat 

dispersion profile is target ed by reducing the overall phase mismatch. As a result , 

it can be observed that by increasing the gap distance between the two cores, the 

mid-IR dispersive wave is shifted to the longer wavelengths up to mid-IR or far-IR 

reglOn. 
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Chapter 4 

Conclusion and Future Work 

4.1 Conclusion 

In this thesis we have investigated the simulation based results for spanning of the 

broadband supercontinuum generation up to the mid-IR region by engineering the 

dispersion profile of the silicon-rich nitride dual-core waveguide. The behaviour of 

waveguide dispersion (Dwg) and integrated dispersion (D,. f3 ) have been analysed for 

both O. 5J~m and O. 8J~m core height of the dual-core waveguide. It is noted that 

supercontinuum spanning is extended beyond 4{~m and in the meantime, the fia t 

dispersion profile is also achieved £i'om 1.2pm to 2.2{~m in the near-IR region for the 

dual-core waveguide with core height of O.5Wn. Moreover, by varying the gap spacing 

between two cores the dispersive wave location also changes. Results describe that 

the dispersive wave is achieved at 4.7pm wavelength for O.5pm core height whereas for 

O.8{~m core height the dispersive wave generation is extended up to 7.1{~m wavelength 

in far-IR region, however the fiat dispersion profile is not achieved in that case. This 

is the widest sec spanning using planar silicon-rich nitride waveguide structure to 

the best of our knowledge which can be used in various mid-IR applications. 
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4.2 Future Insight 

For the future work we are interested to study the dispersion-engineering in multi-core 

waveguide structure to enhance the optical power of spectral components achieved 

in the broad-band supercontinuum source generation at the waveguide output. The 

significant coupling is seen for dual-core and tri-core waveguide structures which are 

represented by the figures below and it is expected that the multi-core waveguide 

structure would give interesting results to investigate. 

(a ) (b) 

Figure 4.1: a)The mode coupling in dual-core waveguide structures. b )The mode 
coupling in tri-core waveguide structures. 

In addition to dispersion-engineering we are also interested to study the interaction 

of two-dimensional materials with dual-core planar waveguide structure to maximize 

the spectral coverage of Supercontinuum. By interfacing the 2D material layer with 

the photonic integrated waveguide it is expected that we can tune the refractive 

indices of the waveguide spacing by applying voltage because the two-dimensional 

materials have diverse optical properties and the ability to control charge carriers 

when potential is applied. In this way we can fabricate only one dual-core waveguide 

structure with the deposition of 2D material layer instead of fabricating different 

waveguide structures with different gap spacing on a single photonic chip. This is 

very promising in terms of efficiency and cost-effectiveness. 
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