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Abstract 

With the development of long lived, epitaxially grown InAs quantum dot lasers 

in GaAs on silicon, GaAs-based photonics has become a promising system for 

integrating large numbers of small footprint active and passive components on the 

same substrate. To ensure high performance of a circuit, each component or building 

block, needs to be individually investigated so a library of optimised components can 

be developed. 

In this thesis, several GaAs-based passive integrated photonic components are 

proposed and analysed by employing commercially available multi-dimensional 

simulation tools with the aim of understanding the performance and tolerances of the 

important component functions prior to the manufacturing stage. These components 

will be useful as basic and composite building blocks in future GaAs-on-silicon 

photonic integrated circuits. 

Deeply etched waveguides are investigated, and single mode operation is 

shown to be maintained under ±0.1 µm variation in width, etching depth, core height 

and variation in wavelength between 1.2 and 1.4 µm, making the waveguides tolerant 

against typical fabrication errors. Single mode operation is also mapped as a function 

of core width, height and etching depth for shallow etched waveguides. 

Efficient tapers are optimised for the propagation of light between multimode 

and single mode waveguides. The tapers are tolerant of width, etching depth and 

wavelength changes of ±0.1µ𝑚 with transmission higher than 98%. 

Two compact splitters: multimode interferometer, MMI, and Y-branch are 

optimised at 1.3 µm. The multimode interferometer has efficiency up to ~99% with 

reduction of ~4% over spectral and geometrical changes of width, length and etching 

depth of ±0.1µ𝑚 . An efficient Y-branch is designed with efficiency up to 94% with 

less stability, compared to the multimode interferometer, against variations like 

etching depth and wavelength. It is found that waveguides of single mode operation at 

1.3 µm are achievable and efficient tapers and splitters can be obtained within the 
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fabrication capabilities available in a university facility. Hence, these components are 

appropriate for on-chip integration. 
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In this chapter, I will give a brief background description of photonic 

integration technology, components and fabrication techniques. I will describe the 

GaAs/AlGaAs structure that will be used and give a summary of previous work. I will 

highlight the significance and motivation of extending photonic integration to a GaAs-

based material system at ~1.3 µm. 

1.1 Thesis Aims 

Long lifetime, epitaxially grown InAs quantum dot lasers based on a GaAs 

crystal lattice and grown directly on silicon are exciting for the future integration of 

electronic components, typically done in silicon, and photonic components. There are 

several different ways that optical components could be integrated with such laser 

sources and much progress has been made developing silicon photonic components 

[1], [2]. GaAs-based photonics is also a promising system for integrating large 

numbers of small footprint active and passive components on the same substrate, 

without the need to couple light between silicon and the III-V material. To ensure high 

performance of a circuit, each component, building block, needs to be individually 

investigated through several steps, namely: structure (passive or active material 

system) design, basic building block design, composite building block design. The aim 

of this work is to develop a full understanding of the structure/components 

performance and tolerances prior to manufacturing stage by using commercially 

available multi-dimensional simulation tools. This work should lead to reduced raw 

material consumption, time and cost of both fabrication and characterisation. 

Ultimately a library of optimised components can be developed efficiently for high 

performance on-chip integration. I will examine several GaAs-based passive 

components, basic and composite, and suitable for integrated photonics at a 

wavelength ~1.3 µm. Compactness and fabrication tolerances will be considered and 

the spectral response considered from 1.2 to 1.4 µm. 

1.2 What is Integrated Photonics? 

Computational power and the capacity of data communication are growing 

exponentially as observed back in 2011 [3]. Data hungry technologies such as the 
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proliferation of YouTube videos and the trend to cloud computing have exacerbated 

and accelerated this growth [4], [5].  The necessity of controlling and transferring an 

extremely large amount of data requires huge bandwidth which can be provided by the 

high frequency of the light.  Optical fibres have been installed worldwide to facilitate 

these communications, as they can transmit light signals large distances with low loss 

~ 0.15 dB/km [6] and wavelength division multiplexing is now used to transmit 

channels at different wavelengths across a wavelength range from 1260 – 1610 nm as 

illustrated in Figure 1.1 and Table 1.1. 

 

Figure 1.1: Coarse (CWDM) and Dense (DWDM) wavelength division multiplexing channels 

[7]. 

Table 1.1: The optical bands and their uses [8]. 

Band Range Uses 

O 1260 – 1360 nm Optical communications 

E 1360-1460 nm Optical communications (limited) 

S 1460-1530 nm Passive optical network systems 

C 1530-1565 nm Long-distance transmission systems 

L 1565-1625 nm Submarine cable operators 

U 1625 – 1675 nm Network monitoring 
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As the need for bandwidth increases, these optical communications move closer 

to the end-user, with fibre-to-the-cabinet (FTTC) being standard for broadband, and 

the roll-out of fibre-to-the-home (FTTH).  Optical communications have already 

largely replaced electrical ones within data centres, and future developments are 

expected to see optical communications replace electrical ones even at chip level.  

These chip-level optical interconnects will provide the needed bandwidth for 

communications between computing cores on massively parallel computing chips and 

have also been suggested as the basis for an optical quantum computer. 

In addition to communication functions being miniaturised on chip there are a 

variety of sensing functions that can be supported by similar technology. Reducing the 

size and weight of bulk optics solutions will open up more applications for these 

sensing technologies. An example is optical coherence tomography (OCT) [9], [10], 

which is used, for example, by opticians for studying the retina using wavelengths 

around 1.3 µm and which could be applied in point-of-use or home setting, if 

miniaturised, for identifying skin cancers. For such an application, a broad band or 

tuneable wavelength from 1.2 – 1.4 µm produces the highest resolution measurement 

and in this thesis I will adopt this wavelength range for testing the performance of the 

components I will investigate. 

For purposes of chip-level or integrated optical communications and 

applications of photonic devices, the material requirements are a dielectric material 

that is transparent to light at the appropriate frequencies extended from the visible to 

the near-infrared light and can be used in top-down fabrication processes such as 

lithography and etching.  Many semiconductors meet this requirement for frequencies 

beyond the band-edge.  Silicon is a popular choice, as the silicon industry is mature 

and can provide off-the-shelf technologies like silicon-on-insulator, and fabrication 

processes are mature. 

Due to expanding communication systems and increment of the transferred 

data amounts, there is a need to develop faster, higher performance, small sized and 

low-cost systems. Therefore, the integrated photonic systems have been made with 

several types of materials. 

Optical systems have developed through three different generations: 
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1- The conventional optical system with beam diameter of order of millimetres and 

several centimetres components size that are usually fixed on an optical bench of 

dimension of meters. Some of this system’s elements are mirrors, prisms and 

lenses. 

2- The micro-optics system which uses reduced elements like diode lasers and 

emitting diodes that need difficult alignment when they are connected to each 

other. 

3- The integrated photonic system which has the feature of small components size 

(~ micrometres). 

Generic photonic integration is the technology where several basic building blocks 

are integrated on a common planner chip to generate vast functionalities of controlling 

light characteristics like the amplitude, phase and polarisation. To have a wider 

capability of applications (e.g., optical communication), the basic building blocks are 

combined to build more complex optical components known as composite building 

blocks. However, the essential element of the integrated photonics is the waveguide 

and light confinement is the fundamental idea. Generally, the light can be confined by 

using media, the upper and lower claddings, with particular refractive indices 

enclosing a medium, the core, with higher refractive index. Thus, most of the light is 

confined by the boundaries of the core as result of the total internal reflection at the 

core/claddings interfaces. 

1.2.1 System Characteristics 

The integrated photonic system has some characteristics that make it preferable 

and more reliable.  

1- The broad range of applications can be covered efficiently by fabricating a 

number of basic building blocks. 

2- The ability of combining different designs (and connection between them by 

waveguides) for multi-purpose on a single chip, multi-project wafer, in the 

same process. Hence, the difficulty and cost of the alignment is avoidable 

during fabrication process. 
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3- The multi-project wafer offering tiny, precise and very efficient light devices. 

Furthermore, it helps to minimise consuming raw materials substantially.  

4- High reduction of costs results from the simulation and customizing the multi-

project wafer fabrication [11], [12].  

Today, there are various devices made on different material substrates depending 

on the specific application of the device. One of the most promising materials are III–

V semiconductors, particularly GaAs and InP [12]. The InP-based device integration 

is more developed than the GaAs-based ones because GaAs based structures tend to 

include AlGaAs, which is more problematic when exposed to air due to oxidation. 

However, the use of Quantum Dots (QDs) with GaAs based materials is significantly 

more advanced and QDs have been shown to exhibit a number of advantages for 

generic integration such as the wide wavelength coverage. Problems with AlGaAs can 

also be removed by replacing AlGaAs with GaInP and so GaAs-based devices are now 

again of real interest for academic research and development of generic photonics. 

1.2.2 Building Blocks 

Waveguides are the basic optical element where the light is transmitted, 

generated or manipulated. The waveguides can be constructed from active or 

passive materials depending on the desired application. They also can be designed, 

as waveguides of different dimensions that have different properties for different 

functions and conditions. In simple terms, the waveguides can be said to be 

constructed from a core and the cladding, although each may be made-up of several 

layers in an epitaxial material based on GaAs. The material of each layer is chosen 

in order for the waveguide to obey the total internal reflection rules, i.e., the core 

refractive index is higher than that of the cladding layers. On top of that, the 

composition of the active material in the waveguide core is engineered to emit a 

particular wavelength in the case of lasers or LEDs.  Ideally, the waveguides are 

used to compose the basic building blocks and to connect the component to each 

other [11]. Basic building blocks are the essential operative components that are 

formed by the waveguides including semiconductor optical amplifiers, saturable 

absorbers, photodetectors, etc. If two or more basic building blocks are combined, 

then a composite building block is designed (see Figure 1.2). One of the major 
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aims of this technology is to keep the design as simple as possible by using a 

limited number of basic building block. Arrayed waveguide grating 

(de)multiplexers, Mach-Zehnder interferometers, multimode interferometer and 

Y-branch are examples of composite building blocks. [11]. 

 

Figure 1.2: Top view (xz plane) of some photonics building blocks. The devices widths are along 

x-axis and the propagation is along the z-axis. 

1.2.3 Fabrication Techniques 

Based on lithography, fabrication techniques are basically divided into two 

main types: electron beam (e-beam) lithography and photolithography (UV 

lithography). 

E-beam lithography is a direct write technique and is therefore slow; it is good 

choice for low-volume manufacturing with resolutions below 10 nm available 

[13]. This resolution is due to electrons’ small wavelengths (typically ~0.1 nm for 

high energy electrons) which means e-beam is not diffraction limited, but instead 

is limited by forward scattering of electrons as they interact with the resist. 

On the other hand, ultraviolet (UV) lithography is an indirect write technique.  

A mask is needed to define the wanted pattern onto the wafer, but the whole wafer 

can be exposed simultaneously, making it very quick and preferable for high-

volume manufacturing where economies of scale can be used.  However, compared 
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to e-beam, UV lithography resolution is far worse as it is diffraction limited [14]. 

For UV lithography, the critical dimension, or resolution 𝑅, depends on several 

parameters:  

𝑅 = 𝑘1
𝜆

𝑁𝐴
                                                           (1.1) 

where 𝑘1  is a processing factor which ranges between 0.5 to 0.8, for modern 

fabrication depending on resist quality and techniques of resolution enhancement. 𝑁𝐴 

is the numerical aperture of the system (~0.5-0.6) and 𝜆 is the wavelength used in the 

process [15]. So, it is clear that the resolution is controlled by the wavelength used for 

a specific process.  

In our facilities, in Cardiff University, the mercury lamp I-line (365 nm) is used 

and a waveguide width of 1 . 0 ±0.1 µm can be achieved. However, fabrication 

limitations can be much better using other techniques where feature size limits are 

about 150 nm and 20 nm related to deep ultraviolet (DUV) and extreme ultraviolet  

(EUV) lithography, respectively [16], [17]. 

1.3 GaAs/AlGaAs Material System 

Many attractive optical properties take place near the band edge of a 

semiconductor. Hence, the semiconductors are a worthy choice to build the photonic 

devices and photonic integrated circuits [18]. Several types of materials have been 

used to integrate photonic circuits including glasses, lithium niobate, silica on silicon, 

III-V semiconductor compounds and polymers. Silicon substrates are mainly used to 

fabricate passive devices, for purposes of modulating the phase and intensity of the 

light, owing to the indirect band gap. One of many advantages of Si-based photonics 

may be the ability of better control the mode size to coincide with that of the optical 

fibre and hence low loss is resulted from the circuit-fibre coupling [19]. For optical 

communication, III–V semiconductor composition, particularly GaAs and InP, are one 

of the most promising materials where both active and passive devices can be 

employed [12]. However, GaAs-based technology has an advantage with regard to 

quantum dots, where it is more advanced in comparison of InP-based devices [20] and 

also benefits from cheaper and larger area substrates. To generate and amplify the 
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light, photonic integrated circuits are assembled on a direct band gap semiconductor 

substrate composition: like InP and GaAs [21]. Regarding active devices, temperature 

insensitive InAs/InGaAs/GaAs quantum dot laser and ring laser operating in the 

spectral range of ~1.3 μm with high-performance have been reported [22], [23].  

GaAs is a semiconducting material composed of a group III element, Ga, and 

a group V element, As. In comparison with Si, GaAs has some properties make it 

preferred over silicon for applications like digital circuits and fabricating optical 

components. First, electrons move relatively faster in GaAs and hence, devices can 

operate at higher frequencies through direct electrical modulation. Second, the ability 

of producing GaAs as semi-insulating substrate warrants operating monolithic 

integrated circuits at speeds above 1 GHz with low power dissipation. Third, GaAs has 

a direct band gap (Figure 1.3) which means electrons do not need to interact with the 

lattice to change their momenta to make transitions between the upper and lower band 

GaAs. Therefore, GaAs is suitable to fabricate lasers and LEDs [24].  

 

Figure 1.3: Energy bands structure of Si and GaAs [25]. 

1.3.4 Timeliness and Importance of This Work 

Different GaAs-based quantum dot lasers have been reported of emission 

centred around 1.3 µm [22], [23], [26]. This wavelength is suitable for wide range of 
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applications like optical coherence tomography (OCT) [9], [10]. In addition, 1.3 µm 

matches one of the optical fibre maximum transparency windows and hence suitable 

for data transfer and communications. Therefore, this research on GaAs structures 

investigates several designs of passive components that are suitable for integration 

with active devices and operate in the infrared region, namely ~1.3 μm. 

Previous work has been completed on GaAs based passive photonic 

components and a summary of that work is presented to set the context. The beam 

propagation method has been used to investigate deep etched waveguides and study 

higher modes leaking into a second lower cladding (of different Al fraction) for single 

mode width design. It has been found that the fundamental mode has much lower 

losses than those of the first higher mode through the second lower cladding [27]. 

Similarly, low loss, deep etched, wide single mode waveguides with width, up to 5 µm, 

were designed using the discrete spectral index method at 1.064 and 1.319 µm. This 

method track the leaking to the GaAs substrate through the lower cladding to estimate 

the mode losses [28]. Furthermore, fundamental TE and TM degenerate, deep etched 

waveguide width was obtained at 1.55 µm using a vector finite element method to 

avoid critical guide width at which mode type conversion would happen. The critical 

widths have been experimentally investigated and reported for both symmetric and 

asymmetric, due to nonvertical etching, waveguides [29]. Also, electrooptic 

modulators were studied by developing a 1D approximation. Based on vertical 

sidewalls deep etched waveguide, 1 D modulator has been presented and compared 

with experiment with good agreements [30]. Regarding geometry optimisation, mode 

behaviour was studied to optimise waveguides for mid infrared spectroscopy 

applications by finite-element based simulation. An optimal waveguide dimensions 

for chem/bio sensing applications have been found [31]. 

For large size waveguides, single mode cut-off width of large core waveguide 

was found at 1.55 µm at two etching depths using the beam propagation method. 

Results have been experimentally verified where better confinement and circular mode 

profile were obtained by deeper etched waveguide [32]. In addition, the effective index 

method was used to design a five layer heterostructure GaAs/AlGaAs based 

waveguide for single mode operation at ~1.3 µm. Low loss, 4.3 µm wide waveguide 

has been realized and can be used to fabricate low loss modulators [33]. 
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With regards to lateral tapering, a taper of length of 500 µm was simulated for 

low loss waveguide-fibre coupling using beam propagation method [27]. Also, a 

tapered waveguide length was optimised to connect deep and shallow etched 

waveguides for the purpose of lateral mode-size conversion at a wavelength of 785 nm 

by eigenmode expansion method [34]. For spot size conversion functionality of high-

speed electrooptic, a more than 1 mm long tapered waveguide modulator was 

examined at 1.55 µm using the beam propagation method [35]. 

Multimode interferometers (MMI) were studied with shallow (length of 830 

µm) and deep (111 µm long) etching levels for GaAs based structures by beam 

propagation method. It has been found that the deep etched MMI has better 

functionality than that of the shallow etched MMI [27]. Furthermore, 12 µm wide and 

309 μm long deep etched multimode interferometer implementation was simulated by 

eigenmode expansion method for GaAs based tuneable dual-wavelength laser system 

at 785 nm [34]. Additionally, a multimode interferometer coupler was optimised for a 

Mach-Zehnder interferometer electo-optic switch at 1.55 µm. The simulation 

predicted that MMI performance is more sensitive for width variation than length 

variation and this was confirmed by experimental results [36]. Regarding splitting 

functionality, a tuneable power splitter was demonstrated by designing a bent GaAs 

based multimode interferometer with wide input waveguides (quasi-single-mode 

operation). Using beam propagation method, it was found that the splitting ratio has 

high fabrication tolerance [37]. Furthermore, 1 × N multimode interferometer beam 

splitter was studied at operating wavelength of 1.064 µm with splitting uniformity of 

±4% [38] and a 1 × 2 multimode interferometer (24 µm wide × 1820 µm long) was 

simulated by beam propagation method for optical switching at 1.55 µm.  [39]. 

Symmetrical Y-branches have been examined at 1.153 µm. It was found that 

there is positive correlation between radiation loss and the full branching angle and 

negative corelation between bend losses and etching depth [40]. For electro-optic 

modulation, a Mach-Zehnder interferometer was designed based on low loss 

symmetrical Y-branch at 1.3 µm with relatively large foot print (~ 1.8 mm length) [41]. 

Furthermore, a Y-branch dual wavelength laser was achieved by monolithically 

integrating a 500-1500 µm length Y-branch with DBR lasers and a curved output 
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coupler at 850 nm [42]. Also, a 5 µm wide mid-infrared Y-branch based Mach-

Zehnder interferometer was designed for biosensing applications [43].  

It was proven that GaAs based system is appropriate as an on-chip integration 

platform due to low propagation loss at 894 nm [44]. Also, it was demonstrated that 

various functionality photonics components could be integrated on a single GaAs chip 

at 1.55 µm [45]. Passive and active components were fabricated by single-step 

chemically assisted ion beam etching [46]. Moreover, it was proven that the silicon 

photonics style development can be applied to GaAs [47].  

The prior work demonstrates the motivation for the development of an 

integrated photonic platform based on GaAs and also that it is feasible. This project 

focuses on studying and designing some passive components, namely, waveguides and 

splitters at ~1.3 µm from a GaAs/AlGaAs material system that is compatible with 

direct growth on silicon for 1.3 µm operation. 

1.4 Thesis Structure 

In this thesis the design and simulation of small footprint, passive photonic 

circuit components in a novel high confinement GaAs/AlGaAs structure is considered 

for operation at ~1.3 µm.  The tolerance to unintended changes which may occur 

during fabrication is considered alongside the performance over a range of 

wavelengths. The analysis of the components was done by numerical methods of high 

accuracy that are appropriate even if the structure is operated close to the cut-off region 

[48]. This work will set up optimised small footprint designs for various GaAs/AlGaAs 

based library components that can be integrated with other active and passive 

components for different functionalities like data processing or biosensing. 

In integrated photonics, power splitters are the main components for splitting 

optical signals. Power splitters can be designed according to two mechanisms: 

superposition of modes and optical field splitting. The first approach is applied in 

multimode interferometers while the second one is used in Y-branch splitters. As these 

devices are composed of simpler components, namely: waveguides, it is essential to 

investigate and understand them first. As the multimode interferometer is designed 
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using deep etched waveguides and Y-branch requires shallow etched waveguides, the 

two classes of waveguides are considered. 

The simulation tools implement the physical concepts, solving the wave 

equation that is derived from Maxwell’s equations. So, theoretical background about 

the wave equation and its solutions for 1D slab and 2D waveguides is covered in 

Chapter 2. Moreover, the basics of the computational schemes used to optimise and 

analyse the components are briefly described. Then, simulation setup and tools are 

explained. The fundamental components small cross-section ridge waveguides (deep 

etched) and large cross-section rib waveguides (shallow etched) are investigated in 

Chapters 3 and 4. Single mode operation is preferred for many applications and is a 

fundamental requirement to avoid radiation upon light guiding, and so the single mode 

condition is studied in both vertical and horizontal directions. The light experiences 

different cross-sections as it propagates through a multimode interferometer and a Y-

branch. This cross-section mismatch increases the losses. Hence, the need for tapers 

appears. Thus, various tapered waveguides based on different design rules are analysed 

in Chapter 5. After making the investigation on the basic building blocks that are 

needed to design the splitters, Chapter 6 and 7 cover the optimisation and analysis of 

two different splitting functionality composite building block, multimode 

interferometer and Y-branch. For all components, geometrical variation and spectral 

responses are analysed. 
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This chapter will cover some basics like the wave equation, methods of solving 

it, simulation setup and tools. The wave equation solution of a waveguide mode is 

derived for 1D a slab waveguide and generalised to a 2D waveguide. Various methods 

of solving the wave equation are briefly summarised. These methods are implemented 

in the simulation tool for different purposes. The way of building the model (structure, 

waveguide, device) and the setup of the software is explained. 

2.1 Wave Equation 

Waveguide modes are solutions of Maxwell’s equations that are 

bound/confined to a waveguide core.  A waveguide mode can be characterised by its 

eigenvalue (effective indices or propagation constants) and eigenvector (field 

profiles).  First, we will solve Maxwell’s equations for a one-dimensional 

waveguide, before looking at more practical two-dimensional waveguides.  1D 

waveguides are the simplest possible case, yet still have no analytical solution.  

However, solving for the 1D case will provide many insights into what makes a 

waveguide mode before looking at the numerical methods used to solve for 2D 

waveguide modes. 

Starting from Maxwell’s equations for a dielectric media where there are no 

free electric charges and no sources of the electric field (𝜌 = 0), Maxwell’s 

equations are [12] 

�⃗� ∙ �⃗� = 0

�⃗� ∙ �⃗⃗� = 0

�⃗� × �⃗� +
𝜕�⃗� 

𝜕𝑡
= 0

�⃗� × �⃗⃗� −
𝜕�⃗⃗� 

𝜕𝑡
= 0}

  
 

  
 

                                          (2.1) 

where �⃗�  is the magnetic induction field vector, �⃗⃗�  is the displacement field vector, �⃗�  

is the electric field vector and �⃗⃗�  is the magnetic field vector.  In addition to the four 

Maxwell’s equations above, the constitutive or material equations are needed to relate 

�⃗⃗�  to �⃗�  and �⃗�  to �⃗⃗� .  In general, these material equations can be complicated, involving 

the polarisation or magnetisation of materials, nonlinear terms and anisotropic effects, 

or even a history-dependent (hysteresis) behaviour.  However, in linear, isotropic, and 
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homogenous materials such as the dielectrics that constitute most waveguides (and all 

the waveguides in this thesis), these material equations are simple linear relations: 

�⃗⃗� = 휀휀0�⃗� (2.2) 

�⃗� = 𝜇𝜇0�⃗⃗� (2.3) 

The time dependence can be separated by using harmonic fields according to 

Ψ(r , t) = Ψ⃗⃗⃗ (r )exp (−𝑖𝜔𝑡)                                                  (2.4) 

where the quantity Ψ is understood to be a stand-in for �⃗� , �⃗⃗� , �⃗⃗�  or �⃗� .  Inserting the 

harmonic forms into the curls in (2.1),  

∇⃗⃗ × E⃗⃗ = −
∂B⃗⃗ 

∂t
= iωB⃗⃗ = iωμ0μH⃗⃗                                             (2.5) 

 

∇⃗⃗ × H⃗⃗ =
∂D⃗⃗ 

∂t
= −iωD⃗⃗ = −iωε0εE⃗⃗                                              (2.6) 

For a structure that is varying in 𝑦-direction and light propagates in 𝑧-direction, the 

change in 𝑥-direction is zero (
𝜕

𝜕𝑥
= 0), hence equations (2.5) and (2.6) become: 

𝜕𝐸𝑧
𝜕𝑦

−
𝜕𝐸𝑦

𝜕𝑧
= 𝑖𝜔𝜇0𝜇𝐻𝑥                                              (2.7 − A) 

𝜕𝐸𝑥
𝜕𝑧

−
𝜕𝐸𝑧
𝜕𝑥

= 𝑖𝜔𝜇0𝜇𝐻𝑦                                              (2.7 − B) 

𝜕𝐸𝑦

𝜕𝑥
−
𝜕𝐸𝑥
𝜕𝑦

= 𝑖𝜔𝜇0𝜇𝐻𝑧                                              (2.7 − C) 

𝜕𝐻𝑧
𝜕𝑦

−
𝜕𝐻𝑦

𝜕𝑧
= −𝑖𝜔휀0휀𝐸𝑥                                              (2.8 − A) 

𝜕𝐻𝑥
𝜕𝑧

−
𝜕𝐻𝑧
𝜕𝑥

= −𝑖𝜔휀0휀𝐸𝑦                                              (2.8 − B) 

𝜕𝐻𝑦

𝜕𝑥
−
𝜕𝐻𝑥
𝜕𝑦

= −𝑖𝜔휀0휀𝐸𝑧                                              (2.8 − C) 

Independent solutions exist for each of two orthogonal polarisations: transverse 

electric (TE) and transverse magnetic (TM). The solution of TE mode can be found by 

taking second 𝑧 derivative of equation (2.7-B) and second 𝑦 derivative of equation 
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(2.7-C) and substituting the results into equation (2.8-A); the TE mode wave equation 

is obtained: 

∂2Ex
∂𝑦2

+
∂2E𝑥
∂z2

+ 𝑘2𝐸𝑥 = 0                                                 (2.9) 

where k2 = ω2ε0μ0εμ. 

Hence, for the transverse electric (TE) polarisation, the electric and magnetic fields 

can be written as E⃗⃗ = (Ex, 0, 0)  and H⃗⃗ = (0, H𝑦, Hz)1 . Equation (2.9) is a wave 

equation.  Its solution is a transverse wave travelling in the 𝑦 direction at a speed 𝑐/𝑛, 

where 𝑐 =
1

√ε0μ0
 and 𝑛 = √εμ.  The quantity 𝑐 is the vacuum speed of light, and its 

prediction via Maxwell’s equations was one of the great achievements of physics in 

the 19th century.  The quantity 𝑛 is usually called the refractive index of the material, 

and it describes the factor by which a material slows the light as the light is travelling 

through. 

2.1.1 (1D) Slab Waveguide 

In general, 1D waveguides could have many different layers with differing 

thicknesses and refractive indices.  Here we will consider the simplest case of the 

slab or planar waveguide – a symmetric core of one material with refractive index 

𝑛2 and height 𝐻 sandwiched between two semi-infinite cladding layers of refractive 

index 𝑛1 (See Figure 2.1-A). Slab waveguides, although not truly 1D, can be treated 

this way as its width is much larger than its core height. So, for a homogenous 

structure, the spatial dependence of the refractive index varies only in direction 

perpendicular to the structure layers, 𝑛 =  𝑛(𝑦). The refractive index of the structure 

has the profile (Figure 2.1-B):  

𝑛(𝑦) = {
𝑛1,   |𝑦| >

𝐻

2

𝑛2,   |𝑦| ≤
𝐻

2

                                                 (2.10) 

 
1 The other polarisation is the transverse magnetic (TM) will not be included it in the current analysis. 

However, the results from TE polarisation can be generalised to TM polarisation by substituting 

second 𝑧 derivative of equation (2.8-B) and second 𝑦 derivative of equation (2.8-C) and substituting 

the results into equation (2.7-A). 
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where 𝑛1 and 𝑛2 are the cladding and core refractive indices, respectively and 𝐻 is the 

core height. 

 

Figure 2.1: (A) Lateral view (yz plane) of symmetric 1D slab waveguide. 𝑯 is the core height 

measured along y-axis and light propagates along z-axis. (B) Refractive index profile across the 

structure layers of slab waveguide. 

 

This waveguide supports TE modes travelling in x-direction having the form: 

𝐸𝑥 = 𝐸0,𝑥(𝑦)exp (𝑖𝑘𝑧𝑧 − 𝑖𝜔𝑡)                                     (2.11) 

Noting that for a certain mode, the propagation constant 𝑘𝑧 must be the same in the 

three layers to satisfy the continuity condition at the core-cladding interfaces. 

Substituting equation (2.11) into TE mode wave equation, equation (2.9), TE wave 

equation becomes: 

𝜕2𝐸0,𝑥(𝑦)

𝜕𝑦2
+ 𝑘𝑦

2𝐸0,𝑥(𝑦) = 0                                     (2.12) 

Where: 

𝑘𝑦
2 = 𝑘2 − 𝑘𝑧

2                                                      (2.13) 

The solution of equation (2.13) in the core has the form of sinusoidal wave (incident 

wave and its reflection) while in the claddings the solution takes the form of 

exponential decay of the outgoing waves transmitted through the core-cladding 

interface. Hence, the general solution is  
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𝐸0,x =

{
 
 

 
 𝐴exp(−𝑖𝑘1,𝑦𝑦)                                    y < −

𝐻

2
    

𝐵𝑠𝑖𝑛(𝑘2,y𝑦) + 𝐶𝑐𝑜𝑠(𝑘2,𝑦y)            −
𝐻

2
≤ 𝑦 ≤ +

𝐻

2

𝐷exp(+𝑖𝑘1,𝑦𝑦)                                      𝑦 > +
𝐻

2
     

                    (2.14) 

The solutions need to be confined in the core and oscillate as sines and cosines which 

means 𝑘2,𝑦  is real. On the contrary, in the claddings the solutions are decaying 

exponentially then, 𝐸0,𝑥 has imaginary 𝑘1,y. 

The three layers, core and claddings, have the same propagation constant 𝑘𝑧  but 

different 𝑘 and 𝑘𝑦: 

𝑘1
2 = 𝑘𝑧

2 + 𝑘1,y
2 = (

𝑛1𝜔

𝑐
)
2

                                    (2.15) 

𝑘2
2 = 𝑘𝑧

2 + 𝑘2,y
2 = (

𝑛2𝜔

𝑐
)
2

                                    (2.16) 

From equations (2.15) and (2.16), 𝑘𝑧 is written in terms of 𝑘 and 𝑘𝑦 as: 

𝑘𝑧
2 = 𝑘1

2 − 𝑘1,𝑦
2 = 𝑘2

2 − 𝑘2,𝑦
2 = (

𝑛𝑒𝑓𝑓𝜔

𝑐
)
2

                       (2.17) 

Equation (2.17) represents a circle of radius 
𝑛𝑒𝑓𝑓𝜔

𝑐
 and 𝑛𝑒𝑓𝑓 is the effective refractive 

index of the waveguide mode where: 

𝑛1 ≤ 𝑛𝑒𝑓𝑓 ≤ 𝑛2                                             (2.18) 

From equation (2.7 − C), it is clear that 𝐻𝑧 is the gradient of 𝐸𝑥. Hence, 

𝐻0,z = −
1

𝑖𝜔𝜇0𝜇

{
 
 

 
 −𝑖𝑘1,𝑦𝐴exp(−𝑖𝑘1,𝑦𝑦)                                    y < −

𝐻

2
    

𝑘2,y𝐵𝑠𝑖𝑛(𝑘2,y𝑦) + 𝑘2,𝑦𝐶𝑐𝑜𝑠(𝑘2,𝑦y)         −
𝐻

2
≤ 𝑦 ≤ +

𝐻

2

𝑖𝑘1,𝑦𝐷exp(+𝑖𝑘1,𝑦𝑦)                                         𝑦 > +
𝐻

2
     

     (2.19) 

𝐸𝑥 and 𝐻𝑧 are the tangential components which are needed to be continuous at the 

core-cladding interface, i.e., at 𝑧 = ±
𝐻

2
: 

𝐸0,𝑥(±
𝐻

2
)− = 𝐸0,𝑥(±

𝐻

2
)+                                                (2.20) 
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𝐻0,𝑧(±
𝐻

2
)− = 𝐻0,z(±

𝐻

2
)+                                                (2.21) 

These two conditions are satisfied for the two types of modes: even (or symmetric) 

and odd (or antisymmetric) modes. For even modes, 𝐴 = 𝐷 and 𝐵 = 0 while for odd 

modes 𝐴 = −𝐷 and 𝐶 = 0. 

Now, putting  

𝑢 =
𝑘2,y𝐻

2
                                                                 (2.22) 

𝑣 =
−𝑖𝑘1,𝑦𝐻

2
                                                             (2.23) 

with 

𝑢2 + 𝑣2 =
𝜔2𝐻2

4𝑐2
(𝑛2

2 − 𝑛1
2)                                              (2.24) 

Equation (2.24) represents a circle of radius 𝑅 (where 𝑅2 =
𝜔2𝐻2

4𝑐2
(𝑛2

2 − 𝑛1
2)) depends 

on the incident wave frequency, waveguide height and the structure’s refractive index 

contrast. By substituting equations (2.22) and (2.23) into equations (2.14) and (2.19) 

and applying boundary conditions, equations (2.20) and (2.21), the following 

eigenvalue equations are obtained. For even modes: 

𝑣 = 𝑢 tan 𝑢                                                            (2.25) 

And for odd modes: 

𝑣 = −𝑢 cot 𝑢                                                          (2.26) 

To find the modes that are supported by a certain structure, equations (2.25) 

and (2.26) together with the equation of the circle, equation (2.24), are needed to be 

solved graphically to find the intercepts of eigenvalues with the radius of the circle. 

The intercepts represent number of supported modes corresponds to different values 

of incident frequency, structure (𝑛1 and 𝑛2) and core height [49]. To find the supported 

mode graphically, equations (2.24) to (2.26) are represented in Figure 2.2: the green 

line represent the symmetric modes, the blue one represent the antisymmetric mode 

and the red curve represents a semicircle whose radius is given by equation (2.24). The 

allowed solutions are the points of intercepts between the eigenvalues and the 
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semicircle. as the radius increases more modes are supported. Looking at 

equation (2.24), it is noticeable that the radius depends on both the structure (step 

index, 𝑛2
2 −  𝑛1

2, and core height) and the incident light frequency 𝜔. So, if any of these 

three parameter changes, the radius will follow that change. However, since the 

structure and the frequency were chosen, the single mode condition is obtained by 

choosing a suitable core height. In 1D, the single mode region can be found 

analytically. It is when the red circle has a radius that touches the green line. Thus, 

~ 0.44 μm can be proposed as an optimum core height with fabrication tolerance of 

~ 0.20 μm. These solutions are obtained for the structure of 𝑛1 = 3.4088 , 𝑛2 =

3.1967, wavelength= 1.3 μm and waveguide height of 1 μm.  

 

Figure 2.2: Graphical solution of the eigenvalue equation for GaAs/AlGaAs slab waveguide of 

core height of 1 µm and wavelength of 1.3 µm calculated by applying equations (2.24) to (2.26). 

A simplified analysis of 1D slab waveguide has been covered to understand how 

modes properties are related to waveguide structure and geometry. In the next section, 

this analysis will be generalized to 2D waveguides. 

2.1.2 2D Waveguide 

The 1D slab waveguides have no practical use due to lack of lateral confinement 

but they are a first step to understand and analyse waveguides. They need to be 

“upgraded” to offer confinement in two directions so 2D waveguides are realised. 2D 
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or rectangular waveguides are one of the photonic integrated circuits basic building 

blocks where confinement is in two directions (Figure 2.1Figure 2.3-A). They are 

appropriate for on-chip planar structure processes up to few centimetre lengths such 

as circuits interconnection. Moreover, understanding the mode properties is essential 

to find the physical concept of controlling signals through devices of higher degree of 

complicity, composite building blocks, like power splitter or filters. 

 

Figure 2.3: (A) 2D waveguide of cross-section (xy plane). 𝑯 and 𝒘 are the core height and width, 

respectively. Gray parts represent etched area. (B) Refractive index profile across waveguide 

width along x-axis where 𝒏𝟐 and 𝒏𝟑 are core and cover refractive indices, respectively with 𝒏𝟐 >

𝒏𝟑 to provide the optical confinement. 

Figure 2.3-A illustrates symmetrical 2D waveguide cross-section structures 

where 𝐻 is the core height and 𝑤 is the width. The refractive index is varying in both 

direction 𝑥 and 𝑦, 𝑛 =  𝑛(𝑥, 𝑦), and 𝑛2 > 𝑛1 and 𝑛3 so that the light is confined in 

both directions, vertical and horizontal. For simplicity, the confinement is assumed 

high enough that the fields in the corners are negligible. Now, taking into consideration 

the same conditions as in the 1D slab waveguide treatment, the harmonic field 

behaviour, equation (2.4), in two dimensions can be written as 

�⃗⃗� (𝑟 , 𝑡) = 𝑋 (𝑥 )�⃗� (𝑦)𝑒𝑥𝑝(−𝑖𝜔𝑡)                                 (2.27) 

Where 𝑋 (𝑥) and �⃗� (𝑦) are the modal field in 𝑥 and 𝑦 direction (as seen in Figure 2.4) 

The vertical and transverse solutions of the wave equation across the waveguide can 

be written in analogy to the solutions obtained for the 1D slab waveguide 𝐸0,𝑥 

(equation 2.14) [50].  
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exp (+𝑖𝑘1,y𝑦) 

𝑠𝑖𝑛(𝑘1,𝑥𝑥) + 𝑐𝑜𝑠(𝑘1,𝑥𝑥) 

 

exp (−𝑖𝑘3,𝑥𝑥) 

𝑠𝑖𝑛(𝑘3,yy) + 𝑐𝑜𝑠(𝑘3,yy) 

𝑠𝑖𝑛(𝑘2,yy) + 𝑐𝑜𝑠(𝑘2,yy) 

𝑠𝑖𝑛(𝑘2,𝑥𝑥) + 𝑐𝑜𝑠(𝑘2,𝑥𝑥) 
 

exp (+𝑖𝑘3,𝑥𝑥) 

𝑠𝑖𝑛(𝑘3,yy) + 𝑐𝑜𝑠(𝑘3,yy) 

 
exp (−𝑖𝑘1,y𝑦) 

𝑠𝑖𝑛(𝑘1,𝑥𝑥) + 𝑐𝑜𝑠(𝑘1,𝑥𝑥) 

 

Figure 2.4: Mode field across a symmetric rectangular waveguide in Figure 2.3-A. 

2.1.3 Methods of Solving the Wave Equation 

There are various methods to study mode formation or propagation through 

guiding structures (waveguides or devices). Some of them are analytical and some are 

numerical. Analytical approaches are approximations and restricted to simple 

structures like 1D slab waveguides due to accuracy limitation when applied to 

complicated photonic devices [51]. On the other hand, the numerical methods, based 

on both coding and software are of good accuracy to treat 2D waveguides or devices 

of higher complexity. In this section, the techniques used in this research will be 

explained briefly. Some of these methods are semi-analytical like the effective index 

method that was used to treat 1D slab waveguides. Other approaches are finite 

difference and film mode matching that were used to study 2D ridge and rib 

waveguides. For the 3D investigation where propagation is included in the calculation, 

eigenmode expansion method was applied together with the finite difference method 

to optimise the devices. Both 1D and 2D waveguides were investigated by Fimmwave 

(version 7.2 and 7.3) and the 3D calculations were done by Fimmprop (version 7.2 and 

7.3). Parameters like core height, waveguide width, device length and shape were 

scanned using a Python code as an application programable interface to control the 

Photon Design software. 

2.1.3.1 Effective Index Method 

The effective index method (EIM) is a semi-analytical approximation that 

includes treating the 2D waveguides in two steps: divide the structure into a set of 



Chapter 2: Theoretical Background and Simulation 

 
24 

 

slices and apply the 1D slab waveguide analysis in the 𝑦 direction to find an effective 

index, 𝑛𝑒𝑓𝑓(𝑥), for each slice, then the new 1D slab waveguide is treated in terms of 

𝑛𝑒𝑓𝑓𝑖(𝑥) and analysed as a 1D slab waveguide in the other direction, 𝑥 [52]. The 

effective index of the central slice, 𝑛𝑒𝑓𝑓2, represent the core refractive index in the 

second step [2], [53]. The waveguide in Figure 2.5-A is approximated as seen in 

Figure 2.5-B.  

 

Figure 2.5: (A) 2D waveguide slices. Each slice is invariant along x-axis and contains three 

layers along y-axis. (B) Effective 1D slab waveguide of (A) consists of three effective slices that 

are invariant in both x and y directions. 

2.1.3.2 Film Mode Matching Method 

Film mode matching (FMM) treats a waveguide by dividing it into a series of 

vertical slices, 𝑖. Each slice is considered as a planar 1D slab waveguide where the 

refractive index, 𝑛 is invariant in the 𝑥 direction. The wave equation (2.28) is 

applicable in all points enclosed in each slice 𝑖. 

𝜕2𝛹

𝜕𝑥2
+
𝜕2𝛹

𝜕𝑦2
+ 𝑘𝑖,𝑥

2 𝛹 = 0                                           (2.28) 

where 𝑘𝑖,𝑥 is the wave vector in the slice 𝑖. The modal field in the waveguide is 

expressed by a linear combination (equation 2.29) of the vertical 1D modes of the 

slices. Taking in consideration the field continuity and their normal derivatives at 

each cell interfaces, the mode profile in each rectangle takes the form [54]:  

𝛹(𝑥, 𝑦) =∑𝑢𝑖𝛹𝑖(𝑥, 𝑦)

𝑁

𝑖=1

                                       (2.29) 
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Where Ψ𝑖 represents 1D fields profiles, 𝑢𝑖 is the mode amplitude an 𝑁 is the 

number of 1D mode in a slice 𝑖. The cross-section of a waveguide treated by FMM is 

presented in Figure 2.6  [55].  

 

Figure 2.6: Cross-section of 𝒊 slices waveguide. Each slice is invariant in x-direction and 

composes of several layers in y-direction. 

2.1.3.3 Finite Difference Method 

Finite difference method (FDM) is based on solving the wave equation in a 

waveguide using the finite difference approximation where the second derivatives for 

2D waveguide are defined by equations (2.30) and (2.31). Figure 2.7 shows 2D finite 

difference scheme [56], [57]. 

𝜕2Ψ

𝜕𝑥2
=
Ψ𝑖+1,𝑗 − 2Ψ𝑖,𝑗 +Ψ𝑖−1,𝑗

∆𝑥2
                                           (2.30) 

𝜕2Ψ

𝜕𝑦2
=
Ψ𝑖,𝑗+1 − 2Ψ𝑖,𝑗 +Ψ𝑖,𝑗−1

∆y2
                                           (2.31) 

 

Figure 2.7: 2D finite difference discretisation along x and y axes using value of 𝜳(𝒙) and 𝜳(𝒚).  
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Eigenvalue matrix equations are generated by discretising the waveguide into 

a set of cells by choosing convenient number of mesh points. Applying the boundary 

conditions, the wave equation can be solved and hence the modes propagation 

constants and profiles are obtained with accuracy altered by mesh size (grid 

resolution), order of approximation (order of accuracy) and electromagnetic field 

nature (scalar, semi-vectorial or vectorial) [48]. 

2.1.3.4 Eigenmode Expansion Method 

As an input field, Ψ(𝑥, y, 𝑧 = 0), propagates in a certain direction, +𝑧, it is 

expressed by the wave equation solutions along a waveguide. The behaviour of the 

input is expressed as a linear expansion of eigenfunctions and amplitudes of incident 

modes (travelling in +𝑧) and reflected modes (travelling in −𝑧) as [58]: 

Ψ(𝑥, y, 𝑧 = 0) =∑(𝑢𝑖
𝑓
Ψ𝑖(x, y)exp (𝑖𝑘𝑖,z𝑧) + 𝑢𝑖

𝑏Ψ𝑖(x, y)exp (−𝑖𝑘𝑖,z𝑧))

𝑁

𝑖=1

        (2.32) 

Where Ψ𝑖(x, y)  is mode 𝑖  profile, 𝑢𝑖
𝑓

 and 𝑢𝑖
𝑏  are forward and backward modes 

amplitudes, respectively. Knowing that all modes are orthogonal,  

∫ Ψ𝑖(x, y, z)Ψ𝑗
∗(𝑥, 𝑦, 𝑧)𝑑𝑧

∞

−∞

= 0 for 𝑖 ≠ j                           (2.33) 

a mode amplitude 𝑢𝑖 can be found from the relation 

𝑢𝑖 = ∫ Ψ𝑖(x, y, 𝑧)Ψ𝑖
∗(𝑥, 𝑦, 𝑧)𝑑𝑧

∞

−∞

                                     (2.34) 
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Figure 2.8: Forward and backward modes in propagation direction along z-direction over a 

waveguide length. 

2.2 Simulation 

Photonic component development is a long process includes design, fabrication 

and characterisation. Design stage is of high importance since it can produce a lot of 

proposed versions of the same component and allow to test the performance by altering 

some physical quantities. Therefore, simulation tools play an important role in 

optimising and studying various components and analyse their response under several 

conditions before they approved for fabrication. Hence, fabrication time and resources 

are conserved. 

The first step in developing photonic waveguides and devices is designing and 

optimising them according to the functionality and fabrication adequacy. Then, based 

on evaluating the tolerance and performance under various circumstances, the decision 

of fabricating a certain component is taken. After that, if the design is applicable and 

the fabrication process is set, then the component can be manufactured repeatedly 

without the need for repeated optimisation, tolerances tests or resetting fabrication 

processes [57]. Once the design of a certain component is approved upon 

characterisation, it can be added to a components library that designers can refer to 

[11]. Hence, time, effort and resources can be saved.  

The main design steps followed in this thesis are: 
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1. The refractive indices of both GaAs and AlGaAs  (Figure 2.9) as function of the 

wavelength at 300 K2  were taken into consideration according to information 

provided in [59].  

2. Building the layer of the structure as a 1D slab waveguide. 

3. Extending the slab waveguide to 2D waveguide by applying the etching and using 

BCB [60] as a planarisation layer (cover). 

4. Using the optimised 2D waveguide to design and optimise higher level 

components. 

 

 

Figure 2.9: (A) GaAs and (B) Al0.5Ga0.5As refractive indices as function of operating wavelength 

at 300 K.  

The simulation was carried out using Fimmwave, for 1D and 2D calculations, 

and its extended module Fimmprop, for light propagating or 3D calculations [61]. For 

each step, the software calculation window and solver parameters convergences need 

to be checked. In the following sections, details on software optimisation will be 

discussed. 

 
2 The refractive index is temperature dependent according to 𝑑𝑛 =

𝑑𝑛

𝑑𝜆
∆𝜆 +

𝑑𝑛

𝑑𝑇
∆𝑇 for GaAs [120] and 

𝑛(𝑥, 𝜆, 𝑇) = √10.906 − 2.92𝑥 +
0.97501

𝜆2+𝐶
− 0.002467(1.41𝑥 +  1)𝜆2 + [(𝑇 − 26℃) × (2.04 −

0.3𝑥) × 10−4/℃] for AlxGa1-xAs and C depends on x [121]. 
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2.2.4 Simulation Setup 

Any numerical simulation or calculation will contain within it “non-physical” 

calculational parameters such as the resolution of the calculational grid, or how far 

away from the structure under test the calculations boundaries are set.  No physical 

value should depend on any of these computational parameters, but there is usually a 

trade-off between computational resources (time and memory) and accuracy.  As an 

example, take the resolution of the computational grid – finer grids will in general give 

more accurate results, but take longer and use more memory. In this thesis, accuracy 

is usually most important, as the computational resources required of our simulations 

are modest. Therefore, the accuracy benchmark is chosen based on the most accurate 

value of a physical parameter, like the effective index, by testing the convergence of 

the calculation under computational parameters change like mesh size. The benchmark 

accuracy keeps in mind the accuracy limitations imposed by some of the assumptions, 

making calculating any more accurately pointless.  Convergence testing plots the 

physical result (e.g., the effective index of a mode) vs. the computational parameter 

(e.g., the resolution) to find the values for which the calculation is converged – i.e., the 

result is close to the true one with little or no dependence on the computational 

parameter. 

2.2.4.1 Optimisation of Calculation Window 

Choosing an appropriate window size is an essential step before performing 

simulations. Too small a window size will disrupt the mode profile and hence the 

results accuracy and too big a window size means too long a calculation time with no 

higher accuracy. So, choosing an optimal window size will save time and guarantee 

high accuracy. For that, the upper and lower claddings thicknesses need to be checked 

to ensure that mode profiles are not affected by vertical boundaries. In addition, the 

same step is needed in the horizontal direction by testing right and left slices that 

surrounding the core slice for the 2D waveguide [62]. 
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2.2.4.2 Solver Parameters Optimisation 

Each technique of solving the wave equation has parameters that specify the 

type and density of discretisation and hence control the accuracy. The number of 

modes is a common parameter that is set before testing the other parameters. On the 

waveguide level in Fimmwave, the modes effective indices convergence is tested. For 

a higher level of work, propagating-dependence simulation, on Fimmprop, the 

convergence of output power is tested. 

2.2.4.2.1 Maximum Number of Calculation Modes 

Convergence 

The first step in optimizing the solvers is including a sufficient number of 

calculation modes in the simulation. This step is done by increasing the number of 

calculation modes until the results converge. This step will be presented in Chapters 3 

and 4 when the work is done on waveguides. In addition, it will be discussed in 

Chapters 5 to 7 when the cross-section is propagation dependent, namely: for tapers 

and splitters. 

2.2.4.2.2 Film Mode Matching Solver (FMM) Convergence 

The mode matching solver accuracy is controlled by the number of 1D modes 

per slice. The higher the number of 1D modes, the higher the accuracy. This parameter 

cannot be increased without taking the calculation time into consideration as this is 

extended as the 1D mode number is getting bigger. 

2.2.4.2.3 Finite Difference Solver (FDM) Convergence 

Number of mesh cells along vertical and horizonal directions controls the 

density of grid points over the waveguide cross-section which alters the accuracy. Like 

the 1D mode parameter, bigger number of mesh cells means longer calculation time. 

As number of mesh cells changes, the effective indices convergence in the 2D 

waveguides and the output power in devices will be checked. 
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2.2.4.3 Taper Algorithm Parameters 

For waveguides that vary in the propagation direction, like tapers and bend 

waveguides, taper discretisation convergence tests are important. The taper algorithm 

determines the discretisation size and density based on how fast the modes evolve 

along the taper. Stronger changes in the modes means finer discretisation is required. 

The taper algorithm is controlled by: 

1- How finely the evolution of the modes should be followed and 

2- The smallest fraction of the taper length that the taper algorithm is limited to 

in the discretisation. 

 

In this chapter, basic information about the waveguide mathematical analysis 

was presented. First, the wave equation was derived and solved for 1D slab waveguide 

and then applied to 2D waveguide. Then, some methods of solving Maxwell’s 

Equations in waveguides were summarised. Finally, the simulation method was briefly 

described along with software optimisation. In the next chapter, 1D slab and 2D ridge 

waveguides are investigated to find the single mode conditions and study the 

tolerances.
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At its most basic, a waveguide is simply a channel which transports or guides 

light.  This guiding function is especially important in photonic integrated circuits, 

where the performance of the waveguide can determine the performance and footprint 

(and therefore economics) of the whole chip or device.  As well as a basic guiding 

functions, waveguides can be considered as a basic building block of generic photonic 

integration, which can be used as component parts of larger and more complex devices. 

Waveguides are designed based on the wavelengths being transported and/or their 

intended function in a device. Careful engineering of a waveguide’s size and shape can 

control, for example, the effective refractive index of the waveguide modes and the 

number of modes available. Waveguides can be chosen to be single mode or 

multimode, straight or bent, tapered or of constant width. This chapter focuses on 

studying 1D slab and ridge GaAs/AlGaAs waveguide and finding a single mode height 

(for slab waveguide) and width (for ridge waveguide) at a wavelength ~ 1.3 μm. As 

well as designing/engineering waveguides for the properties and applications, it is 

necessary to consider how reproducibly they can be fabricated and what range of 

wavelengths they will need to support with reasonable performance. In this chapter, I 

will study performance as vary waveguide parameters like waveguide width, etching 

level and core height are varied, to understand how tolerant they are to unexpected 

variations in fabrication and also vary operating wavelength, and to study the range 

over which they can be used. 

3.1 Methodology 

The parameters of the waveguides used in the calculation are shown in Figure 

3.1 with refractive index values corresponding to ~1.3 µm wavelength (see Figures 2.9 

in chapter 2), where it is assumed that the steam oxidation of Al0.98Ga0.02As results in 

Al2O3 as reported in [63], [64]. The convergence of the fundamental mode’s effective 

index was checked with respect to the calculation window size, allowing a suitable 

trade-off between accuracy and resource efficiency. 

The height was checked on the 1D slab waveguide level by scanning the upper 

and lower cladding heights. Following this the deep etched 2D ridge waveguide was 

built from three identical 1D slab waveguides with etching applied on the boundary 

slices (Figure 3.2). The width of the boundary slices was checked to find the 
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convergence [1]. At this point solver parameters were tested to obtain sufficient 

accuracy. At this stage, the simulation can be done to record the modes characteristics 

as the waveguide core height or width increases to find the single mode conditions and 

to study the tolerances in waveguide dimensions. The effective index solver was used 

to study the vertical modes in the 1D slab waveguide. The single mode width cut-off 

of the ridge waveguide was found using a finite difference solver and then by using 

the film mode-matching solver to make sure that same result is obtained using different 

solvers. Once this is established, the other ridge waveguide investigations were done 

by the finite difference solver as it is faster. It is also used to study the devices in the 

following chapters 5-7. 

 

Figure 3.1: 1D slab waveguide structure layers and heights along y-direction. The compositions 

and heights are optimised to be compatible with the laser structure and to confine the light. 

 

Figure 3.2: 2D ridge waveguide slices. The central slice contains the core and the boundaries are 

the parts where the etching is applied and covered by BCB for planarisation. 
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3.1.1 Calculation Window Height Optimisation 

On this level of work 1D, the mode list was generated using the effective index 

solver to investigate mode properties. First, the GaAs substrate is excluded from the 

simulation because with the existence of the substrate, calculation time is increased 

and many modes existing entirely within the substrate are calculated, which make it 

difficult to identify the much smaller number of modes in the required waveguide core.  

After that, the top and bottom calculation boundaries were inspected for the purpose 

of convergence tests. Because the structure is not symmetrical in the vertical direction 

(across the structure layers), the calculation height optimisation was done in two steps. 

First, the effective index of the TE00 mode was scanned as the upper Al0.5Ga0.5As 

height was varied at a fixed lower Al0.5Ga0.5As height value of 0.5 μm (Figure 3.3-A). 

After that, this step was repeated, as presented in Figure 3.3-B, to find the convergence 

of the lower Al0.5Ga0.5As at constant upper Al0.5Ga0.5As height. Hence, the vertical 

boundaries were set so that the upper and lower Al0.5Ga0.5As height values are 1 μm 

and 0.5 μm, respectively. So, these two layers heights and Al amounts are chosen to: 

1- Make the whole structure have suitable confinement, 

2- Be as small as possible to avoid cracks (when grown on silicon) and 

3- Be suitable for integration with laser and Si-based devices.  

 

Figure 3.3: (A) Upper Al0.5Ga0.5As convergence test at lower Al0.5Ga0.5As height=0.5 μm. (B) 

Lower Al0.5Ga0.5As convergence test at upper Al0.5Ga0.5As height=1 μm. The calculation is 

performed for GaAs/AlGaAs slab waveguide using Fimmwave IEM solver in y-direction (1D 

calculation). 
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After performing the height convergence test, the field profile of the TE00 mode 

was checked to ensure it exponentially decays towards zero at the boundaries. The 

electric field at the top and bottom boundaries is 0.3% and 0.1% of its maximum value 

which means more than 99% of the electric field is included in the calculation window. 

Figure 3.4 displays the TE00 mode electric field profile across the structure layers. It 

can be seen that the fundamental mode is exponentially decaying to zero through the 

cladding layers and not being disrupted by the calculation top and bottom boundaries. 

Hence, keeping the proposed values of the upper and lower claddings height is a good 

decision. The calculation steps in the window height setup are summarised in Figure 

3.5. 

 

Figure 3.4: GaAs/AlGaAs slab waveguide TE00 electric field and intensity profiles across 

calculation window height in y-direction calculated by Fimmwave EIM solver. 



Chapter 3: Small Cross-Section Ridge Waveguides 

 
37 

 

 

Figure 3.5: 1D calculation window height optimisation steps. 

3.1.2 Calculation Window Width Optimisation 

For the simulation in 2D, the calculation width needs to be set to ensure 

convergence similar to what was done in the slab waveguide. The horizontal size of 

the calculation window was optimised (by tracking the effective index convergence) 

to ensure that the results were not disrupted by the calculation boundaries. So, the 

effective index of the fundamental TE00 mode was recorded as the calculation window 

width is increased. The horizontal axis in Figure 3.6-A represents the distance between 

the central, right and left slices’ edges, which includes the core, to the right and left 

boundaries of the calculation window. It can be noticed that the calculation boundaries 

can be placed at horizontal distance of 0.4 μm from the core boundaries as this result 

in relative error of smaller than 0.005% when compared with a simulation of much 

larger boundary (I used 1 µm in the comparison). This calculation was performed on 

a single step for both sides, left and right, due to structure horizontal symmetry. 

According to Figure 3.6-A, the side slices size was chosen to be 0.4 μm. To ensure 

that this value is sufficient, the TE00 mode electric field profile is plotted versus the 

calculation window width as seen in Figure 3.6-B. This shows the evanescent field 
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decaying smoothly at the calculation horizontal boundaries without being disrupted. 

However, it is apparent that there is significant discontinuity in the TE00 mode field at 

the core boundaries. This phenomenon is caused by the high step index as well as the 

electric boundary at the edge between the core and etched area that is covered by BCB 

(n=1.544) after etching [65]. 

 

Figure 3.6: (A) Calculation window width convergence test for GaAs/AlGaAs 2D ridge 

waveguide. TE00 mode effective index variation as calculation boundaries get further from the 

core slice. (B) Electric field and intensity profiles of TE00 mode across the calculation window 

width in x-direction as obtained by FDM solver implemented in Fimmwave (2D calculation). 

3.1.3 Solvers Optimisation 

The parameters used in the mode solver affect the accuracy of the results that are 

obtained So, the higher (or finer) parameter value (or size), the higher accuracy. 

However, the parameter value (or size) cannot be chosen independently since too high 

(or too fine) parameter values increases computational resources which depend on the 

machine efficiency and number of tasks being processed while the calculation is taking 

place. For example, the higher the number of maximum calculation modes (or 1D 

modes) increases the accuracy and the calculation time and needs bigger memory to 

perform the simulation. The same is said when the parameter is the grid size (number 

of cells along a calculation direction). The finer the grid size, the higher resource 

requirements. 
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3.1.3.1 Finite Difference Method Solver (FDM) 

The accuracy obtained when using a finite difference method solver (FDM) 

depends on the number of mesh cells across the calculation window cross-section. The 

TE00 mode effective index, 𝑛𝑒𝑓𝑓(𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠), was recorded over number of 

cells 10 to 300 (Figure 3.7-A). Then 𝑛𝑒𝑓𝑓(300)  was used as reference point to 

calculate the relative error, ∆𝑛𝑒𝑓𝑓. This parameter value was chosen as a compromise 

between sufficient accuracy and accepted calculation time. As an example, relative 

error of ∆𝑛𝑒𝑓𝑓 = ~10
−5%  corresponds to more than 240 cells and calculation 

time =24 s/calculation or longer (Figure 3.7-B). 

 

Figure 3.7: (A) Fimmwave FDM solver parameter, number of mesh cells, convergence test for 

GaAs/AlGaAs 2D ridge waveguide. (B) Relative error and calculation time as function of 

number of mesh cells across the calculation window cross-section.  

3.1.3.2 Film Mode Matching Method Solver (FMM) 

The number of 1D modes in each slice of the waveguide is the film mode 

matching method solver (FMM) parameter. As seen in Figure 3.8-A, 

𝑛𝑒𝑓𝑓(1𝐷 𝑚𝑜𝑑𝑒𝑠)  was scanned for 1D mode values from 10 to 200 and then the 

relative error, ∆𝑛𝑒𝑓𝑓, was calculated and presented together with calculation time in 

Figure 3.8-B. For ∆𝑛𝑒𝑓𝑓 = ~10−5 , the ccalculation time is more than 

120 s/calculation. 
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Figure 3.8: (A) Fimmwave FMM solver parameter, 1D mode, convergence test for 

GaAs/AlGaAs 2D ridge waveguide. (B) Relative error and calculation time as function of 

number 1D modes. 

In this section both the calculation window size and parameters to optimise the 

solver were investigated to set up the software to perform the simulations. In the next 

section, I will study waveguides modes in both vertical and horizontal directions to 

find single mode cut-off height and width. 

3.2 Single Mode Cut-Off 

The single mode cut-off was studied in two independent steps. First, the single 

mode cut-off height was found for a 1D slab waveguide. Then the single mode cut-off 

width was obtained for the 2D ridge waveguide. 

3.2.4 Single Mode Height 

The number of supported modes as a function of the core height was studied 

using a Fimmwave [61] solver, effective index method (EIM) solver . The single mode 

cut-off was determined by scanning the height of the core as in Figure 3.9. The 

structure starts confining modes at effective index value of 3.20 (just above the 

cladding refractive index [28]) and modes of effective index value less than 3.20 are 

not supported by this structure and only leaky modes can propagate [31]. The 

fundamental mode is supported by core height starting from 0.1 μm and the first higher 

mode becomes guided for core height larger than 0.6 μm. Thus, with a height 
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(~0.44 μm) a fabrication tolerance (variation in the height achieved) of ±0.20 µ𝑚 is 

possible without guiding the second mode. 

 

Figure 3.9: Effective indices of the of TE00 and TE01 as core height increases up to 1 µm at 

wavelength of ~1.3 µm using EIM for the GaAs/AlGaAs 1D slab waveguide shown in Figure 3.1. 

3.2.5 Single Mode Width 

Two solvers were used to find the single mode cut-off width (FDM and FMM) 

after optimising the calculation width and performing the convergence tests. 

3.2.5.1 Finite Difference Method Solver (FDM) 

Figure 3.10 shows TE like mode effective indices evolution as the width of the 

waveguide increases. According to this graph, the single mode cut-off width is located 

at 1.42 μm . This result was generated using the FDM solver with relative error 

~10−4%. 

0.0 0.2 0.4 0.6 0.8 1.0
3.20

3.25

3.30

3.35

3.40
n

ef
f

Waveguide Height (m)

 TE00

 TE01



Chapter 3: Small Cross-Section Ridge Waveguides 

 
42 

 

 

Figure 3.10: Effective indices of supported modes by 2D ridge waveguide in Figure 3.2 of 

0.44 µm core height and width up to 3 µm at wavelength of ~1.3 µm calculated using Fimmwave 

FDM solver with relative error ~𝟏𝟎−𝟒%. 

3.2.5.2 Film Mode Matching Method Solver (FMM) 

The single mode width was recalculated using the FMM solver to confirm the 

results found using the FDM solver. The solver parameter value was chosen for a 

relative error of ~10−4%. The graph in Figure 3.11 confirms the result obtained by 

the FDM solver. 
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Figure 3.11: Effective indices of supported modes by 2D ridge waveguide in Figure 3.2 of 

0.44 µm core height and width up to 3 µm at wavelength of ~1.3 µm using Fimmwave FMM 

solver with solver parameter corresponds to ~𝟏𝟎−𝟒% relative error. 

3.3 Fabrication Tolerances 

3.3.6 Waveguide Width 

Considering Figure 3.10 and Figure 3.11, it is clear that this structure supports a 

TE like fundamental mode for widths above 0.7 μm whilst the first higher mode is 

being confined for widths above 1.42 μm. Figure 3.12-A displays the TE00 electric 

field/intensity profile at a waveguide width of 0.7 μm and Figure 3.12-B shows a TE10 

electric field/intensity profile within the waveguide of width = 1.42 μm. Both figures 

show that TE00 and TE10 are confined well within and not disrupted by the calculation 

boundaries. Consequently, the single mode width needs to be bigger than that of cut-

off of TE00, 0.7 µm, and less than that of the TE10 cut-off, 1.42 µm, by an amount 

equivalent to the tolerance that can be achieved reproducibly in fabrication. Thus, a 

width of 1.2 μm is a good choice assuming the fabrication error is ~ 100 nm. This 

value is preferable to smaller widths due to the greater sensitivity at small widths to 
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fabrication imperfections such as side wall roughness. Also, smaller widths lead to 

smaller mode size and hence lower coupling efficiencies. Moreover, the first higher 

mode (TE10) cut-off width (1.42 µm) is not suitable option for the reason that 100 nm 

error would exceed the limit of single mode condition. 

 

Figure 3.12: (A) Electric field/intensity profile of TE00 mode across GaAs/AlGaAs 2D ridge 

waveguide in Figure 3.2 of core height and width 0.44 µm and 0.7 μm, respectively. (B) Electric 

field/intensity profile of TE10 mode across waveguide of core height and width 0.44 µm and 1.42 

μm, respectively. Results are obtained by Fimmwave FDM solver. 

3.3.7 Etching Level 

A depth etched down to the lower cladding/core interface was chosen as the 

initial point to trace the changes of the effective index as the waveguide etching depth 

is varied. The single mode condition was studied at 100 nm below and above the initial 

point. Figure 3.13-A illustrates the values of the TE00 mode effective index as a 

function of etching level over range of ±100 nm above/below lower cladding/core 

interface. The relative change ∆𝑛𝑒𝑓𝑓  was calculated with respect the initial point 

(lower cladding/core interface) and plotted in Figure 3.13-B. The effective index 

decreasing as the etching becomes deeper because the overall structure’s refractive 

index is reduced as the BCB refractive index (𝑛=1.544) contribution becomes higher. 
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As the etching level increasing underneath the initial point, the effective index change 

becomes slower as the BCB becomes closer to the oxidation layer (𝑛=1.5). 

 

Figure 3.13: (A) FDM calculation of TE00 effective index as function of etching level of the 

GaAs/AlGaAs 2D ridge waveguide in Figure 3.2. (B) TE00 effective index relative error versus 

etching level. 

The single mode width condition was traced as the etching level changes and 

recorded in  Table 3.1. It is clear that as the etching becomes deeper, the single mode 

cut-off width gets wider by ~40 nm [66]. This change is due to the overall boundary 

slices refractive index reduction as the BCB amount becomes bigger upon deeper 

etching. So, modes need a wider waveguide to meet the cut-off value of effective index 

(3.2) and hence become confined. 

Table 3.1: Single mode cut-off width of GaAs/AlGaAs 2D ridge waveguide at different etching 

levels and wavelength of 1.3 µm using Fimmwave FDM solver. 

Etching Level 
Single Mode Cut-off 

Width (μm) 

100 nm shallower ~1.38 

Lower cladding /core interface ~1.42 

100 nm deeper ~1.46 
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3.3.8 Core Height 

The waveguide core height was scanned to verify that the single mode condition 

in the vertical direction is maintained at width of 1 µm. To study the effect of core 

height variation on the single mode cut-off width, the waveguide width was 

investigated over variation range of 100 nm less and more the proposed core height 

value, 0.44 μm. In Figure 3.14, the effective index 𝑛𝑒𝑓𝑓  of both TE00 and TE01 as 

function of waveguide core height is presented. The waveguide maintains single mode 

behaviour in the vertical direction, as shown in the graph, between 0.22 μm  and 

0.86 μm. 

 

Figure 3.14: Effective indices of the of TE00 and TE01 as core height increases up to 1 µm for 

GaAs/AlGaAs 2D ridge waveguide of width of 1µm at wavelength of ~1.3 µm using Fimmwave 

FDM solver. 

From data in Table 3.1Table 3.2Error! Reference source not found., it is noticeable 

that as the core height increases, the single mode width cut-off decreases. As the core 

become higher, the structure meets the cut-off effective index value (3.20) at narrower 

widths.  
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Table 3.2: Single mode cut-off width of GaAs/AlGaAs 2D ridge waveguide at various core 

heights and wavelength of ~1.3 µm. 

Core Height (μm) 
Single Mode Cut-off 

width (μm) 

0.34 1.61 

0.44 1.42 

0.54 1.35 

Number of supported modes for various sets of values (core height, waveguide 

width) is shown in Figure 3.15. The structure does not support modes at a width less 

than 0.6 µm even with a core height of 1 µm. The single mode condition is fulfilled at 

widths between 1.2 µm and 2.4 µm for various core heights. 

 

Figure 3.15: Number of supported modes by GaAs/AlGaAs 2D ridge waveguide of different 

heights and widths at 1.3 µm calculated by Fimmwave FDM solver. 
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3.4 Wavelength Response 

The effect of changing the wavelength was studied at three etching levels 

(Figure 3.16). As the wavelength increases, the mode size is increases as well. Hence, 

the TE00 mode effective index decreases because the mode area is extended to the 

material surrounding the core, which is of lower index. However, the TE00 mode is 

still confined by the structure as its effective index is larger than the structure effective 

index cut-off, 3.20. The TE00 mode 𝑛𝑒𝑓𝑓(𝜆) at the three etching levels is fitted by 

polynomial regression (3.1) [67]. This polynomial represents the modal effective 

response (effective modal dispersion) of the fundamental mode, TE00, and 𝛼′𝑠, stated 

inTable 3.3, are fitting constants. 

𝑛𝑒𝑓𝑓(𝜆) = 𝛼2𝜆
2 + 𝛼1𝜆 + 𝛼0                                   (3.1) 

 

Figure 3.16: TE00 effective index as the wavelength increases from 1.2 µm to 1.4 µm for different 

etching levels of GaAs/AlGaAs 2D ridge waveguide of 0.44 µm height and 1 µm width calculated 

by Fimmwave FDM solver. 
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Table 3.3: Fitting constants of equation (3.1) at different etching levels for wavelength range 

from 1.2 µm to 1.4 µm. values are obtained for GaAs/AlGaAs 2D ridge waveguide using 

Fimmwave FDM solver. 

Etching Level 𝛼2 (µm-2) 𝛼1 (µm-1) 𝛼0 

100 nm 

shallower 
0.2194 −0.7396 3.8523 

lower cladding 

/core interface 

etching 

0.2203 −0.7428 3.8510 

100 nm deeper 0.2211 -0.7454 3.8517 

The single mode cut-off width was scanned at wavelengths of 1.2 μm and 

1.4 μm at the lower cladding/core interface etching level and compared to that at 

1.3 µm. Table 3.4 compares the single mode cut-off width and system effective index 

cut-off at different operating wavelengths at lower cladding/core interface etching 

level. The cut-off width increases due to mode size increase as wavelength becomes 

longer. By calculating TE00 mode effective area at different wavelengths, it is clear 

that as the wavelength increases the mode size becomes bigger and hence the mode 

needs a wider waveguide to be confined. As more mode area spreads over material 

with a lower refractive index area, the cut-off effective index of the structure becomes 

smaller. 

Table 3.4: Single mode cut-off width of GaAs/AlGaAs 2D ridge waveguide of 0.44 µm core 

height at different wavelengths. Calculation performed using Fimmwave FDM solver. 

 (μm) 
Single Mode Cut-

off Width (μm) 

Effective Index 

Cut-Off 
TE00 Affective Area (µm2) 

1.20 1.35 3.26 0.47 

1.30 1.42 3.20 0.53 

1.40 1.53 3.18 0.60 
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3.5 Conclusion 

A GaAs/AlGaAs based waveguide was investigated and the single mode height 

and width necessary for single mode operation were obtained as well as the structure 

effective index cut-off. The behaviour of a ridge waveguide under the influence of 

various changes was investigated. It was found that the proposed waveguide has good 

stability over some fabrication changes as well as a varying wavelength. Hence, a deep 

etched waveguide structure of core height of 0.44 µm will be considered for multimode 

design in Chapter 6. 

 

 

In this chapter, a waveguide that is compatible with lasers and devices like 

multimode interferometers was studied. In the next chapter large cross-section rib 

waveguides will be considered. 
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In this chapter single mode operation of large cross-section rib waveguides are 

investigated over a range of core heights by tracking the first higher TE mode. Thus, 

design rules of GaAs/AlGaAs waveguides of core heights up to 2 µm were set up at 

operating wavelengths of 1.3 µm. The fabrication tolerance and wavelength response 

were studied over a range of variations. 

4.1 Background 

To ensure low loss coupling and smaller mode mismatch between a typical 

fibre (or large size circuit components) and a single mode waveguide, large cross-

section waveguides (up to few microns width and height) are essential to offer a mode 

size better matching the size of the fibre (Figure 4.1) [68]. Waveguides of this range 

of size are also desirable because they are expected to relax fabrication tolerances and 

minimum feature sizes. The core slice can be controlled to support one mode only by 

choosing proper etching level so that the higher modes have effective indices smaller 

than the fundamental mode of the boundary slices [69]. Based on the structure 

demonstrated in section 3.1, the schematic of the rib waveguide studied is seen in 

Figure 4.2.  The waveguide dimensions can be parametrised using the value of the free 

space wavelength 𝜆, as shown, which makes sense because the waveguide dimensions 

are now comparable to 𝜆.  The parameter a describes the width of the waveguide rib, 

𝑊 = 2𝑎𝜆, and the height of the core is 𝐻 = 2𝑏𝜆.  The etching depth, or rather the 

height of the waveguide that is not etched, is described by the parameter 𝑟 = ℎ/𝐻. 

Studying the relation between 𝑊 𝐻⁄  (or equivalently 𝑎 𝑏⁄ ) and 𝑟 gives a quantitative 

description of the single mode conditions of different sets of values (𝐻,𝑊, 𝑟). 

 

Figure 4.1: Fibre-circuit coupling through large cross-section waveguide.  

To be the basis of large cross-section waveguides, the central slice needs to 

satisfy the large cross-section condition (equation 4.1) stated by Soref et al [69]. 
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However, a large cross-section waveguide is one in which the horizontal single mode 

cut-off is due to the vertical mode at a certain critical etching level (for example, 𝐻 =

0.9 µ𝑚 for a GaAs/AlGaAs based waveguide). 

 

Figure 4.2: Large cross-section GaAs/AlGaAs 2D rib waveguide structure in xy plane. 𝑾 is the 

central slice width, 𝑯 is the central slice core height and 𝒉 is the core height of the boundary 

slices. 

2𝑏√𝑛1
2 − 𝑛2

2 ≥ 1                                                      (4.1) 

So, the critical value of b is when the equality is satisfied in equation (4.1): 

𝑏𝑐 =
1

2√𝑛1
2 − 𝑛2

2
                                                     (4.2) 

Which is defined as limit of large cross-section [69]. Note that the condition to be a 

large cross-section waveguide does not depend on either the etching depth, 𝑟, or the 

width but on the confinement of the structure. The bigger the difference in the 

denominator of (4.2), the smaller the 𝑏𝑐 and hence smaller core height is needed for 

large cross-section waveguide (higher vertical mode confinement). 𝑛1, 𝑛2 are the core 

and lower cladding refractive indices, respectively and 𝑏 is a constant related to 𝐻 and 

the wavelength,, by 

𝑏 =
𝐻

2𝜆
                                                                 (4.3) 
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𝑎 and 𝑏 are related to each other by 

𝑊

𝐻
=
𝑎

𝑏
≤ 𝑐 +

𝑟

√1 − 𝑟2
                                                (4.4) 

where 𝑐 is a correction constant that depends on 𝐻, 𝑟 and polarisation [70] and 𝑟 is 

etching level factor of values of  

𝑟𝑐 < 𝑟 < 1                                                            (4.5) 

We will see how good (4.4) is with our structure. For a central slice core height, the 

design of large cross-section rib waveguide is controlled by the critical etching depth 

which determines the single mode cut-off of the (2D) rib waveguide, 𝑟𝑐 [71] 

𝑟𝑐 =

2𝐻√𝑛1
2 − 𝑛𝑒𝑓𝑓

2 (𝑇𝐸01)  − 𝜆

2𝐻√𝑛1
2 − 𝑛𝑒𝑓𝑓

2 (𝑇𝐸01)

                                         (4.6) 

Where 𝑛𝑒𝑓𝑓(𝑇𝐸01) is the effective index of the first higher mode of the (1D) slab 

waveguide of a certain height, 𝐻, corresponding to the central slice in Figure 4.2. 

4.2 Methodology 

This work focuses on certain core height values as presented in Table 4.1. 

Table 4.1: Waveguide core heights. 

b 𝐻 = 2𝑏 

< 𝑏𝑐 0.9 

𝑏𝑐 1.1 

> 𝑏𝑐 1.2 (𝐻 < ) 

0.5 1.3 (𝐻 = ) 

0.77 2.0 (𝐻 > ) 

For each height, the vertical modes were calculated by the effective index 

solver to determine the first higher 1D mode of central slice. Then, the critical etching 
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depth factor 𝑟𝑐  for the large cross-section rib waveguide was found using equation 

(4.6). After that, the rib waveguide width was scanned to find the single mode cut-off 

width. By studying the relation between 𝐻 and 𝑟𝑐, the single mode cut-off in each case 

was classified based on whether it was a vertical or horizontal mode that ended the 

single mode condition. For each height the single mode width of the rib waveguide 

was found for different etching depths (different 𝑟 values) using the finite difference 

solver [61] and the results compared to literature values of 𝑐 (𝑐 = 0.3 where beam 

propagation and mode matching methods were used [69], 𝑐 = 0 [72] obtained using 

the effective index method based on experimental results in [73] and 𝑐 =
0.15𝑟3

√1−𝑟2
 using 

effective index method [71]). The steps are summarised in Figure 4.3. The rib 

waveguide higher order modes leak out if their effective indices are smaller than that 

of the boundary slices fundamental vertical mode [74], [75] which was calculated by 

the film mode matching solver [61].  

 

Figure 4.3: Calculating 𝒄 values for different core heights of GaAs/AlGaAs 2D rib waveguide. 

The same strategy of optimising the calculation window size and input 

parameters for the solver as in chapter 3 was followed here to compromise between 

reasonable accuracy and the calculation time required. For example, for 𝐻 = 2 µm, 

boundary slices width is chosen to be 2 µm when 𝑟 =0.5 and number of cells across 

the calculation window is 100 cell which corresponds to relative error ∆𝑛𝑒𝑓𝑓 =

~10−4%  and calculation time =2.3 s/calculation. 
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4.3 Single Mode Cut-Off 

The single mode condition was calculated in the vertical direction first for a slab 

waveguide and then the modes were traced as the rib waveguide width is increased to 

find the single cut-off width. 

4.3.1 Single Mode Height 

For the central slice (1D) slab waveguide core heights 𝐻 , in Figure 4.2, the 

effective index of the first higher order mode, 𝑛𝑒𝑓𝑓(𝑇𝐸01) was calculated using the 

effective index solver in order to obtain 𝑟𝑐  values. Figure 4.4 shows the positive 

correlation between 𝐻 and 𝑛𝑒𝑓𝑓(𝑇𝐸01). This behaviour is expected as the higher the 

core, the bigger mode area that is enclosed by the core. 

 

Figure 4.4: GaAs/AlGaAs 1D slab waveguide 𝑻𝑬𝟎𝟏 effective index as the core height increases. 

Results are obtained by EIM solver in Fimmwave at ~1.3 µm. 

𝑟𝑐  was calculated for core heights from 0.4 µm to 2 µm and the main 

remarkable points are illustrated in Figure 4.5. An important outcome is the negative 

values of 𝑟𝑐 which occur at core heights corresponding to 2𝐻√𝑛1
2 − 𝑛𝑒𝑓𝑓

2 (𝑇𝐸01) < 𝜆 
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where the core is not supporting a higher mode. Another interesting aspect of this graph 

is that this structure is showing the behaviour of a large cross-section waveguide at 

core heights below the large cross-section condition, equation (4.1). Moreover, Figure 

4.5 locates the first height at which the single mode cut-off width is due to the first 

excited horizontal mode, 𝑇𝐸10. 

 

Figure 4.5: The critical etching factor for GaAs/AlGaAs 2D rib waveguide using equation (4.6) 

at ~1.3 µm as the core height increases. 

To evaluate the lowest 𝑟𝑐 value for various heights, 𝑟𝑐 was calculated for core 

heights up to 12 µm. Interestingly, in Figure 4.6 it is clear that 𝑟𝑐 increases as the core 

height increases. Furthermore, 𝑟𝑐 hits the literature value [69], [76], 0.5, at H=10 µm.  
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Figure 4.6: The critical etching factor for GaAs/AlGaAs 2D rib waveguide using equation (4.6) 

at ~1.3 µm for core height ranges from 1 µm to 12 µm. 

4.3.2 Single Mode Width 

Using the finite difference method solver, the single mode cut-off width of the 

large cross-section waveguide was investigated for rib waveguides of several core 

heights, 𝐻 =  0.9, 1.1, 1.2, 1.3  and  2 µ𝑚 , at 𝑟𝑐  as seen in Figure 4.7. The main 

noticeable outcome is that the single mode cut-off width at 𝑟𝑐 becomes wider as the 

core height becomes higher. In addition, the 𝑇𝐸01  mode effective index becomes 

closer to that of the  𝑇𝐸10 mode and then at a certain height and width they become 

degenerate and then the 𝑇𝐸10 mode effective index becomes bigger than that of 𝑇𝐸01. 

It can be seen that the single mode cut-off width is a result of the vertical mode (𝑇𝐸01) 

for rib waveguides of 𝐻 ≤  1.3 µ𝑚.  However, the cut-off becomes due to the 

horizontal higher mode (𝑇𝐸10) as the etching become shallower (for 𝑟 > 𝑟𝑐) as 𝑇𝐸01 

becomes more likely to leak out into the boundary slices.  
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Figure 4.7: Single mode cut-off width for for GaAs/AlGaAs 2D rib waveguide of various core 

heights at 𝒓𝒄 using Fimmwave FDM solver at ~1.3 µm. 

The relation between 𝑟𝑐 at various core heights (𝐻 = 0.9, 1.0, . . , 2.0 µ𝑚) and 

the single mode cut-off width is plotted in Figure 4.8 to recognise the type of cut-off. 

The outcomes of the simulation suggest that the widths at which single mode cut-off 

occurs are due to vertical modes (𝑇𝐸01) for heights up to 1.6 µm. 
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Figure 4.8: Single mode cut-off width as function of 𝒓𝒄(𝐇) calculated for GaAs/AlGaAs 2D rib 

waveguide using FDM solver at ~1.3 µm.  

 A closer inspection of some core heights (Figure 4.9 to Figure 4.13) clarifies 

the differences between literature values of 𝑐 [69], [71], [72] and the FDM solver 

based values. For all investigated heights, the correction factor, 𝑐, was found and it fits 

values of 𝑟𝑐 < 𝑟 ≤ 0.8. Furthermore, the closest correction constant, 𝑐, in equation 

(4.4) is plotted as function of core height in Figure 4.14. 
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Figure 4.9: The ratio of single mode cut-off widths to the core height at various etching levels for 

GaAs/AlGaAs rib waveguide of 𝑯 = 𝟎. 𝟗 µm for various 𝒄 values compared to Fimmwave FDM 

solver results and its best fitted 𝒄. 

 

Figure 4.10: The ratio of single mode cut-off widths to the core height at various etching levels 

for GaAs/AlGaAs rib waveguide of 𝑯 = 𝟏. 𝟏 µm for various 𝒄 values compared to Fimmwave 

FDM solver results and its best fitted 𝒄. 
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Figure 4.11: The ratio of single mode cut-off widths to the core height at various etching levels 

for GaAs/AlGaAs rib waveguide of 𝑯 = 𝟏. 𝟐 µm for various 𝒄 values compared to Fimmwave 

FDM solver results and its best fitted 𝒄. 

 

Figure 4.12: The ratio of single mode cut-off widths to the core height at various etching levels 

for GaAs/AlGaAs rib waveguide of 𝑯 = 𝟏. 𝟑 µm for various 𝒄 values compared to Fimmwave 

FDM solver results and its best fitted 𝒄. 
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Figure 4.13: The ratio of single mode cut-off widths to the core height at various etching levels 

for GaAs/AlGaAs rib waveguide of 𝑯 = 𝟐. 𝟎 µm for various 𝒄 values compared to Fimmwave 

FDM solver results and its best fitted 𝒄. 

 

Figure 4.14: Relation between best fitted 𝒄 and 𝑯 of GaAs/AlGaAs rib waveguide. 
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4.4 Tolerances 

The single mode cut-off tolerance to unintentional width variations was 

investigated for 𝐻 =  0.9, 1.1, 1.2, 1.3  and  2 µ𝑚  and 𝑟 = 0.6 .  and the results are 

presented in Table 4.2. It is noticeable that the tolerance to variations in the width 

increases as 𝐻 increases. 

Table 4.2: Width tolerance at various core heights and 𝒓 = 𝟎. 𝟔 for GaAs/AlGaAs rib waveguide 

as calculated by Fimmwave FDM solver. 

H (µm) Waveguide Width (µm) Tolerance (µm) 

0.9 1.20 ±0.22 

1.1 1.30 ±0.30 

1.2 1.30 ±0.40 

1.3 1.40 ±0.42 

2 2.0 ±0.57 

4.5 Wavelength Response 

The wavelength response was tracked for single mode waveguides of 

𝐻 =  0.9, 1.1, 1.2, 1.3 and 2 µ𝑚 and 𝑟 = 0.6 over range of 1.3 ± 0.1 µ𝑚 as presented 

in Figure 4.15. All investigated heights exhibit the same behaviour with increasing 

wavelength, which is similar to the result for the small cross-section waveguides in 

Chapter 3. 
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Figure 4.15: 𝑻𝑬𝟎𝟎 effective index wavelength response for GaAs/AlGaAs rib waveguide of 

different heights and 𝒓 = 𝟎. 𝟔. Results obtained by Fimmwave FDM solver. 

Table 4.3 compares the single mode cut-off widths for the investigated heights 

at various wavelengths. It is clear that as the wavelength increases, the cut-off width 

increases owing to mode size increase and hence a wider waveguide is needed to 

confine it.  

Table 4.3: Single mode cut-off width for GaAs/AlGaAs rib waveguide of 𝒓 = 𝟎. 𝟔 and various 

core heights and wavelengths. 

Core Height (µm) 
Cut-off width at 

𝜆 = 1.2 µ𝑚 

Cut-off width at 

𝜆 = 1.3 µ𝑚 

Cut-off width at 

𝜆 = 1.4 µ𝑚 

0.9 1.32 1.38 1.48 

1.1 1.56 1.60 1.68 

1.2 1.66 1.70 1.78 

1.3 1.72 1.80 1.86 

2.0 2.48 2.50 2.56 
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4.6 Conclusion 

In this chapter, waveguides of core heights corresponding to large cross-

sections were investigated to achieve single mode operation at shallow etching levels. 

A single mode design rule was set for large cross-section rib waveguides for several 

core heights. First, the critical etching level for a core height is defined. Then, for an 

etching level above the critical one, the single mode width can be obtained.  Hence, 

single mode operation is obtained. At the critical etching level, the single mode widths 

were classified based on whether they are due to vertical or horizontal modes. Also, 

the relation between the tolerance to variation in the width and the core height was 

studied and the spectral response was investigated. The designs covered in this chapter 

are suitable for range of applications like circuit-fibre coupling large cross-section. 

 

 

In the next chapter, the propagation along the waveguide will be considered to 

study tapered waveguides. 
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An important property of a taper is its ability of changing a mode size with low 

loss using a relatively small footprint. In this chapter I will investigate the level of loss 

that can be achieved in small footprint devices, while being tolerant to unintended 

changes in fabrication or operating conditions and fabricated from the GaAs /AlGaAs 

system in a manner compatible with the work in the previous chapters.  Two design 

rules are applied aiming to design optimised efficient (high power transmission with 

short length) tapers. They are compared with a conventional (linear) taper in terms of 

length, efficiency (power transmission) and stability over several changes like 

waveguide width and operating wavelength. The simulations were carried out to track 

mode evolution by implementing the eigenmode expansion method. 

5.1 Background 

Optical tapers should transfer optical power between two different size modes 

with a high efficiency.  In photonic integrated circuits, this transfer is usually from one 

waveguide of large cross-section into one of much smaller cross-section (or vice-

versa) or from a photonic circuit edge to a fibre.  The small overlap of the modes 

between such disparate waveguides means that the efficiency of a simple butt-join (or 

taper of zero length) is small (depending on the mismatch between the cross-sections).  

The common solution to this problem is to simply make a linear taper of very long 

length, such that the optical power is transferred from the initial to the final mode in 

an adiabatic way.  In some situations, designers seem to opt for a pragmatic solution 

of even longer lengths without considering the shortest possible adiabatic taper. In 

systems where material costs are higher, such as the one considered here, this is not an 

option for commercial applications as these linear tapers must be long to maintain the 

adiabaticity, and this long length is a problem for the footprint of a photonic integrated 

circuits. 

To investigate the efficiency, several taper shapes (e.g. linear or with some 

form of curve) have previously been studied by treating the tapered region as a 

sequence of step tapered waveguides and varying several parameters to obtain the best 

performance [77], [78]. Taper transmission was tested for various shapes at the same 

length and then taper length was optimised for the shape corresponding to the highest 

transmission [79] . SOI non-adiabatic interference-based tapers have been proposed 
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by optimising both length and width of the taper such that the resonance modes 

undergo progressive interference along the taper [80], [81]. Adiabatic compact tapers 

have been proposed in silicon [82], [83]. Based on a design rule (slow waveguide 

divergence) that guarantees the adiabaticity along the length of the taper, an adiabatic 

taper has been compared to various shapes like linear, parabolic and cosine tapers [84], 

[85]. Silicon nitride based exponential tapers with exponents of integer values, 𝑎 =

1,2,3,4 , have been investigated and compared to other shapes for on-chip integration 

with arrayed waveguide gratings. It has been found that an exponential taper of 

exponent, 𝑎, of 2 has the highest efficiency [86].   

Tapers are often used as part of other components (composite building blocks). 

SOI based adiabatic couplers with tapers described by linear, quadratic, and 

exponential functions have been compared. It has been found that exponential width 

tapering function gives the best performance [87]. The performance of tapered 

AlInAs/InGaAs/InP quantum cascade lasers have been compared for three types of 

tapered section [88]. A taper of 6° angle, 1.5 mm length and widths of 4 and 150 µm 

has been implemented to increase the output power of distributed-feedback Bragg 

(DFB) semiconductor lasers [89]. Polymer ring resonators with a tapered section with 

high sensitivity for biomedical sensing have been reported [90]. Fibre-to-chip coupling 

Al2O3/Si inverse tapers at 1550 have been optimised using a particle swarm 

optimisation algorithm [91].  

 

A taper of length 𝐿 with arbitrary shape can be specified by its width 𝑊(𝑧) or, 

equivalently, the angle 𝜃(𝑧), for 0 ≤ 𝑧 ≤ 𝐿 (see schematic of top view of taper in 

Figure 5.1), where 

tan 𝜃(𝑧) =
1

2

𝑑𝑊

𝑑𝑧
 (5.1) 
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Figure 5.1: Top view schematic figure of the taper in xz plane. 𝑾𝟎 and 𝑾𝑳 are taper widths at 

𝒛 = 𝟎 and  𝒛 = 𝑳, respectively. 𝑾(𝒛) is taper width and 𝜽(𝒛) is taper angle at position 𝐳 where z 

is propagation direction. 

In theory, an adiabatic design is one in which there is no transfer of energy 

between modes.  When the modes are changing, as is the case in a taper, then the 

changes must be slow enough such that higher order modes are not excited (absolute 

adiabaticity). Although this situation is ideal, something close to absolute adiabaticity 

can be achieved. The taper design rules, applied here, work by ensuring that the local 

spreading of the waveguide walls (given by equation (5.1)) is slower than the 

diffraction driven spreading of the waveguide mode (given by equation (5.2)).  The 

condition on the angle of the widening waveguide 𝜃 is 

𝜃 <
𝜆0

2𝑊𝑛𝑒𝑓𝑓
(5.2) 

where 𝑊 is the local width of the waveguide and 𝑛𝑒𝑓𝑓 is the effective refractive index 

of a waveguide of width 𝑊.  Linear tapers have a constant value of 𝜃, and the shortest 

adiabatic linear tapers must satisfy the above for the largest values of 𝑊𝑛𝑒𝑓𝑓. A shorter 

taper length that maintains adiabaticity can be found by exploiting the large 𝑛𝑒𝑓𝑓 

dependence on 𝑊 (Figure 5.2-A) in a high-contrast waveguide. The aim of this chapter 

is to investigate  tapers designed according to rules from [82] and [78] for a deep etched 

and high confinement tapered waveguide and compare them to a linear taper. These 

tapers are designed to deliver a signal between multimode waveguide (Figure 5.2-B) 

and a single mode waveguide (Figure 5.2-C) with high performance: low loss and good 
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stability against fabrication variations. In the following sections, various taper design 

rules are demonstrated. 

 

Figure 5.2: (A) Fundamental mode effective index, 𝒏𝒆𝒇𝒇, as function of GaAs/AlGaAs waveguide 

width. (B) Intensity profile of the fundamental mode (in xy plane) at the beginning of the taper 

(𝑾𝟎 = 𝟒µ𝒎) and at (C) the end of the taper (𝑾𝑳 = 𝟏µ𝒎) as calculated by Fimmwave FDM 

solver. 

Three types of tapers are investigated in this chapter: adiabatic tapers (defined 

as constant α), linear tapers (defined as constant 𝜃 ) and exponential (defined as 

constant 𝑎). In the following sections, the three constants α, 𝜃 and 𝑎 are explained. 

5.1.1 Adiabatic Taper 

To be adiabatic at each position 𝑧 along its length, the angle 𝜃(𝑧) must satisfy 

the condition given in equation (5.1).  Following [82], we define an “adiabaticity 

parameter” 𝛼: 

𝜃 = 𝛼
𝜆0

2𝑊𝑛𝑒𝑓𝑓
(5.3) 

such that the taper is adiabatic for positions 𝑧 where 𝛼(𝑧) ≤ 1.  Here we are interested 

in designing adiabatic tapers that have a constant 𝛼 along their length. To design such 
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a taper, knowledge of the effective index as a function of waveguide width 𝑛𝑒𝑓𝑓(𝑊) 

is required. In general, the width change along the taper needs to be smooth so that the 

mode adapts itself continuously without radiating or being converted to a higher order 

mode and hence maintains a high efficiency. This width change is controlled by both 

the length and shape of the taper. From knowledge of 𝑛𝑒𝑓𝑓(𝑊), the taper shape 𝑊(𝑧) 

or 𝜃(𝑧) for any constant value of 𝛼  can be calculated iteratively.  Approximating 

equation (5.2) in terms of finite differences, it quickly becomes apparent that the width 

𝑊(𝑧 + 𝛿𝑧) at position 𝑧 + 𝛿𝑧 is related to the width 𝑊(𝑧) at position z by: 

𝑊(𝑧 + 𝛿𝑧) = 𝑊(𝑧) + 2𝛿𝑧 𝑡𝑎𝑛 𝜃 (5.4) 

This iterative method gives the true shape only when 𝛿𝑧 → 0, so the taper should be 

broken into many parts of small length (in practice we use 𝛿𝑧 = 0.01 μm). The starting 

point is at 𝑧 = 0 and is chosen as the width of the initial waveguide.  Before starting, 

it is not possible to say what the length 𝐿 of any taper with a constant 𝛼 will be, but it 

is simple to stop the iteration when 𝑊(𝑧) reaches the desired end waveguide width, 

with the length 𝐿 being the final value of 𝑧. While equation 5.1 is a good guide we will 

find that smaller values of 𝛼 yield more adiabatic tapers, albeit with longer lengths, 

and therefore should be more efficient. 

5.1.2 Linear Taper 

For linear tapers, the length, 𝐿 , is the main parameter that improves the 

adiabaticity. According to the negative correlation (equation (5.5) [92]) between the 

taper’s angle, 𝜃, and 𝐿, a linear taper needs to be long enough to assure small taper 

angle along the taper where 𝜃(𝑧) is constant along the taper length. 

𝐿 =  
𝑊0 −𝑊𝐿

2 tan 𝜃
                                                  (5.5) 

𝑊0 = 𝑊(0) is the initial width of the taper at 𝑧 = 0, and 𝑊𝐿 = 𝑊(𝐿) is the final 

width of the taper at 𝑧 = 𝐿.  
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5.1.3 Exponential Taper 

Here I present an exponential taper to show that the shape is similar to the adiabatic 

tapers presented above. The exponential taper is defined by its exponent, 𝑎, and the 

width of the taper along the length is [78]: 

𝑊(𝑧) = 𝑊𝐿 + (𝑊0 −𝑊𝐿) (1 −
𝑧

𝐿
)
𝑎

(5.6) 

The angle of the taper along its length 𝜃(𝑧) is given by (see equation (5.2)): 

tan (𝜃(𝑧)) =
1

2

𝑑𝑊

𝑑𝑧
 =

𝑎

2𝐿
(𝑊𝐿 −𝑊0) (1 −

𝑧

𝐿
)
𝑎−1

                          (5.7) 

When designing an exponential taper shape, the taper length 𝐿, start/end widths 𝑊0/𝑊𝐿 

and exponent a can be chosen independently, giving a lot of flexibility.  Once the 

desired taper length and start/end widths are known, the exponent 𝑎 can be optimised 

to give the best possible efficiency. An advantage of this design rule is that the shape 

and length can be chosen based on conditions including space on the chip and ease of 

fabrication of curved or straight waveguide boundaries. 

5.2 Methodology 

The calculations involved when studying tapers are actually the same 

waveguide calculations considered in chapter 3.  At each position, the tapers (local) 

modes are calculated as if it were a waveguide of the same width.  Here, the 

calculations are performed for a ridge waveguide that is tapered along the propagation 

direction (Figure 5.1) to make the transition from multimode to single mode 

waveguide. The calculation window size of the ridge waveguide that was set in 

chapter 3 is used here. Also, the FDM solver parameter (mesh size) value that is chosen 

in the calculation in Chapter 3 for ridge waveguides are suitable to use here. 

The maximum number of calculation modes 3  included in the calculation 

affects the accuracy for waveguides/devices where the cross-section varies along the 

propagation direction. Hence, the number of modes was checked for accuracy and 

 
3 This is calculation parameter that define number of calculated modes included when simulation is 

caried out along propagation direction. 
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resource efficiency. The number of modes was set for an error less than 4.5 % (see 

Figure 5.3). 

 

Figure 5.3: Fimmprop (eigenmode expansion) calculation error based on number of modes 

included in the calculations for various GaAs/AlGaAs taper lengths and types. 

As seen in Figure 5.4, the smallest size of discretisation and the size of mode variation 

are selected for an accuracy of higher than 99.87 % for various taper lengths and types. 
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Figure 5.4: (A) Fimmprop (eigenmode expansion) calculation accuracy for each taper 

algorithm. (B) Taper discretisation density as controlled by mode changes along the taper. 

5.3 Optimisation 

In this section, various optimisation results for the fundamental TE mode are 

presented based on the equations (or design rules) described above of adiabatic, linear 

and exponential tapers. This allows the prediction of optimum GaAs/AlGaAs-based 

taper shapes before fabrication or integration with other components. 

5.3.4 Adiabatic Taper 

Applying the adiabaticity design rule, equation (5.3), for 𝛼 = 1 , a taper of 

length, 𝐿 =   19.03 µm is obtained and shown in Figure 5.5-A. Simulations suggest 

that the efficiency is 98.22 % (see Figure 5.5-B for the calculated fields). 
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Figure 5.5: (A): xz plane view of designed GaAs/AlGaAs taper for 𝜶 = 𝟏 and wavelength of 

1.3 µm. (B): Intensity profile along z-direction calculated by Fimmprop (eigenmode expansion). 

 

Figure 5.6-A shows the simulated power output of tapers designed with 

different values of the adiabaticity coefficient 𝛼 , and demonstrates that for non-

adiabatic tapers with 𝛼 > 1.2,  there is a strong dependence of the taper efficiency on 

the adiabaticity coefficient.  For 𝛼 > 1.2  (equivalent to taper length shorter than 

16 µm and coupling efficiency of 99.2%), losses become higher and the taper is no 

longer adiabatic. It is interesting to note that the efficiency of the tapers starts to level 

off for values of the adiabaticity coefficient 𝛼 = 1.2, which is still non-adiabatic. The 

relation between adiabaticity coefficient, output power and power fluctuation of the 

fundamental mode is shown in Figure 5.6-A where a negative correlation between 

𝛼 and the fluctuation is clear. Also, the adiabaticity of the final designs was checked.  

Adiabatic tapers should display no transfer of energy between the different optical 

modes.  In the simulations, it is simple to check how much energy is stored in each 

mode, and therefore I have another measure of the adiabaticity of the final design. 

What was found is that even tapers that have adiabaticity coefficients 𝛼 < 1 can still 

display a small transfer of energy out of the fundamental mode.  For example, Figure 

5.6-B shows the proportion of energy in the fundamental mode along the length of the 

taper for a design with 𝛼 = 0.2.  The energy in the fundamental mode can be seen to 

oscillate between the value of 1 and 0.9975, meaning that approximately 0.25% of the 

energy is transferred into higher modes. Figure 5.6-C clarifies the situation of a taper 

with 𝛼 = 2 and length of 9 µm where the fundamental mode does not have sufficient 

propagation distance to restore the exchanged power (24.7 %) with the higher mode 

and hence a high loss results. 
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Figure 5.6: (A) Fimmprop (eigenmode expansion) results of fundamental mode power variation 

and efficiency for GaAs/AlGaAs adiabatic taper designs of different adiabaticity according to 

equation (5.3) where 𝜶 = 𝟎. 𝟐 to 2 and 𝝀 = 𝟏. 𝟑 µ𝒎. Fundamental mode power along designed 

taper of (B) high adiabaticity (𝜶 = 𝟎. 𝟐) and (C) low adiabaticity (𝜶 = 𝟐). 

5.3.5 Linear Taper 

As a comparison to the adiabatically designed taper above, linear tapers of the 

same length for each value of 𝛼 were calculated. The efficiency of a linear taper as a 

function of its length between a starting waveguide width of 𝑊0 = 4 µ𝑚 and an end 

waveguide of width 𝑊𝐿 = 1 µ𝑚 is summarised in Figure 5.7.  For example, the linear 

taper of length ~27 µm (a constant 𝜃 =  3.2°) has the same length as the adiabatic taper 

of α = 0.7, and it has an efficiency of 98.4%. This linear taper has an adiabaticity 

coefficient 𝛼(𝑧) that varies along its length. 
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Figure 5.7: Relation between GaAs/AlGaAs linear taper length and its efficiency as obtained by 

Fimmprop (eigenmode expansion) at 𝝀 = 𝟏. 𝟑 µ𝒎. (B) A schematic of linear taper of 15 µm 

length is shown. Red indicates non-adiabatic portions (𝜶 > 𝟏) and green adiabatic (𝜶 < 𝟏). 

5.3.6 Exponential Taper 

Optimizing a taper based on the geometrical design rule in equation (5.6), several 

values (𝐿, 𝑎) correspond to different tapers with different efficiencies. For lengths 

extending from 5 µm to 20 µm, 𝑊0 = 4µ𝑚 and 𝑊𝐿 = 1µ𝑚, the exponent 𝑎 can be 

optimised to find the best shape. From the data in Figure 5.8, the relation between the 

output power and (𝐿, 𝑎) clarifies that longer (adiabatic) tapers have better performance 

while at short lengths tapers show poor functionalities for all shapes (all 𝑎 values). 

Nonetheless, the best tapers can be optimised at relatively short lengths (~16 µm) with 

length tolerance of ±2 μm. The behaviour of the fundamental mode power along the 

taper is tracked in Figure 5.9 for various shapes at the same length, ~16 µm. The taper 

of 𝑎 = 0.2 has abrupt change at the end of the taper. Due to the dramatic decrease in 

the effective index value, there is high power loss whereas the optimum design 𝑎 =

0.65 enhances the mode to restore about 8% of its power before the taper end. In 

contrast to the optimum taper, taper design of a = 2 is not wide enough to support 

interference between mode 1 and other modes so that the power is not restored by the 

taper end.  
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Figure 5.8:  Fimmprop (eigenmode expansion) simulation results of GaAs/AlGaAs taper 

optimisation based on curvature constant for taper length from 5 µm to 20 µm at 𝝀 = 𝟏. 𝟑 µ𝒎. 

 

Figure 5.9: Fundamental mode power along GaAs/AlGaAs exponential tapers of various 

geometries calculated by Fimmprop (eigenmode expansion) at 𝝀 = 𝟏. 𝟑 µ𝒎. 

5.3.7 Length Comparison Between the Three Shapes 

After studying the optimisation of the different kinds of taper, the efficiency of 

coupling light as function of length and the tolerance to changes in dimension, typical 

in fabrication, will be compared. Figure 5.10 illustrates the impact of taper lengths on 

the output power. The results presented here are generally similar to the outcomes of 

[3]: toward adiabaticity (longer tapers) the coupling efficiency is better while compact 

tapers need careful design to have good output. Additionally, the most interesting 
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aspect of Figure 5.10 is that compact, (~16 µm) well designed tapers (based on 

adiabaticity coefficient or curvature constant) can lead to better performance than 

linear tapers. Furthermore, the designed tapers can have length 1/3 of the linear taper 

of the same efficiency. In addition to compactness, there is another significant 

characteristic which is stability against some unintentional changes that may occur 

during manufacture. Unlike references [77]–[86], the response to some variations like 

waveguide width, etching depth and operating wavelength will be considered in the 

next section. 

 

Figure 5.10: Coupling efficiency of different GaAs/AlGaAs taper types calculated by Fimmprop 

(eigenmode expansion) at 𝝀 = 𝟏. 𝟑 µ𝒎. 

5.4 Tolerance Analysis 

In this part we describe the change in performance with variations in depth of 

the ridge and operating wavelength as may result from unintended variations in 

fabrication or simply because a wide operating wavelength range (bandwidth) is 

required. 
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5.4.8 Width Tolerance 

For unintentional width variation within range of ±0.1 µ𝑚, the three types have 

similar response with output variation less than 0.33 %. So, tapers have good stability 

under waveguide width variations. Figure 5.11 shows the tapers behaviour over 

fabrication width variations.  

 

Figure 5.11: Waveguide width variation impact on GaAs/AlGaAs taper efficiency calculated by 

Fimmprop (eigenmode expansion) at 𝝀 = 𝟏. 𝟑 µ𝒎.  

5.4.9 Etching Depth Tolerance 

The tolerance with respect to fabrication deviation in the etching depth used to 

create the waveguide is studied. Etching depth is one of the most difficult dimensions 

to control in fabrication and we examine the efficiency of the three shapes for 

variations of ±0.1  µm above and below an optimum depth at the same length 

(~16 µm). The optimum etching depth is at the core/lower cladding interface. Figure 

5.12 demonstrates a major difference between the adiabaticity based designed taper 

and the other tapers. The output power of the linear and curvature based designed 

tapers varies more significantly at deeper etching level. The output power of the 
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adiabaticity based designed taper varies in a similar manner with a small reduction of 

approximately 0.4 % to 0.6 % in output power with increasing depth of 0.1 µm. For 

shallower depths than the optimum, reduction in output power is ~ 0.2 % for the linear 

taper which means better stability than that of the designed tapers. 

 

Figure 5.12: Etching depth tolerance of different GaAs/AlGaAs tapers calculated by Fimmprop 

(eigenmode expansion) at 𝝀 = 𝟏. 𝟑 µ𝒎. 

5.5 Wavelength Response 

The spectral response (where both waveguide and material overall response are 

considered) of the three types of tapers are compared in Figure 5.13 at the same length 

(~16 µm). Over a range of 0.2 µm, it is noticeable that the designed tapers maintain 

good stability (with less than 0.6 % reduction in output power) in comparison with the 

linear taper which shows relatively larger variation and an output power that increases 

as the operating wavelength increases. This reflects the fact that at 1.3 µm wavelength, 

a linear taper of length of ~16 µm is not optimised. 
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Figure 5.13: Spectral response of designed and linear GaAs/AlGaAs tapers calculated by 

Fimmprop (eigenmode expansion) at 𝝀 = 𝟏. 𝟑 µ𝒎. 

5.6 Conclusion 

GaAs/AlGaAs based waveguide tapers designed using one of two rules have 

been compared to a simple linear taper based on achievable footprint, variations in 

depth as typically occurs in fabrication and operating wavelength. Small footprint 

tapers with high power transfer efficiency have been simulated.  Short tapers of length 

~16 µm, while also achieving a tolerance to waveguide width and etching depth 

variation ~±0.1 μm with a power transfer reduction of up to ~1% and variation of order 

1% in the power output over wavelength range from 1.2 µm to 1.4 µm can be achieved 

using the adiabaticity or exponential design rule. The designed tapers are preferred due 

to their compactness and high performance. They can be employed to transfer signals 

between circuit elements especially in the case of big mismatch. 
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In this chapter, two tapers design rules were applied to ridge waveguides and 

compared to a conventional linear taper in some aspects like taper length, fabrication 

variations and bandwidth response. In the following chapter, two types of ridge 

waveguide based multimode interferometers (conventional and tapered) are 

investigated
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In this chapter, compact, high efficiency GaAs/AlGaAs based deep etched 

1 × 2 multimode interferometers (1 × 2 MMIs) will be optimised for 50/50 splitting 

functionality at an operating wavelength of 1.3 µm. The performance of two 

configurations, conventional and tapered, of symmetrical splitters will be investigated 

under variations typical of those found in fabrication and as a function of operating 

wavelength. The relation between the MMI width and length will be demonstrated, 

and tolerances of both conventional and tapered devices are studied at width of 6 µm. 

6.1 Background 

Various waveguide configurations are developed in integrated photonics to 

manipulate light signals during on-chip operation. Power splitting is one of the basic 

functionalities needed in controlling light. A power splitter will take a signal in one 

branch or waveguide and split the power into two or more branches or waveguides.  

Power splitters are classified by the number of input and output branches and the ratio 

of powers; for example, a typical use would be the 1 × 2 50/50 power splitter.  Power 

splitters can have various designs such as Y-branches or multimode interferometers – 

this chapter looks at using a multimode interferometer to design a 1 × 2 50/50 power 

splitter. 

Multimode interferometers (MMIs) are a fundamental component of integrated 

photonics that work by processing light based on the principle of self-imaging. 

Different configurations of MMI are widely used in photonic applications for several 

purposes. Based on functionality, MMI type and self-imaging mechanism are chosen. 

For example, an MMI can be used as 3 dB coupler [93], mode/wavelength 

(de)multiplexer [94], [95] or directional coupler [96]. Single or multiple input/output 

waveguide MMIs are designed to split, filter or combine light [97]. Designs are 

controlled by an operating wavelength, λ, and waveguide structure and geometry. 

Therefore, careful designs need to be set for certain set of conditions for a chosen 

functionality. For splitting functionality, an MMI can be designed as 1 × N ports and 

for equal power division, central feeding is needed at the input and equally spaced N 

ports at the output at the N-fold self-image locations. 
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The simplest non-trivial MMI is a 1×2 splitter consisting of three sections – 

input waveguide, multimode waveguide and two output waveguides (Figure 6.1-A). 

For a  symmetrical 1×2 multimode interferometer, the multimode waveguide is 

designed to support at least three modes (to assure two symmetrical modes are excited) 

to generate N-fold images of an input field [98] , while the input and output are usually 

selected to be single mode waveguides.  When equal splitting is desired, the whole 

structure should be symmetric; the input waveguide is in the centre of the multimode 

section and the output waveguides are equidistant from the centre (and usually far 

enough apart that the individual waveguide modes do not overlap/interact). Also, 

tapers can be added in between input/output ports and the multimode section to 

improve coupling/efficiency (Figure 6.1-B).  

 

Figure 6.1: 1×2 MMI (A) conventional, (B) tapered. 𝒘 is input/output single mode width, 𝑾𝑴𝑴 

is multimode waveguide width, 𝑳𝑴𝑴 is multimode waveguide length and 𝑮 is the gap between 

output ports. 

As reported in [99], “self-imaging is a property of multimode waveguides by which 

an input field profile is reproduced in single or multiple images at periodic intervals 

along the propagation direction of the guide”. Efficient MMI’s are realised if three 

conditions are satisfied: 

1- The waveguide supports enough modes (that could be different depending on 

functionality – in general, more splitting will require more modes). Thus, wide 

waveguides are required to be used in the central section, as wider waveguides 

support more modes. 

2- There is a large step index that offers high confinement. 

3- Small input waveguide, single mode, to reduce the radiation resulting from 

higher mode excitation. 



Chapter 6: Design and Optimisation of MultiMode Interference (MMI) Splitters 

 
88 

 

 

Figure 6.2: A ridge, step-index multimode waveguide refractive index profile, n(x). 𝒏𝒓 is ridge 

effective refractive index and 𝒏𝒄 is cladding effective refractive index. 𝒏𝒓 > 𝒏𝒄, z is propagation 

direction and device width is in x direction. 

 

A ridge, step-index multimode waveguide is shown in Figure 6.2. 𝑊𝑀𝑀 is the 

width of the multimode waveguide, 𝑛𝑟  and 𝑛𝑐  are ridge and cladding effective 

refractive indices, respectively. At a free-space wavelength λ, a number of lateral 

modes, m, are supported including mode numbers 𝜈 = 0,1, . . (𝑚 − 1). Following the 

approach given in [99], the symmetric 1×2 MMI will be analysed. The lateral wave 

number along 𝑥 is given by 

𝑘𝜈,𝑥 =
(𝜈 + 1)𝜋

(𝑊𝑒𝑓𝑓)𝜈
                                                             (6.1) 

𝑊𝑒𝑓𝑓 is the effective width of the waveguide which includes physical width of 

the multimode waveguide 𝑊𝑀𝑀 and the penetration of the fields into the waveguide 

cladding (i.e. the evanescent fields due to the Goos-Hanchen shift [100]).  𝑊𝑒𝑓𝑓 is 

therefore polarisation-dependant. Generally, the effective widths 𝑊𝑒𝑓𝑓  of higher 

modes approximate the effective width of the fundamental mode (Figure 6.3) and will 

be denoted by 𝑊𝑒. Where 𝜎 is a constant equal to 0 for TE modes and 1 for TM modes, 

𝑊𝑒 ≅ 𝑊𝑀𝑀 + (
𝜆

𝜋
) (
𝑛𝑐
𝑛𝑟
)
2𝜎

(𝑛𝑟
2 − 𝑛𝑐

2)−1 2⁄                            (6.2) 
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Figure 6.3: The multimode waveguide effective width 𝑾𝒆 (A) in xy plane and (B) in xz plane of 

modes 𝝂 = 𝟎, 𝟏, 𝟐, 𝟑, 𝟒. x is horizontal direction of the waveguide, y is vertical direction across 

the structure layers and z is the propagation direction of the light. 

 The input field 𝛹(𝑥, 0) is injected in the multimode waveguide at 𝑧 = 0 is 

completely enclosed within the width 𝑊𝑒 and distributed into all modal fields 𝜓𝜈(𝑥) 

that can be guided by the multimode waveguide. Since the input field is fed by single 

mode waveguide, its size is small sufficient to not excite radiation modes. Hence, 

𝛹(𝑥, 0) = ∑ 𝑐𝜈𝜓𝜈(𝑥)

𝑚−1

𝜈=0

                                                  (6.3) 

Where the field amplitude 𝑐𝜈  is found by overlap integrals (6.3) taking the mode 

orthogonality in consideration. 

𝑐𝜈 =
∫𝛹(𝑥, 0)𝜓𝜈(𝑥)𝑑𝑥

√∫𝜓𝜈2(𝑥)𝑑𝑥
                                                     (6.4) 

At distance 𝑧 from the input point, the field profile is expressed as the superposition 

of all the supported mode profiles 

𝛹(𝑥, 𝑧) = ∑ 𝑐𝜈𝜓𝜈(𝑥)

𝑚−1

𝜈=0

𝑒𝑥𝑝 (−𝑖𝛽𝜈𝑧)                           (6.5) 

Taking the fundamental phase 𝑒𝑥𝑝 (−𝑖𝛽0𝑧) as common factor and dropping it: 

𝛹(𝑥, 𝑧) = ∑ 𝑐𝜈𝜓𝜈(𝑥)

𝑚−1

𝜈=0

𝑒𝑥𝑝[𝑖(𝛽0 − 𝛽𝜈)𝑧]                              (6.6) 

Equation (6.6) satisfies the wave equation (6.7) 
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𝜕2𝛹

𝜕𝑥2
+
𝜕2𝛹

𝜕𝑧2
+ 𝑘0

2𝑛𝑟
2𝛹 = 0                                           (6.7) 

Where 𝑘0 =
2𝜋

𝜆0
. The derivative in the first term gives −𝑘𝑖,𝑥

2  and in the second term 

equals −𝛽𝜈
2. Hence, the solution of equation (6.7) represents the dispersion equation  

𝑘𝜈,𝑥
2 + 𝛽𝜈

2 = 𝑘0
2𝑛𝑟

2                                                       (6.8)   

which describes the relation between the modal lateral wavenumber 𝑘𝜈 , the modal 

propagation constant 𝛽𝜈 and the ridge index  𝑛𝑟: 

𝛽𝜈 = √𝑘0
2𝑛𝑟2 − 𝑘𝜈,𝑥2                                                    (6.9) 

Comparing 𝑛𝑟
2𝑘0

2 with 𝑘𝜈
2, one can finds that 𝑘0

2𝑛𝑟
2 ≫ 𝑘𝜈,𝑥

2 , then, 

𝛽𝜈 = 𝑘0𝑛𝑟√1 −
𝑘𝜈,𝑥2

𝑘0
2𝑛𝑟2

                                                (6.10) 

Using the binomial expansion (1 − 𝑥)𝑛 = 1 − 𝑛𝑥, equation (6.10) becomes 

𝛽𝜈 ≅ 𝑘0𝑛𝑟 −
𝑘𝜈,𝑥
2

2𝑘0𝑛𝑟
                                                (6.111) 

Now, substituting 𝑘0 =
2𝜋

𝜆
  and 𝑘𝜈,𝑥 =

(𝜈+1)𝜋

𝑊𝑒
 where 𝑊𝑒𝑓𝑓 ≅ 𝑊𝑒  in equation (6.11), 

we get 

𝛽𝜈 ≅ 𝑘0𝑛𝑟 −
(𝜈 + 1)2𝜋𝜆

4𝑛𝑟𝑊𝑒2
                                                (6.12) 

The propagation constants spacing 𝛽0 − 𝛽𝜈 is 

𝛽0 − 𝛽𝜈 ≅
𝜈(𝜈 + 2)𝜋𝜆

4𝑛𝑟𝑊𝑒2
                                               (6.13) 

So, the propagation constants spacing between the two lowest-order modes  𝛽0 − 𝛽1 

is 

𝛽0 − 𝛽1 ≅
3𝜋𝜆

4𝑛𝑟𝑊𝑒
2
                                            (6.14) 

Where the beat length between 𝛽0 and 𝛽1 is  
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𝐿𝜋 =
4𝑛𝑟𝑊𝑒

2

3𝜆
                                                 (6.15) 

And then equation (6.13) becomes 

𝛽0 − 𝛽𝜈 ≅
𝜈(𝜈 + 2)𝜋

3𝐿𝜋
                                           (6.162) 

Hence, the field at distance 𝐿 , 𝛹(𝑥, 𝐿) can be written by substituting (6.16) into (6.6) 

𝛹(𝑥, 𝐿) = ∑ 𝑐𝜈𝜓𝜈(𝑥)

𝑚−1

𝜈=0

𝑒𝑥𝑝 [𝑖 (
𝜈(𝜈 + 2)𝜋

3𝐿𝜋
) 𝐿]                   (6.17) 

Based on the self-imaging principle, there are certain proper lengths 𝐿𝑀𝑀 at 

which the constructive interference patterns are obtained with multiple or single 

replica. In the case of symmetric interference 4  for 1 × 𝑁  MMI, 𝑐𝜈 = 0 for 

antisymmetric modes, 𝜈 = 1,3,5, . ., and the length of the multimode section, 𝐿𝑀𝑀, can 

be chosen to match the shortest length at the 𝑁-fold images [99]. 

𝐿𝑀𝑀 =
𝑝

𝑁
(
3𝐿𝜋
4
)                                                  (6.18) 

Where 𝑝 ≥ 0 , 𝑁 ≥ 1 are integers with no common divisors. 𝑝 represents the imaging 

periodicity along the multimode waveguide. The 𝑁-fold images are equally spaced 

and symmetrically located at ≈ ±
𝑊𝑒

𝑁
. 

6.2 Methodology 

A 1×2 MMI was designed, based on a single mode input, a multimode 

waveguide and two identical single mode output waveguides made of GaAs/AlGaAs 

structure. To study a small footprint device, a width of 6 µm was chosen for the 

multimode waveguide. This width allows the gap (𝐺 in Figure 6.1) in between the 

output waveguides to be achievable within fabrication limits and sufficient to prevent 

coupling between the output ports. The spacing between the outputs was approximated 

by ±
𝑊𝑀𝑀

𝑁
. Meanwhile, the length of the multimode waveguide was optimised for 

 
4 The symmetric interference can be obtained by centre-feeding the multimode waveguide at 

𝑊𝑀𝑀

2
  

with symmetric field profile. 
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width of 6 µm and it was found that two-fold image formation of the input is located 

at 46.5 µm. For the tapered device, the tapers were optimised to connect single mode 

input/output ports to the multimode waveguide. The taper width changes from single 

mode width to 2.5 µm at the input and vice versa at the output. Table 6.1 provides 

information about the device parameters. 

Table 6.1: 1×2 MMI parameters. 

Parameter  Value 

Input/output type Single mode waveguide 

Multimode width 6 µm 

Multimode length 46.5 µm 

Taper width Single mode ↔2.5 µm 

Etching depth Core-lower cladding interface 

Wavelength  1.3 µm 

 

Before further simulations were carried out, the software parameters were 

tested to confirm the convergence as described in Chapter 2 (Methodology). Namely, 

the calculation window width (the height was optimised on the level of (1D) slab 

waveguide in Chapter 3), maximum number of calculation modes5 included in the 

calculations, the mesh number in both direction of the waveguide cross-section and 

the taper algorithm parameters for the tapered 1×2 MMI version. These parameters 

were chosen to ensure sufficient accuracy and reasonable calculation time. First, the 

calculation width was increased until the output power converged. The calculation 

width was chosen to guarantee widths greater than 𝑊𝑒 = 𝑊𝑀𝑀 + 0.31 µ𝑚 . For 

example, a calculation width of 𝑊𝑀𝑀 + 2 µ𝑚  corresponds to error about 1.6%. 

(Figure 6.4) After that, the number of modes was adjusted to find the convergence. 

From Figure 6.5, it is clear that the transmission values converge if 11 modes or more 

are included in the calculations with error of 0.2% or less. Then, number of mesh cells 

 
5 This is software parameter define number of modes to be calculated and differ from waveguide 

supported modes. 
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was set similar to that used in Chapter 3 for ridge waveguides. Taper algorithm 

parameters are chosen based on what was found in Chapter 5 for the tapered 1×2 MMI. 

 

Figure 6.4: Transmission error as function of the calculation boundary distance measured from 

the multimode waveguide edge. 

 

Figure 6.5: Calculation accuracy as function of number of modes included in calculation. 
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After the software was set up to reasonable accuracy, the device optimisation, 

tolerances and performance were investigated as discussed in the following sections. 

6.3 Optimisation 

6.3.1 Multimode Waveguides 

The widths of the MMIs were chosen accordingly. Practically, the output ports’ 

width and the spacing between them needed to be considered to choose a proper width 

𝑊𝑀𝑀 . Figure 6.6 presents the effective indices of supported modes for different 

widths: 4-10 µm. A width of 6 µm is chosen to build the design in the following 

section. This width choice is wide enough to meet fabrication limitations and 

guarantees balanced splitting functionality by siting the outputs, so the gap is sufficient 

to prevent the output waveguides coupling. 

 

Figure 6.6: Effective indices of symmetrical modes for GaAs/AlGaAs waveguide widths from 

4 to 10 µm calculated by Fimmwave FDM solver at 𝝀 = 𝟏. 𝟑 µ𝒎. 
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6.3.2 Length and Width Optimisation 

Both conventional and tapered 1×2 MMIs were studied over a range of widths 

from 4 µm to 10 µm to discover the proper lengths at which the two-fold images are 

formed. Figure 6.7 shows the efficiency of two configuration of 1×2 MMI as function 

of both width and length of the device. It is noticeable that the two-fold image 

formation at a certain MMI width can be obtained at several lengths (as seen in the 

optimisation of width and length Figure 6.7, intensity of interference pattern in Figure 

6.8) and they are similar for both conventional and tapered devices. However, it is 

clear that the tapered device shows better tolerances. For a 1×2 MMI of width 6 µm, 

the proper lengths for 1,2 and 3-fold image locations are displayed in Figure 6.8. The 

first two-fold imaging is located at 46.5 µm as found by simulation while the 

approximation gives 𝐿𝑀𝑀 = 50.8 µ𝑚. So, the difference between the simulation and 

approximation is more than 4 µm and will be discussed in section 6.4.1.   
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Figure 6.7: Optimum dimensions (width and length) of GaAs/AlGaAs (A) conventional and (B) 

tapered 1×2 MMI at 𝝀 = 𝟏. 𝟑 µ𝒎 as found by Fimmprop (eigenmode expansion). For a certain 

MMI width, the two-fold image formation can be obtained at different lengths. 

Figure 6.8 shows intensity profile of interference pattern of various image 

formation for 6 µm wide MMI. A single image of the input field is located at the centre 

of the MMI and can be reproduced along the device. The two-fold images are formed 

at half the distance between the input and its first single image. It is clear that the 6 µm 

is sufficient to see the three-fold and four-fold images and the pattern is repeated along 

the device. 
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Figure 6.8: Intensity profile of 6 µm wide GaAs/AlGaAs 1×2 MMI found by Fimmprop 

(eigenmode expansion) at 𝝀 = 𝟏. 𝟑 µ𝒎. First two-fold image formation can be seen at length of 

46.5 µm and repeated ~ 140 µm. 

6.4 Tolerance Analysis 

The fabrication process is known to be associated with some defects that affect 

device efficiency. In the following parts the influence of geometrical fabrication 

errors on the device efficiency will be discussed for 1×2 MMI of width of 6 µm and 

length of the shortest optimum length (46.5 µm). 

6.4.3 Multimode Waveguide Length and Width Tolerances 

In Figure 6.9-A, the output power per output port is shown for lengths up to 

100 µm. A power reduction of 10% is a consequence of ~±2 𝜇𝑚 and ~±4.3 𝜇𝑚 

changes in the lengths of the conventional and tapered MMI lengths respectively for 

a 6 µm wide device. So, if the devices are designed based on the approximation, then 

10% and 14% less output is expected for the tapered and conventional MMI than that 

of simulation based optimised ones. The tapered device shows better stability due to 

the role of the taper in reducing radiation at the different cross-sections between the 

input/output ports and the multimode waveguide. The two peaks around 16 µm and 

78 µm corresponds to devices in Figure 6.9-B and Figure 6.9-C, respectively where 
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the collected power by the output ports is due to multi-fold images (could be three-

fold images and five-fold images, respectively). 

 

Figure 6.9: (A) Conventional and tapered GaAs/AlGaAs 1×2 MMI length tolerance at 

multimode waveguide width = 6 µm. The two peaks around of 1×2 MMI of lengths of (B) 16 µm 

and (C) 78 µm represent the power of other multi-fold image formation. Simulation was 

performed at 𝝀 = 𝟏. 𝟑 µ𝒎 by Fimmprop (eigenmode expansion).  
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A key factor for designing MMI’s is the width of the device. Therefore, it is 

important to explore its impact on the performance. So, both conventional and tapered 

6 µm wide 1×2 MMI at the shortest optimum length, 46.5 µm, were investigated. As 

seen in Figure 6.10 for the conventional 1×2 MMI with a width error of ~±0.1 𝜇𝑚, 

the output power per port is reduced by less than 2.9 % and it is slightly more sensitive 

to a reduction in width rather than an increment. On the other hand, the tapered device 

has higher stability so that a width error of ~±0.1 𝜇𝑚 leads to ~1 % output reduction. 

  

Figure 6.10: Fimmprop (eigenmode expansion) results of conventional and tapered width 

tolerance of GaAs/AlGaAs multimode waveguide width of 6 µm and the optimum length at 𝝀 =

𝟏. 𝟑 µ𝒎. 

6.4.4 Input/Output Width Variations 

The input/output waveguides were designed to be single mode waveguides, 

1.4 µm wide, to deliver an input of a single TE mode at a wavelength of 1.3 µm. 

However, width deviations are common and can range up to 0.1 µm which would lead 

to higher order mode excitation. Therefore, the behaviour of two configurations was 

examined for input/output width change of ±0.1 µm. There is negative correlation 

between the waveguides width and output waveguide gap size 𝐺 . So, the output 

-0.10 -0.05 0.00 0.05 0.10
0.45

0.46

0.47

0.48

0.49

0.50

P
o
u
t/
p
o

rt
 (

N
o
rm

. 
U

n
it

)

Multimode Waveguide Width Variation (m)

 Conventional MMI

 Tapered MMI



Chapter 6: Design and Optimisation of MultiMode Interference (MMI) Splitters 

 
100 

 

waveguide width error involves gap size variation of ∓0.1 µm as the output positions 

are determined by locating their centres at 
𝑊𝑀𝑀

4
. So, the change in response is due to 

the output width and the gap size variation. Figure 6.11 demonstrates the change in 

output power per port as the input/output waveguides widths change. What is 

interesting in this graph is the output power increment as the width increases. Wider 

input/output waveguides lead to higher confinement of mode area and hence delivering 

higher output power. Nevertheless, widths leading to higher mode excitation are not 

preferable. Moreover, the input port needs to maintain single mode operation to 

provide stable distribution of the input field [101]. Additionally, wider outputs can 

lead to greater interaction between light in the two waveguides as the gap becomes 

smaller.  

 

Figure 6.11: Input/output waveguides width fabrication error over range of ±0.1 µm for 

GaAs/AlGaAs conventional and tapered 1×2 MMI. Results are calculated at 𝝀 = 𝟏. 𝟑 µ𝒎 by 

Fimmprop (eigenmode expansion). 
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6.4.5 Output Gap Size 

The gap size was chosen to be 
𝑊𝑀𝑀

4
 using the approximation 𝑊𝑒 ≅  𝑊𝑀𝑀 due 

to high confinement. Nonetheless, the final formation of this gap is affected by the 

fabrication error of the output waveguides. So, if each output waveguide suffers from 

error of ±0.1 µm, hence the total change of the gap size will be ∓0.1 µm (∓0.05 µm 

from each waveguide). This change will cause output reduction of 1.5-2.5 % the 

conventional design and 1.3-0.7 % in tapered MMI efficiency (Figure 6.12).  

 

Figure 6.12: GaAs/AlGaAs conventional and tapered 1×2 MMI output gap size tolerance at 

multimode waveguide width = 6 µm and the optimum length. Results are calculated at 𝝀 =

𝟏. 𝟑 µ𝒎 by Fimmprop (eigenmode expansion). 
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The efficiency of the device was examined under input position deviation of 
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dramatically declines by more than 32% at deviation of 0.5 µm whereas the tapered 

device decreases steadily up to 15% of its maximum output power.  

 

Figure 6.13: Input wavegude offset impact from the center of the multimode waveguide of 

GaAs/AlGaAs 1×2 MMI. Simulation is done at 𝝀 = 𝟏. 𝟑 µ𝒎 by Fimmprop (eigenmode 

expansion). 

 

6.4.7 Etching Depth 

Another of the expected errors related to fabrication is the etching depth. For 

both configurations efficiency was scanned over a range of ~±0.1 𝜇𝑚  from the 

nominal etching depth. For etching 0.1 µm shallower than core-lower cladding 

interface there is power reduction of ~ 0.3 % for the conventional device and less than 

0.1 % for tapered MMI (Figure 6.14). 
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Figure 6.14: GaAs/AlGaAs conventional and tapered 1×2 MMI etching depth tolerance at 

multimode waveguide width = 6 µm, the optimum length and 𝝀 = 𝟏. 𝟑 µ𝒎 as found by 

Fimmprop (eigenmode expansion). 

. 

6.5 Wavelength Response 

According to relations (6.2) and (6.18), both length and width of 1×2 MMI is 

operating wavelength dependant. Referring to equation (6.15), it can be seen that there 

is negative correlation between the operating wavelength and the beat length, and 

hence the MMI length also has negative correlation with the operating wavelength. 

Thus, for longer wavelengths a shorter device is needed and vice versa. For the 

conventional MMI, the spectral response is stronger than that of the tapered device; 

reaching 10 % efficiency reduction at 1.4 µm as seen in Figure 6.15. From intensity 

profiles of the conventional MMI in Figure 6.16, it is clear that the optimum length is 

affected by wavelength change more than the optimum width. As seen, the image 

formation length is adjusted as the wavelength changes. At 1.2 µm wavelength, the 

output ports become multimoded; each is supporting two modes that are interacting 

with the radiation at multimode/output ports interface. This behaviour is weaker at 
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1.4 µm as the outputs are single mode waveguides and the radiation is not as strong as 

in case of 1.2 µm. Hence, the conventional MMI needs to re-optimisation if the 

wavelength is changed. 

On the other hand, the tapered device shows good wavelength tolerance so that 

the efficiency reduction does not exceed 3.8 %. Moreover, it is noticeable that the 

width has a much better tolerance as the image formation is parallel to the output ports 

as the wavelength increases. Moreover, the tapers improve the spectral response as 

seen in Figure 6.17 where the ripples are less pronounced compared to Figure 6.16. 

However, taken together with unintentional variations from the design during 

fabrication, these ripples at the output ports at wavelengths of 1.2 µm and 1.4 µm might 

cause deviation from expected performance and should be carefully monitored in 

fabricated devices.  

 

Figure 6.15: Bandwidth of GAAs/AlGaAs conventional and tapered 1×2 MMI at multimode 

waveguide width = 6 µm and the optimum length. Results are obtained at 𝝀 = 𝟏. 𝟑 µ𝒎 by 

Fimmprop (eigenmode expansion). 

 

1.20 1.25 1.30 1.35 1.40

0.35

0.40

0.45

0.50

P
o
u
t/
p

o
rt

 (
N

o
rm

. 
U

n
it

)

Wavelength (m)

 Conventional MMI

 Tapered MMI



Chapter 6: Design and Optimisation of MultiMode Interference (MMI) Splitters 

 
105 

 

 

Figure 6.16: Intensity profile of GaAs/AlGaAs conventional 1×2 MMI for operating wavelength 

of 1.2 µm, 1.3 µm and 1.4 µm. At the output, ripples are formed at wavelengths of 1.2 µm and 

1.4 µm. Simulations are done at 𝝀 = 𝟏. 𝟑 µ𝒎 by Fimmprop (eigenmode expansion). 
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Figure 6.17: Intensity profile of GaAs/AlGaAs tapered 1×2 MMI for operating wavelength of 

1.2 µm, 1.3 µm and 1.4 µm. The ripples are weaker than those obtained in the conventional 

MMI. Simulations are done at 𝝀 = 𝟏. 𝟑 µ𝒎 by Fimmprop (eigenmode expansion). 

6.6 Conclusion 

In this chapter, a deep etched compact high tolerance symmetrical 1×2 MMI 

was designed in two configurations: conventional and tapered. Comparing different 

aspects of both configurations, the tapered device showed higher efficiency (0.49 per 

port) and geometrical tolerance with relatively flat spectral response over wavelengths 

from 1.2 µm to 1.4 µm. This tapered 1×2 MMI splitter is promising for OCT that is 

required to operate over the spectral range between 1.2 µm and 1.4 µm for high 

resolution. It is also, capable (due to its high efficiency) for cascading 1×2 splitters to 

distribute signal over a circuit components. 
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In this chapter, I report my study of another method of splitting based on optical 

field splitting. A shallow etched single mode symmetric Y-branch power splitter at 

~1.3 µm wavelength for structures made from the GaAs/AlGaAs system is proposed 

for this functionality. I begin by investigating the splitting functionality of a 

conventional linear Y-branch to analyse the output and first higher modes. A general 

optimisation rule is pursued to optimise Y-branches based on both length and curvature 

of the gap between the output ports. Two small footprint configurations will be 

compared under variations that are typically encountered due to fabrication with 

respect to wavelength response and insertion loss. Finally, some modifications, based 

on results of the two previous chapters, are added to enhance the efficiency of the 

splitter.  

7.1 Background 

A Y-branch is a device composed of a wide waveguide that splits into two single 

mode waveguides. So, an optical signal is divided into two branches. Figure 7.1 shows 

a schema of the top view of a linear Y-branch consisting of a multimode input of width, 

2𝑤, and two identical single mode output waveguides of width, 𝑤, separated by a gap 

increasing from an input value, 𝐺0, to an output value, 𝐺𝐿 along the branch length, 𝐿. 

The gap configuration can be linear or exponential based on the design rule that will 

be explained later.  In this chapter we have considered 𝐺0 = 0 as a special case, called 

the zero-input gap Y-splitter. 

 

Figure 7.1: Y-branch plan. 𝒘 is output ports width, 𝑮𝟎 and 𝑮𝑳 are input and output gaps, 𝑳 is 

branch length. 
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As has been reported in the literature, the final operation (symmetric splitting and 

efficiency) of a Y-splitter is influenced by factors like waveguide structure (index 

contrast), branching angle and length. Previous studies have emphasized the relation 

between the branching angle and the efficiency of a Y-branch splitter and its 

wavelength dependence. The relation between TE mode transmission through a linear 

gap Y-branch and branching angle has been found by studying the radiation losses 

related to an abrupt junction and separation guide for a single mode waveguide. A 

positive correlation between radiation loss and branch angle has been found [102]. 

Using simple ray optics at dielectric interfaces, the interaction between an input optical 

field and the Y-branch structure and geometry has been explained and compared to 

beam propagation method simulations. The evolution of the input ray at the junction 

has been clarified as well as the interaction between the rays in the two branches and 

the radiation loss related to this interaction [103]. A wavelength independent multi-

sectional bend Y-branch with higher efficiency and shorter branching length than 

conventional bend configuration (circular, cosine and sine bends) was proposed [104]. 

The effective branching angle in [104] has been calculated based on a simplified 

coherent coupling effect by optimizing the angles of bend waveguide segments [105]. 

Regarding the waveguide before the branching, it has been designed with different 

configurations for efficiency enhancement and compactness purposes. Tapered or 

multimode sections have been used [106]–[111]. For large scale optical 

communication splitting, cascading identical splitters helps to obtain an optimised 

1 × N  splitter by studying a basic 1 × 2  splitter [112]–[114]. Additionally, 3D 

polymer-based 1 × 4  Y-splitter for wavelength splitting at 1.55 µm has been reported 

[115]. Besides the important role of the Y-junction splitters in broadband 

communication, Y-branches have application in biosensing [116]. 

7.2 Methodology 

Two configurations of Y-branch splitter where the gap increases in a linear or 

exponential manner were optimised for shallow etched GaAs/AlGaAs single mode 

waveguides to design efficient compact splitters. The minimum output gap size, 𝐺𝐿, 

was set by determining the minimum distance between two identical waveguides at 

which coupling between the waveguides doesn’t occur.  A conventional 1 × 2 single 
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mode Y-branch with input of width twice that of the output ports was set to a length 

with maximum efficiency to study the output and the first excited modes as they 

propagate from an input multimode waveguide through the splitting until the end of 

the output branches. The Y-branches were optimised using the general rule that finds 

the best curvature for various branch lengths for the smallest gap size between the 

branches ends. The limitation related to fabrication of a zero size input gap was 

studied. The devices were analysed for input gap size of zero and 0.3 µm. The 

simulation is carried out using eigenmode expansion (EME) method [117]. The 

software parameter values such as mesh size, maximum number of calculation modes 

and taper paraments were set by considering similar convergence tests to those used 

in previous chapters. 

7.3 Minimum Output Gap (𝑮𝑳) Size 

The final separation required for the two output ports of the splitter may depend 

on the application due to the physical space required for subsequent components but 

here we will examine the minimum required separation or output gap, 𝐺𝐿, size where 

the ports can be considered independent.  The interaction between two waveguides 

causes a splitting of the eigenmodes. The coupled system has so-called supermodes, 

which are a linear superposition of the original waveguide modes, with a splitting in 

the eigenvalues proportional to the overlap of the waveguide modes.  Therefore, the 

difference in the eigenvalues, 𝑛𝑒𝑓𝑓, of the two supermodes is a simple measure of the 

interaction of the two waveguides.  Therefore, the gap between the output waveguides 

was scanned to find the smallest output gap at which the output modes have zero 

splitting.  In practice, this is found when the mode splitting is trivial.  Figure 7.2 shows 

the effective indices of the output modes of the two branches (A) and the progression 

of difference between the output modes effective indices as function of output gap size 

(B). It is seen that the waveguides become independent at gap size of approximately 

2 µm. So, this size is set as the smallest gap size at the branching end, 𝐿. The mode 

profile for gap size of 0, 1 and 2 µm is presented in Figure 7.2-C,D and E. It is clear 

that as the gap is increasing, the two branches become more independent of each other 

and recover their resemblance to two isolated waveguide modes.  
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Figure 7.2: (A) Effective indices of the output modes as function of output gap, 𝑮𝑳, size. (B) 

Difference between the effective indices of the output modes as function of output gap, 𝑮𝑳, size.  

Output mode profiles at output gap size of (C) 0, (D) 1 µm and (E) 2 µm. Simulations are done 

at 𝝀 = 𝟏. 𝟑 µ𝒎 by Fimmwave FDM solver for mode calculations and Fimmprop (eigenmode 

expansion) for mode splitting evolution. 

7.4 Zero Input Gap (𝑮𝟎 = 𝟎) Y-Branch 

In this section the behaviour with zero input gap, 𝐺0, which is defined in Figure 

7.1 is investigated to understand the influence of both the gap shape between the output 

branches and the length on the output confined mode and radiation modes and hence 

on the efficiency and stability of the splitter under some variations in dimension such 

as might be seen due to imperfect fabrication and for varying input wavelength. 

7.4.1 Length Impact on Output and Radiation Modes Evolution in a 

Linear Splitter 

To study the way modes propagate through the conventional symmetric linear 

Y-branch (Figure 7.1), the output power per port of the output mode and the radiation 

mode is recorded as the branch length is varied from 0 to 100 µm as seen in Figure 

7.3. The fluctuating behaviour of the output power is due to interference of the output 
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mode with the radiation mode originating at the start of the branch as the first higher 

mode radiates upon branching [102]. As the branch becomes longer, the interaction 

between the output and radiation modes becomes weaker because the radiation power 

decreases with branch length. Figure 7.1 displays geometrical parameters of linear Y-

branch that are used to study the output and first higher modes. 

Table 7.1: Linear Y-branch parameters. 

Parameter Value 

Input type 
Multimode waveguide 

(constant width) 

Output type 
Single mode waveguide 

(constant width) 

𝐺0(µm) 0 

𝐺𝐿 (µm) 2 

Etching Depth (µm) ~0.5 H 

Wavelength (µm) 1.3 
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Figure 7.3: Pout per port and radiation power per port as function of branch length for 

GaAs/AlGaAs linear Y-branch of 𝑮𝟎 = 𝟎. Simulations are done at 𝝀 = 𝟏. 𝟑 µ𝒎 by Fimmprop 

(eigenmode expansion). 

The intensity profiles of the fundamental and first higher modes were tracked 

along the branch from the start of the splitting until the end of the branch at length of 

100 µm. While the fundamental mode stays bound in the branches, the first excited 

mode transforms into radiation upon the splitting and maintains the same behaviour 

along the branch  as presented in Figure 7.4. At the input waveguide, just before the 

branch ( 𝐺0 =  0  µm), the first excited mode is bound in the input multimode 

waveguide of width twice that of the output waveguides. As the gap advances, the 

higher mode converts into radiation as its power splits through the gap. Like the 

fundamental mode, the higher mode starts to undergo a complete split into two parts 

at gap size between 1.2 and 1.4 µm.  
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Figure 7.4: Fimmwave FDM solver calculations of intensity profiles of the fundamental (right) 

and first excited (left) modes along GaAs/AlGaAs taper of length 100 µm at gap size of (A) 0, (B) 

0.4 µm, (C) 0.8 µm, (D) 1.2, (E) 1.6 µm and (F) 2µm at 𝝀 = 𝟏. 𝟑 µ𝒎. 

The reason for the increase in Pout per port (Figure 7.3) at a length of 100 µm, 

even though the radiation mode power is small at this length, is the constructive 

interference between the output mode and the radiation mode as seen in Figure 7.5. 

So, the choice of optimum length is sensitive to the interaction between the output 

mode and the radiation mode.  
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Figure 7.5: Total power of output and radiation modes along GaAs/AlGaAs linear Y-branch of 

100 µm long and 𝑮𝟎 = 𝟎 at 𝝀 = 𝟏. 𝟑 µ𝒎 as found by Fimmprop (eigenmode expansion). 

7.4.2 Geometrical Optimisation at 𝑮𝟎 = 𝟎 

It is known that extending the length of propagation in devices of varying 

dimension like tapers and Y-branches will result in high efficiency output. In this 

section, I will present a generic design rule that optimises shape and length 

simultaneously to achieve high efficiencies at considerably shorter length. This rule, 

is similar to that applied in Chapter 5, and is stated as equation (7.1) where 𝐺(𝑧) is the 

gap size as a function of position, 𝑧,  along the gap between the branches, 𝐺0 is the gap 

size at position 𝑧 = 0, 𝐺𝐿 is the gap size at the end of splitter, 𝐿 is the length of the 

branching sector and the curvature constant, 𝑏, is optimisation factor (controls the gap 

geometry along the branching sector) that is scanned for series of chosen 𝐿 values at 

known 𝐺0 and 𝐺𝐿. 

𝐺(𝑧) = (𝐺𝐿 − 𝐺0) ∗ ( 
𝑧

𝐿
− 1)

𝑏

+ 𝐺𝐿                                       (7.1) 

For each length 𝐿 from 0 to 50 µm (steps of 0.5 µm), the exponent 𝑏 is changed over 

range from 0.2 to 2 in steps of 0.05. The results presented by the colour map in Figure 

7.6 are corresponding to 𝐺0 = 0µ𝑚  and 𝐺𝐿 = 2µ𝑚 . The alternating patterns as 

function of length also appear here for all 𝑏 values in a similar way to that noticed for 
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the linear branch in Figure 7.3, as result of the interference between the output mode 

and the radiation mode created at the junction. As the branching section gets longer, 

this interaction becomes weaker and hence the output power per port turns out to be 

higher. The most interesting thing in these results is that an efficiency up to 98.1% is 

achievable for lengths that do not exceed 50 µm with positive correlation between the 

branch length and both the length tolerance and curvature shape. For 𝑏 = 1, the gap 

configuration is linear. It is noticeable that for short length (~ 10 µm), the linear Y-

branch has higher efficiency compared to other configurations at the same length. 

However, as the branch becomes longer (~20 µm), other configurations show higher 

efficiency and better length tolerance than that of the linear one. Considering the length 

tolerance, a branch length of 23 µm and 𝑏 = 0.76  have efficiency up to Pout per 

port =0.47 nom. Unit is considered optimum. This Y-branch is chosen as high 

tolerance efficient splitter and will be considered in the following section for further 

investigations. 

 

Figure 7.6: GaAs/AlGaAs Y-branch geometrical optimisation at 𝑮𝟎 = 𝟎 and 𝝀 = 𝟏. 𝟑 µ𝒎 as 

simulated by Fimmprop (eigenmode expansion). Branch length extends from 0 to 50 µm and 

curvature is change over range of 𝒃 = 𝟎 𝒕𝒐 𝟐. 
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7.4.3 Tolerances 

Based on the results obtained in the previous section an optimised device of 

length 𝐿 = 23 µ𝑚 and 𝑏 = 0.76 with efficiency of Pout per port =0.47 nom. unit and 

length tolerance of ±1 µ𝑚 with power reduction of ~ 1.2 % has been chosen. The 

effect of etching depth and waveguide width variations will be considered in the 

following section for two configurations: linear and curved device (𝑏 = 0.76) with the 

same length. The variation range related to photolithography (~ ±0.1 µm for I-line) is 

covered and etching depth variation up to ±0.1 µ𝑚. The fabrication variations are 

assumed to be the same and changes all features (widths, gaps, etching depths) by the 

same magnitude. 

7.4.3.1 Waveguide Width 

The relation between the splitter efficiency and waveguide width changes of 

±0.1 µ𝑚 is presented in Figure 7.7. The linear Y-branch has a higher stability whereas 

the efficiency of the exponential one increases as the width increases by 0.1 µm. 

Increasing the width results in higher confinement and consequently higher output 

power and vice versa. As for the width variation response, the exponential gap splitter 

is better in the case of increasing the width. 
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Figure 7.7: Waveguide width variation of both input multimode waveguide and branch single 

mode waveguides of GaAs/AlGaAs Y-branch of 𝑳 = 𝟐𝟑 µ𝒎, 𝑮𝟎 = 𝟎 and 𝒃 = 𝟎. 𝟕𝟔 compared to 

a linear one of the same length and structure. Results are found at 𝝀 = 𝟏. 𝟑 µ𝒎 by Fimmprop 

(eigenmode expansion). 

7.4.3.2 Etching Depth 

The two configurations of 𝑏 = 1 and 𝑏 = 0.76 with parameters stated in Table 

7.1 were investigated under etching depth variations of ±0.1 µ𝑚. The positive values 

indicate the etching depth become deeper while the negative values mean the 

waveguide gets shallower. Both configurations, linear and exponential, as seen in 

Figure 7.8 have similar response to the etching depth alteration but the linear case has 

a higher output as it experiences changes in the etching depths. So, the exponential 

configuration is not preferred unless the etching level variation is between - 0.05 and 

+0.02 µm. 
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Figure 7.8: Etching depth variation effect on output power per port for both GaAs/AlGaA 

exponential (𝒃 = 𝟎. 𝟕𝟔) and linear Y-branches of 𝑳 = 𝟐𝟑 µ𝒎 and 𝑮𝟎 = 𝟎. Results are found at 

𝝀 = 𝟏. 𝟑 µ𝒎 by Fimmprop (eigenmode expansion). 

7.4.4 Wavelength Response 

The response of the splitter to the wavelength was studied from 1.2 µm to 

1.4 µm as presented in Figure 7.9. Generally, the wavelength change has negative 

impact on the efficiency between 1.3% at 1.2 µm and 0.6% at 1.4 µm. The exponential 

Y-splitter response stays flat between 1.26 µm and 1.32 µm with a dramatic increase 

and fractional decrease at shorter wavelengths than 1.26 µm and greater than 1.32 µm. 

On the other hand, the linear Y-branch efficiency decreases linearly as the wavelength 

increases. The overall spectral response is good for both configurations over the range 

between 1.2 µm and 1.4 µm. The reason for the small decrease at longer wavelength 

is that the bigger mode size that needs a wider waveguide to ensure high confinement. 
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Figure 7.9: Wavelength response of GaAs/AlGaA exponential (𝒃 = 𝟎. 𝟕𝟔) and linear Y-branches 

of 𝑳 = 𝟐𝟑 µ𝒎 and 𝑮𝟎 = 𝟎. Results are found by Fimmprop (eigenmode expansion). 

7.5 Non-Zero Input Gap (𝑮𝟎 = 𝟎. 𝟑 µ𝒎) Y-Branch 

In this part of my study, I will track the effect of a non-zero gap, at the 

beginning of the branch, on the output and radiation modes and check if this gap affects 

the optimisation and efficiency. A gap close to zero is difficult to fabricate and the 

0.3 µm gap is believed to be more realistic. Both further fabrication tolerances and 

performance will be explored over a range of variations.  

7.5.5 Length Impact on Output and Radiation Modes Evolution in a 

Linear Splitter 

Similar steps to those done before were followed to study the output and first 

higher modes as they propagate from input multimode waveguide undergoing splitting 

into two parts over a sudden split of 0.3 µm at the beginning of the branch. I assume 

the gap size increases with the same value all over the branch length but the other 

parameters are kept the same (Table 7.2Table 7.2). 
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Table 7.2: Linear Y-branch parameters of 𝑮𝟎 = 𝟎. 𝟑 µm. 

Parameter Value 

Input type 
Multimode waveguide 

(constant width) 

Output type 
Single mode waveguide 

(constant width) 

𝐺0(µm) 0.3 

𝐺𝐿 (µm) 2.3 

Etching Depth (µm) ~0.5 H 

Wavelength (µm) 1.3 

In this device, the output and first excited modes output power per port as a 

function of branch length (Figure 7. 10) behave roughly in similar manner to the device 

of  𝐺0 = 0 µ𝑚 with output power reduction of ~12.4% for the output mode and ~0.7% 

for first higher mode compared to their output power in case of 𝐺0 = 0 µ𝑚. As the 

only change made on the design is the size of gap between the two ports, the reduction 

in mode power could be caused by experiencing an abrupt change where the splitting 

starts with a gap of a relatively big size.  
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Figure 7. 10: Pout per port and radiation power per port as function of branch length for 

GaAs/AlGaAs linear Y-branch of 𝑮𝟎 = 𝟎. 𝟑 µ𝒎. Simulations are done at 𝝀 = 𝟏. 𝟑 µ𝒎 by 

Fimmprop (eigenmode expansion). 

Figure 7.11 provides information about the total power of output and radiation 

modes along a linear Y-branch of 100 µm long and 𝐺0 = 0.3 µm. The main finding of 

this graph is that the two modes are out of phase along the branch and the amount of 

power carried by the radiation mode in comparison with the same mode in 𝐺0 = 0 µm 

Y-branch is larger. This means having the gap at the starting point of splitting enhances 

the radiation which results in a drop in the power delivered by the output mode at the 

end of the splitter. 
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Figure 7.11: Total power of output and radiation modes along GaAs/AlGaAs linear Y-branch of 

100 µm long and 𝑮𝟎 = 𝟎. 𝟑 µm at 𝝀 = 𝟏. 𝟑 µ𝒎 as found by Fimmprop (eigenmode expansion). 
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2.3 µm . The most interesting point of this figure is that the highest achievable 

efficiency is 0.39 norm. unit per port for maximum length of 50 µm which means the 

efficiency is significantly 𝐺0  dependant. Although the same type of behaviour is 

observed as for the zero input gap, the optimum values are shifted toward shorter 

lengths (~ 2 µm) and smaller 𝑏 values. For instance, within the same range chosen for 

𝐺0 = 0 µm, the optimum length was 23 µm and 𝑏 = 0.76 whereas for 𝐺0 =  0.3 µm, 

the optimum length is 21 and 𝑏 = 0.6. For length changes of ±1 µ𝑚 the efficiency 

reduction is up to 1.1%.  

 

Figure 7.12: GaAs/AlGaAs Y-branch geometrical optimisation at 𝑮𝟎 = 𝟎. 𝟑 µ𝒎 and 𝝀 = 𝟏. 𝟑 µ𝒎 

as simulated by Fimmprop (eigenmode expansion). Branch length extends from 0 to 50 µm and 

curvature is change over range of 𝒃 = 𝟎 𝒕𝒐 𝟐. 

 

0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Branch Length (m)

C
u

rv
at

u
re

 C
o

n
st

an
t,

 b

0.00

0.0488

0.0975

0.146

0.195

0.244

0.292

0.341

0.390

Pout/Port (Norm. Unit)



Chapter 7: Design and Optimisation of Y-branch Splitters 

 
125 

 

7.5.7 Tolerances 

7.5.7.1 Waveguide Width 

The influence of a width variation range of ±0.1 µm is illustrated in Figure 

7.13. The general outcome of this calculation is similar for both configurations with 

higher efficiency for the exponential Y-splitter. As the waveguides width increases, 

the output power increases until it reaches a peak at +0.07 µm where the confinement 

is highest. Further width increments result in the confinement of higher order modes 

and consequently, lower output is obtained. So, under this variation with the presence 

of the gap at the start of the branching the exponential device is better due to its higher 

efficiency. 

 

Figure 7.13: Impact of waveguide width change of both input and branch sectors on output 

power per port of GaAs/AlGaAs Y-branch of 𝑳 = 𝟐𝟑 µ𝒎, 𝑮𝟎 = 𝟎. 𝟑 µ𝒎 and 𝒃 = 𝟎. 𝟕𝟔 

compared to a linear one of the same length and structure. Results are found at 𝝀 = 𝟏. 𝟑 µ𝒎 by 

Fimmprop (eigenmode expansion). 
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7.5.7.2 Etching Depth 

An overview of the efficiency response to a variation of etching depth is 

compared for two Y-branch configurations in Figure 7.14. Similar to the case of 𝐺0 =

0 µ𝑚, the linear Y-branch has higher output power at shallow etching whereas the 

exponential one only has higher efficiency between 0.02 µm to 0.02 µm etching level. 

In general, the power of both shapes is dramatically decreasing as the etching become 

deeper. 

 

Figure 7.14: Output power per port response to etching depth variation for both GaAs/AlGaA 

exponential (𝒃 = 𝟎. 𝟕𝟔) and linear Y-branches of 𝑳 = 𝟐𝟑 µ𝒎 and 𝑮𝟎 = 𝟎. 𝟑 µ𝒎. Results are 

found at 𝝀 = 𝟏. 𝟑 µ𝒎 by Fimmprop (eigenmode expansion). 

7.5.8 Wavelength Response 

The effect of a change of wavelength from 1.2 µm to 1.4 µm on the splitters’ 

performance is presented in Figure 7.15. Both configurations are responding 
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correlation between wavelength and mode size. Thus, the larger the mode size, the less 

the confinement. 

 

Figure 7.15: Efficiency of GaAs/AlGaA exponential (𝒃 = 𝟎. 𝟕𝟔) and linear Y-branches of 𝑳 =

𝟐𝟑 µ𝒎 and 𝑮𝟎 = 𝟎. 𝟑 µ𝒎 as function of wavelength. Results are found by Fimmprop 

(eigenmode expansion). 

7.6 Modification 

A Y-branch can be modified to raise the efficiency or to make the fabrication 

easier. Here, I will present some designs based on optimised Y-branch of 𝐺0 =
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the consequence of adding optimised tapered waveguide and tapered multimode 

sections in the middle of the device.  

Table 7.3 provides information about the efficiency of different types of Y-branches. The 

efficiency of both basic linear and exponential Y-branches is compared with two different types 

where the input is changed to tapered section or a tapered multimode section is used in between 

a single mode waveguide input and the branching section. It is found that these modifications 
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presented in Figure 7.16 
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. The interference patterns along the branches are result of low confinement 

due to shallow etching. Looking at the patterns along the MMI based one, it can be 

seen that this configuration is the best between the three as the intensity profile 

becomes steady near the end of the branch and deliver the highest efficiency between 

the three configurations as seen in Table 7.3. 

Table 7.3: Efficiency of various GaAs/AlGaAs Y-branch configurations of 𝑮𝟎 = 𝟎. 𝟑 µ𝒎.  

Device Type Linear Pout per port 

(Norm. Unit) 

Exponential Pout per port 

(Norm. Unit) 

Basic  0.36 0.38 

Tapered input based 0.41 0.4 

Tapered MMI based 0.42 0.42 
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Figure 7.16: Top view of different configurations of linear (right) and exponential (left) Y-

branches: (A) Basic (multimode input), (B) Tapered input based and (C) Tapered MMI based. 

Simulations are performed at 𝝀 = 𝟏. 𝟑 µ𝒎 by Fimmprop (eigenmode expansion). 

7.7 Conclusion 

In this chapter, I have studied the behaviour of output and first higher mode as 

they propagate along Y-branches with zero and non-zero input gap. Then, I generated 

a range of optimisation options of pairs of values (length, curvature) for chosen 

parameters: 𝐺0 and 𝐺𝐿. This gives wide freedom to choose a preferable design based 

on different criteria like small footprint, high efficiency and large fabrication 

tolerances. In addition, the tolerances and performance were examined for different 

compact configurations. Finally, both non-zero input gap linear and exponential basic 

designs were modified to enhance the efficiency and give more options of designs. I 
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found out that both zero and non-zero input gap have similar response to geometrical 

and operational variations with higher efficiency in case of zero gap device. This work 

illustrates that it is important to know pre-design whether fabrication limitations will 

produce a non-zero input gap so that the effects of this can be minimised. To minimise 

the effect of the input gap, the design rule in equation (7.1) may be used for known 

length and optimised for (input gap, curvature) to optimise the shape for range of input 

gaps based on the fabrication limits. 
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8.1 Summary 

The silicon photonic integration research has produced wide range of 

components at 1.55 µm and some at 1.3 µm and InP based integrated photonics is well 

established at 1.55 µm wavelength.  The aim of this thesis was to explore in a 

systematic manner, taking account of manufacturability, photonic integrated circuits 

in GaAs-based materials at a wavelength of 1.3 µm that are compatible with direct 

growth on a silicon substrate.  Towards this aim, the design of several small footprint 

GaAs-based photonic integration components, which can be used as basic and 

composite building blocks, are described. The designed components have been 

optimised using commercially available simulation tools for bandwidth and tolerances 

typically found when using fabrication tools. The designed components were 

investigated at a wavelength 1.3 µm and over wavelength range of ±0.1 µm and with 

tolerances on the size and etching depth typically found following fabrication – a  

variation of ±0.1  µm for both width and etching depth. Waveguides, tapers, and 

splitters have been designed and analysed.  

As a fundamental step for the optimisation of deep etched waveguides, the 

structure has been tested numerically for single mode operation in the vertical 

direction.  The results indicate that single mode operation of a (1D) slab waveguide 

can be obtained with a core height of 0.4 ± 0.2  µm. A waveguide of this height 

exhibits single mode operation in the lateral direction for ridge waveguide widths 

between 0.7 and 1.4 µm. These single mode operation dimensions are much smaller 

than that achieved in [27] and [28] of the same functionality. The influence of a 

variation in the core height of ±0.1 µm on the single mode width has been analysed. 

It was found that as the core height increases, the width required to achieve single 

mode (or “cut-off” higher order modes) becomes smaller. So, with smaller core heights 

the single mode widths would be easier in fabrication. For a waveguide of constant 

physical dimension, as the wavelength is changed from 1.2 to 1.4 µm the fundamental 

mode effective index decreases. 

The study of rib waveguides has demonstrated the relation between the core 

height, width and etching depth required to achieve single mode operation. Heights 

from 0.4 µm up to a size suitable for fibre coupling have been covered. The main 
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finding of this part of the thesis is that there is a positive corelation between the core 

height and the critical etching depth that determines the single mode operation. 

Generally, for a certain core height as the etching depth gets shallower, the single mode 

cut-off width gets wider and width tolerance becomes bigger. For a waveguide of a 

certain core height and etching depth, the fundamental mode effective index decreases 

as the wavelength increases. The understanding of the two types of waveguides, ridge 

and rib, provides a good basis for further functional elements in the GaAs-based 

photonic integration scheme. Similar to [32], the deepest etching depth, critical etching 

depth, that guarantees single mode operation and offers the highest confinement was 

obtained for various core heights.  

Two design rules, based on adiabaticity and curvature, have been applied to 

deep etched GaAs-based waveguides to obtain efficient tapers. In comparison with a 

linear taper, the designed tapers have been found to be more efficient (1/3 linear taper 

length of the same efficiency) and stable under etching depth variation. Also, the 

designed tapers have flat spectral response. So, high efficiency small footprint tapers 

can be obtained to connect different cross-section circuit components to minimise the 

losses due to mismatch. Adiabaticity based design has predicted similar results to those 

shown in [82]. Contrary to the previous work, the exponential design introduced in 

this thesis gives generic optimisation options that allow the designer to choose the 

suitable size/shape of the taper based on set of conditions such as chip size or 

fabrication capabilities. 

Using the ridge waveguide that is investigated in Chapter 3, two configurations 

of small footprint 1 × 2 MMI’s have been designed and compared. The simulation 

results show that the tapered MMI efficiency is higher than 0.45 per port over the 

spectral range 1.2 µm to 1.4 µm. In addition, the use of tapers on the MMI input and 

exit ports somewhat relaxes width, length, gap size and input position tolerances. Both 

tapered and untapered configurations have similar behaviour with regard to input 

width and etching depth changes. However, the tapered MMI is preferable for its 

higher efficiency and fabrication tolerances. In comparison with previous work done 

on GaAs, our design is much smaller than the footprint mentioned in [34] and [39]. 

Like the results of [36], this design is more sensitive to width variation compared to 

length variation.  
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Shallow etched waveguides have been implemented in Chapter 7 to optimise 

efficient Y-branch splitters. The smallest gap required for independent output 

waveguides has been found by calculating the splitting of the supermodes in the output 

waveguides. The interaction between output and radiation modes has been 

demonstrated. An approach based on an exponential taper was applied to design an 

efficient Y-branch. The most efficient with zero and non-zero input gap have been 

compared to the corresponding linear ones. The input gap, which is likely due to 

fabrication imperfections, has negative impact on the efficiency where the highest 

efficiency is 0.39 per port with input gap of 0.3 µm while efficiency up to 0.49 per 

port can be obtained with zero input gap. The designed (zero and non-zero input gap) 

Y-branch has higher output as the waveguide width is increased. Both the linear and 

designed (zero and non-zero input gap) are sensitive to etching depth variation. The 

zero input gap Y-branch has stable response for spectral changes, with a less than 1.3% 

reduction in output intensity across the wavelength range from 1.2 to 1.4 µm, but the 

non-zero output gap design has a higher efficiency at 1.2 µm wavelength. The non-

zero input gap Y-branch efficiency has been improved (4-6%) by adding tapering to 

the input and using multimode section. This illustrates that it is essential to design 

based on the known fabrication performance as the optimum design is quite different 

for e.g. non-zero and zero input gap size. The exponential based approach gives a wide 

range of options to choose much smaller footprint devices in comparison with [41] and 

[42]. 

This thesis introduced a range of novel structure-based components that are 

useful for integration with other device, both passive or active, for mainly light 

coupling by waveguides and tapers and splitting by 1 × 2 splitters. Two types of 

efficient 1 × 2 splitters have been demonstrated. The general comparison shows that 

the tapered MMI has better fabrication tolerance but with larger footprint. However, 

both MMI and Y-branch are of good capability at a specified etching level. More 

options for the splitting functionality devices could be achieved with other design 

approaches like inverse design. This technology would produce some other options of 

geometries that can be tested and compared with our designs. 
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8.2 Future Work 

This thesis contains a description and understanding of the designs of some 

GaAs-based photonic integration building blocks. The simulation has given details 

about size and configuration of these building blocks. In addition, the expected 

reaction for some variations has been covered. Hence, a clear idea about these 

components capability for a certain functionality has been obtained. An iterative 

approach should now be followed where fabricated and characterised components are 

used to update the tolerances assumed here and a process design kit (PDK) is 

established for the GaAs based photonic integration platform.  After establishing the 

performance of individual components, they can be simulated with other devices for 

on-chip integration and then moved to fabrication for further evaluation and feedback 

to the design process.
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