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Abstract 
 

This thesis investigates two building-blocks of integrated photonics, hybrid plasmonic–

semiconductor lasers and waveguide Bragg gratings (WBGs), with the goal of improving 

tunability, sensing performance, and grating design. The first part examines plasmonic–III-V 

integration as a platform for tunable lasers aimed at data-center applications, using loss-based 

mode control to enable wavelength tuning. I also explore the use of hybrid plasmonic–

semiconductor laser in biosensing and additionally, design an electrically driven LED 

refractometer as a compact sensing device. The second part of the thesis focuses on WBGs, 

reviewing weak and strong grating regimes with established simulation techniques. I introduce 

a new class of gratings, Dirac gratings, whose spectral response remains unchanged with 

grating order. Finally, I develop an efficient analysis tool based coupled-mode theory for 

design and optimization of distributed-feedback lasers and reflectors. 
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Chapter 1 

 
Introduction 
 

1.1 Motivation 
 

The main motivation of this thesis was to explore new ways of achieving tunability in 

semiconductor lasers, mainly for datacom and telecom applications. InP-based platforms are 

well established in industry, so most of the work naturally focuses on these structures. As the 

project progressed, some of the concepts developed showed strong potential for sensing. This 

expanded the scope of the thesis from communication lasers to sensing lasers as well. 

In parallel, studying tunable lasers led to new findings about waveguide Bragg gratings and 

their modeling, which were also included in the thesis. Overall, the chapters follow this 

progression: starting with background and existing technologies, then introducing the new 

tuning concept, then moving to sensing applications, and finally presenting the grating studies 

and numerical methods. A detailed chapter-by-chapter summary is given in Section 1.3. 

 

1.2 Background 
 

The emergence of semiconductor diode lasers in the 60s [1] marked the birth of the integrated 

photonics industry. This field leverages light for applications traditionally dominated by 

integrated electronics, which had gained prominence over a decade earlier. Since then, 

photonic integrated circuits have advanced significantly, becoming a key technology in niche 

markets namely communication, where they enable high-speed data transmission and 

reception, and biotechnology, where they are integral to a variety of sensing and diagnostic 

applications. 

Unlike electronic circuits, which rely on generic elements like resistors, transistors, and 

capacitors, photonics lacks such universal components. Instead, photonic elements vary 

greatly and are often tailored to specific applications. Moreover, the materials used in 

photonics are far more diverse compared to electronics, where silicon remains the dominant 

material of choice. For fiber-optic communication bands, such as the O-band and C-band, III-

V semiconductor compounds (composed of group III and group V elements from the periodic 

table) are widely utilized, particularly ternary and quaternary compounds that are lattice-

matched to indium phosphide InP and gallium arsenide GaAs substrates.  Despite this diversity 

in materials and device structures, several key concepts find applications across nearly all 
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areas of photonics. These principles underpin a wide range of applications, enabling the design 

and optimization of photonic circuits. In the following, I review several key concepts which 

are significant for my thesis: Waveguiding, Active Photonics, Plasmonics, and Gratings. 

In Sections 1.2.1 and 1.2.2, a basic review of Waveguiding and Active Photonics will be 

given, respectively. Active photonics generally refers to the branch of photonics concerned 

with the emission and detection of light. In the context of lasers, which are the focus of this 

thesis, the active layer(s) denotes the region of the device where electron-hole recombination 

occurs, resulting in the generation and emission of light. Waveguiding in active photonics has 

a dual meaning. The cladding layers that surround the active region possess both a lower 

refractive index and a higher bandgap energy compared to the active layer. The refractive 

index contrast confines the optical mode near the active layer, and simultaneously, the 

bandgap difference confines electrons and holes within the active layer. The former forms an 

optical waveguide, whereas the latter promotes efficient carrier recombination. 

Plasmonics involves the coupled confinement of electron oscillations and optical waves, 

which occurs not within the core of a dielectric waveguide, but at the interface between a metal 

and a dielectric. The inherent absorption of light by the metal makes the propagating wave 

very lossy. However, this loss can be partially compensated by placing the structure adjacent 

to a gain medium. When the metal is sufficiently thin, the coupled fields remain strongly 

localized to its interfaces, and the high sensitivity of the propagating wave to the material 

covering the metal makes structures that are excellent for sensing applications.  In Section 

1.2.3, an introduction to Plasmonics will be given. 

Section 1.2.4 describes the basics of waveguide Bragg gratings. These are diffraction 

gratings embedded within a waveguide and form the basis of distributed-feedback (DFB) or 

distributed Bragg reflector (DBR) lasers by providing the distributed reflection and spectral 

filtering necessary to form an optical cavity and sustain oscillation. Such lasers offer a highly 

stable output, making them critically important to data and telecom infrastructure. Therefore, 

ongoing research into the design, fabrication, and optimization of Bragg gratings is essential 

for photonic systems. 

 

1.2.1 Waveguiding 
 

Waveguides, just like wires guiding electrical currents, guide light using the principle of total 

internal reflection. They are fundamental to integrated photonics, serving as the primary means 

of connecting components on a chip. A waveguide confines light within a high-refractive-

index core, surrounded by lower-refractive-index claddings, enabling controlled propagation. 

Most practical waveguides achieve two-dimensional confinement, restricting light expansion 

in two dimensions while allowing it to propagate along the third. 
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Optical waveguides are categorized by their geometries. The simplest type, the symmetric 

slab waveguide, consists of a core sandwiched between identical lower-index claddings, 

providing 1D light confinement. Waveguides with 2D confinement come in various forms, 

such as rib, ridge, and embedded strip geometries, as illustrated in Fig. 1.1. 

A fundamental concept in integrated photonics is understanding how modes propagate 

within a waveguide. From the perspective of classical ray optics, wave propagation can be 

explained using Snell's law, where light remains confined within the waveguide as long as the 

conditions for total internal reflection are met. However, a more precise approach involves 

electromagnetic optics, which is particularly useful for analyzing complex structures 

commonly found in integrated photonic circuits. In the following, I will provide a brief 

overview of this approach. 

To begin, we express Maxwell's equations under the assumption of a linear medium with 

no free currents or free charges [2]: 

 ∇. (𝜖𝑬) = 0 (1-1) 

 ∇. 𝑯 = 0 (1-2) 

 ∇ × 𝑬 = 𝑗𝜔𝜇0𝑯 (1-3) 

 ∇ × 𝑯 = −𝑗𝜔𝜖𝑬 (1-4) 

 

where 𝑬(𝑥, 𝑦, 𝑧) and 𝑯(𝑥, 𝑦, 𝑧) are electric and magnetic field vectors, respectively, 𝜖 denotes 

the permittivity, and 𝜇0 is the vacuum permeability. In the case of an inhomogeneous medium, 

where ∇ϵ ≠ 0, all three components of Ex, Ey, and Ez are coupled, as are Hx, Hy, and Hz. This 

case arises in waveguides, which consist of multiple layers with varying permittivity. When 

evaluating a waveguide, it is easier to write the equations separately for each region of constant 

permittivity to derive homogeneous differential equations. Using all four Maxwell equations 

and the vector identity ∇ × (∇ × 𝑨) = ∇(∇. 𝑨) − ∇2𝑨, the field can be expressed by: 

 ∇2𝑬 + 𝑘2𝑬 = 0 (1-5) 

 

Fig. 1.1 Examples of different waveguide types. Shown from left to right: slab, strip-loaded, rib, ridge 

waveguides. Darker shades in the figure indicated higher refractive index and bright regions represent areas 

of light confinement. 
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where 𝑘2 = 𝜔2𝜇0𝜖 = 𝑛2𝜔2/𝑐2, and n is the refractive index. The modes of the waveguide 

are the electric and magnetic fields, which can be expressed in the following form: 

 𝑬(𝑥, 𝑦, 𝑧) = ∑ 𝐸(𝑚)(𝑥, 𝑦, 𝑧)𝑒𝑗𝛽𝑚𝑧

𝑚

 (1-6) 

These equations can also be written for H. A time dependence of exp⁡(−𝑗𝜔𝑡) is assumed. 

The integer m represents the mode number and 𝛽𝑚 being their corresponding propagation 

constant, with an infinite number of modes contributing to power transfer within the 

waveguide. However, most of these modes are radiative and not confined, making their 

contribution negligible. Therefore, we consider only the fundamental mode (𝑚 = 0) and omit 

the summation over higher-order modes. The electric field E can then be expressed in terms 

of its components as follows: 

 𝑬(𝟎) = 𝑖̂𝐸𝑥 + 𝑗̂𝐸𝑦 + 𝑘̂𝐸𝑧 (1-7) 

Using (1-5) to (1-7), we can write  

𝜕2𝑬(𝟎)

𝜕𝑧2
+ 2𝑖𝛽0

𝜕𝑬(𝟎)

𝜕𝑧
− 𝛽0

2𝑬(𝟎) +
𝜕2𝑬(𝟎)

𝜕𝑥2
+

𝜕2𝑬(𝟎)

𝜕𝑦2
+ 𝑘2𝑬(𝟎) = 0 (1-8) 

 

For a straight waveguide, 𝑬(𝟎) remains constant along the propagation direction, thus 

𝜕/𝜕𝑧 terms vanish: 

𝜕2𝐸(0)

𝜕𝑥2
+

𝜕2𝐸(0)

𝜕𝑦2
+ (𝑘2 − 𝛽0

2)𝐸(0) = 0 (1-9) 

Considering (1-7), we derive three wave equations for E. Solving these equations for β0 

and the components Ex, Ey, and Ez provides the characteristics of the propagating mode. 

Similarly, wave equations can be derived for H. However, it is not necessary to solve all the 

wave equations, as the transverse components can be determined from equations (1-3) and (1-

4). Specifically, the following equations can be obtained from the curl equations: 

𝜕𝐸𝑧

𝜕𝑦
− 𝑗𝛽𝐸𝑦 = 𝑗𝜔𝜇0𝐻𝑥,       𝑗𝛽𝐸𝑥 −

𝜕𝐸𝑧

𝜕𝑥
= 𝑗𝜔𝜇0𝐻𝑦,       

𝜕𝐸𝑦

𝜕𝑥
−

𝜕𝐸𝑥

𝜕𝑦
= ⁡𝑗𝜔𝜇0𝐻𝑧 (1-10) 

𝜕𝐻𝑧

𝜕𝑦
− 𝑗𝛽𝐻𝑦 = −𝑗𝜔𝜖𝐸𝑥,       𝑗𝛽𝐻𝑥 −

𝜕𝐻𝑧

𝜕𝑥
= −𝑗𝜔𝜖𝐸𝑦,       

𝜕𝐻𝑦

𝜕𝑥
−

𝜕𝐻𝑥

𝜕𝑦
= ⁡−𝑗𝜔𝜖𝐸𝑧 (1-11) 

 

In general, a mode with a longitudinal electric field component 𝐸𝑧 = 0 is called a 

transverse-electric (TE) mode, while a mode with a longitudinal magnetic field component 

𝐻𝑧 = 0 is referred to as a transverse-magnetic (TM) mode. Such modes can occur in 

waveguides where the refractive index n varies only in one direction, as in a planar waveguide. 

This is because the lack of variation in the other transverse direction decouples the Maxwell's 

equations, allowing the transverse electric and magnetic fields to be solved independently of 

the longitudinal components. For instance, if 𝜕 𝜕𝑦⁄ = 0, then for a TE mode (𝐸𝑧 = 0), Ex  and 
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Hy  are also zero. Similarly, for a TM mode (𝐻𝑧 = 0), Hz  and Ey vanish. As a result, a 

simplified equation for the TE mode emerges, independent of the other components: 

𝜕2𝐸𝑦

𝜕𝑥2
+ (𝑘2 − 𝛽0

2)𝐸𝑦 = 0 (1-12) 

This simplification is not possible if the refractive index n varies in both the x and y 

directions, as the transverse wave equations are no longer decoupled. Instead, they become 

interdependent due to the material properties and interface boundary conditions. To elaborate 

this, consider equation (1-1) for a non-planar waveguide. If we assume 𝐸𝑧 = 0, we will have: 

𝜕𝐸𝑥

𝜕𝑥
+

𝜕𝐸𝑦

𝜕𝑦
= 0 (1-13) 

From the wave equations and similarly from equation (1-10), we know that the components 

Ex and Ey (and their derivatives) are coupled to the variation in 𝑛(𝑥, 𝑦). That means Ex and Ey 

vary in both x and y directions and cannot independently satisfy the divergence condition 

unless their variations precisely cancel out. Unless the geometrical specification of waveguide 

brings such a scenario, the modes in two-dimensional confinement are generally hybrid, with 

some component of E and H in transverse or propagation direction (i.e., Ez and Hz are 

nonzero). Numerical finite-element methods are a popular approach to solving such equations. 

In this thesis, we will primarily use the commercial Lumerical Mode Solver [3] for mode 

solving, unless otherwise stated. 

1.2.2 Active Photonics 
 

Active components, unlike passive components, contain a gain medium that facilitates the 

amplification of light. This amplification is achieved through the generation of photons in the 

gain medium. Active devices operate based on the principles of absorption or emission, 

leading to the creation of components such as photodetectors, modulators, and lasers. Since 

this thesis primarily focuses on lasers, I will briefly discuss the principles of semiconductor 

diode lasers in this section. 

Diode lasers consist of a gain medium housed within a resonant cavity, which typically 

takes the form of a waveguide bounded by mirrors. These mirrors facilitate resonance of the 

traveling electromagnetic wave. It is already evident that the design of the waveguide plays a 

critical role in the operation of the laser. The gain medium absorbs electromagnetic waves 

over a range of wavelengths, making the selection of materials critical to match the desired 

operating wavelength of the laser. When the material is pumped, typically by an electrical 

current, electrons are excited to higher energy states, enabling the generation of new photons 

as they return to lower energy states. This process, known as recombination, results in the 

amplification of the incident wave, a phenomenon that will be discussed in more detail later 

in this section. The mirrors at the ends of the cavity provide feedback, allowing the light to be 

reflected back through the gain medium, where it can be further amplified. Once the traveling 

wave gains enough energy to compensate for the losses it experiences in the cavity (such as 

propagation loss or loss from the mirrors), the laser reaches its threshold. At this point, the 
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cavity supports specific wavelengths where the traveling waves form constructive 

interference. These wavelengths are referred to as cavity modes or standing waves.  

The wavelengths of these cavity modes are directly related to the cavity length. 

Specifically, the cavity length must be an integer multiple of half the wavelength to support 

standing waves. This can be shown as follow: a standing wave results from the constructive 

interference of two waves traveling in opposite directions, which means that the wave must 

have a node at each mirror. As such, boundary conditions are applied at the mirrors, where the 

amplitudes of the waves must be zero. Let us assume that forward and backward propagating 

waves are 𝑅exp⁡(𝑗𝛽0𝑧) and 𝑆exp⁡(−𝑗𝛽0𝑧), respectively, where z is the propagation direction. 

For the total wave 𝜑(𝑧) to be zero at 𝑧 = 0, we have: 

𝜑(0) = 𝑅 + 𝑆 = 0 (1-14) 

 

Second boundary condition requires zero amplitude at 𝑧 = 𝐿 (𝐿 is the cavity length) 

𝜑(𝐿) = 𝑅(exp(𝑗𝛽0𝐿) − exp(−𝑗𝛽0𝐿) = 2𝑗𝑅 sin(𝛽0𝐿) = 0 (1-15) 

 

With 𝛽0 being the mode’s propagation constant and 𝑛𝑒𝑓𝑓 being its effective index, we can 

write 

2𝜋𝑛𝑒𝑓𝑓𝐿

𝜆
= 𝑁𝜋 (1-16) 

Where N is an integer. Therefore: 

𝐿 =
𝑁𝜆

2𝑛𝑒𝑓𝑓
 (1-17) 

 

So, L satisfies the resonance condition if it is an integer multiple of half the wavelength within 

the medium. Similarly, the resonant wavelength for each cavity mode N can be determined 

using the relation 𝜆𝑁 = 2𝑛𝑒𝑓𝑓𝐿/𝑁.  

Fig. 1.2 illustrates a longitudinal cross-section of a laser cavity along with the spectral 

characteristics of the gain medium and cavity modes. The gain spectrum is typically very 

broad, covering multiple cavity modes. Among these modes, the one that aligns with the peak 

of the gain spectrum experiences the highest amplification and becomes the primary lasing 

mode. Although, neighboring modes also experience significant amplification, leading to 

competition with the dominant mode. This competition can result in laser instability. 

Therefore, a single mode laser is preferred. To achieve single-mode operation, filtering 

techniques are employed to isolate a specific cavity mode. A widely used filtering method 

involves the use of optical gratings, which will be discussed later. 

The most important aspect of studying an active medium is understanding how gain is 

achieved. For that, it is important to understand how the band structure forms in a 

semiconductor crystal. From quantum mechanics, specifically the Schrödinger equation, we 
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know that an electron in an isolated atom can occupy discrete energy levels. When two atoms 

are brought close together, the outermost electrons interact. Since each electron has a 

wavefunction surrounding it, these wavefunctions can interfere constructively or 

destructively, leading to a splitting of energy levels. This concept can be explained by starting 

with the Schrödinger equation [4]: 

𝐻̂𝜓 = 𝐸𝜓 (1-18) 

 

In this equation, 𝜓 represents the wavefunction of the outermost electron of the atom, E is the 

energy eigenvalue of the orbital, and H is the Hamiltonian operator, which accounts for the 

sum of kinetic and potential energy. Let us first assume that these electrons belong to the same 

type of atom (i.e., their energy levels E are identical). Since the Hamiltonian is a linear 

operator, when atoms a and b are brought closer together, we can use the Linear Combination 

of Atomic Orbitals (LCAO) approach [5] to express the total wavefunction as: 

𝜓 = 𝑐a𝜓a + 𝑐b𝜓b (1-19) 

so 

 

Fig. 1.2 (a) A schematic of the longitudinal cross-section of a laser, highlighting key components required 

for wave propagation: the cavity, gain medium, and facet mirrors. The output light is typically monitored 

from the facet with lower reflectivity. (b) The spectral characteristics of a laser, illustrating cavity modes and 

the gain spectrum. The lasing mode corresponds to the cavity mode with the highest gain (indicated in red). 
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𝑐a𝐻̂𝜓a + 𝑐b𝐻̂𝜓b = 𝑐a𝐸𝜓a + 𝑐b𝐸𝜓b (1-20) 

 

where 𝑐a and 𝑐b are weighting coefficients. By multiplying each side of the equation by 𝜓a
∗
 

and 𝜓b
∗
 and then integrating over the entire volume, we can define both the energy of each 

electron orbital and the energy exchange between them (note that ∫ 𝜓𝜓∗𝑑𝑉 = 1): 

𝑐a𝐻𝑎𝑎 + 𝑐b𝐻𝑎𝑏 = 𝑐a𝐸 + 𝑐b𝐸𝑆 (1-21) 

𝑐a𝐻𝑏𝑎 + 𝑐b𝐻𝑏𝑏 = 𝑐a𝐸 + 𝑐b𝐸𝑆 (1-22) 

 

where 

𝐻𝑎𝑎,𝑏𝑏 = ∫ 𝜓a,b
∗𝐻̂𝜓a,b𝑑𝑉 (1-23a) 

𝐻𝑎𝑏 = 𝐻𝑏𝑎 = ∫ 𝜓a
∗𝐻̂𝜓b𝑑𝑉 (1-23b) 

𝑆 = ∫ 𝜓a
∗𝜓b𝑑𝑉 (1-23c) 

 

Here, 𝐻𝑎𝑎 and 𝐻𝑏𝑏 are the energy of the atomic orbital 𝜓a and 𝜓b, respectively, 𝐻𝑎𝑏 = 𝐻𝑏𝑎 =

𝐻0 is the coupling energy between two orbitals, and S is the overlap integral between two 

orbitals. We can write the system of equations above in matrix form: 

[
𝐻𝑎𝑎 − 𝐸 𝐻0 − 𝐸𝑆
𝐻0 − 𝐸𝑆 𝐻𝑏𝑏 − 𝐸

] [
𝑐a

𝑐b
] = 0 (1-24) 

 

For any non-trivial solution, the determinant of the first matrix should be zero. For simplicity, 

let us assume there is no overlap between the orbitals, i.e., 𝑆 = 0. Therefore: 

𝐸± =
𝐻𝑎𝑎 + 𝐻𝑏𝑏

2
± √(

𝐻𝑎𝑎 − 𝐻𝑏𝑏

2
)2 + 𝐻0

2 (1-25) 

When two atoms are brought close to each other, it becomes evident that two solutions exist 

for their molecular orbital energy E. One solution corresponds to a lower energy level 𝐸−, 

resulting from the constructive interference of the wavefunctions, and is referred to as the 

bonding molecular orbital. The other solution corresponds to a higher energy level 𝐸+, caused 

by destructive interference, and is known as the antibonding molecular orbital. The two 

electrons from the atoms will occupy the lower energy level, as it is more stable, leaving the 

higher energy level unoccupied. 

When a third atom is introduced, solving for the molecular orbital energy E results in a 

cubic equation, yielding three energy states: bonding, antibonding, and an intermediate state. 

Similarly, for a system of N atoms, N molecular orbitals are formed, which are closely spaced 

to create a continuous energy band. The lowest energy state corresponds to the bonding level, 

while the highest energy state represents the antibonding level. According to the Pauli 
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Exclusion Principle and the spin degeneracy of electrons, at temperature 𝑇 = 0 K, the lower 

half of the energy band becomes filled with electrons, leaving the upper half empty. At higher 

temperatures, the electron occupancy follows the Fermi-Dirac distribution [2] 

𝑓(𝐸) =
1

𝑒(𝐸−𝐸𝑓) 𝑘𝑇⁄ + 1
, (1-26) 

meaning that the probability of an electron occupying an energy level 𝐸 greater than 𝐸𝑓 

becomes non-zero, and some energy levels below 𝐸𝑓 become unoccupied. The Fermi level 𝐸𝑓 

is the energy at which 𝑓(𝐸) = 0.5, and 𝑘 is the Boltzmann constant. 

If the material has multiple types of orbitals (e.g., s and p), the interaction between these 

orbitals can result in gaps between energy bands, where no solutions to the Schrödinger 

equation exist for electron energies in that range. The band containing the energy levels 

associated with bonding states, or states predominantly occupied by electrons, is called the 

valence band. The conduction band consists of higher-energy, unoccupied states, often 

associated with antibonding configurations. The band gap refers to the energy difference 

between the top of the valence band and the bottom of the conduction band. In semiconductors, 

the band gap is typically around 1 eV, whereas insulators have a much larger band gap, and 

metals exhibit a very small or nonexistent band gap. 

When the system is excited by some form of energy injection, such as thermal, electrical, 

or optical energy, electrons in the valence band can be promoted to the conduction band. This 

excitation creates holes in the valence band and electrons in the conduction band. These 

transitions occur only for very limited electron-hole pairs, the ones that share the same 

momentum, as this is required for momentum conservation. This selective transition simplifies 

the calculation of optical gain, as the process can be modeled by considering the interaction 

of a single electron-hole pair. For further details, refer to [6]. 

This electron transition occurs in several forms. Fig. 1.3 illustrates key transitions involving 

the absorption and emission of photons. The two-level energy diagram represents the top of 

 

Fig. 1.3 Key electronic transitions between the valence and conduction bands: (a) generation of an electron-

hole pair via light absorption, (b) recombination of an electron with a hole, resulting in spontaneous photon 

emission, and (c) stimulated photon emission. 
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the valence band Ev, and the bottom of the conduction band Ec. Solid circles represent 

electrons, while open circles are holes. These carriers are shown at the energy levels because 

their densities are highest near the band edges, meaning most transitions occur in this region. 

Since the energy difference between Ev and Ec  is approximately equal to the band gap energy 

Eg, the photon energy required for these transitions is also equal to Eg. Below, we qualitatively 

discuss such transitions. 

The first case shows the absorption of the light (stimulated generation), where a photon 

with energy of Eg is efficiently absorbed by material and excites an electron from Ev to Ec, 

creating an electron hole pair near the band edges. The generation of charge carriers through 

this mechanism forms the basis of photovoltaic applications, where light energy is converted 

into electrical energy. 

Next two steps show the recombination processes, in which energy is released in the form 

of heat or light. Recombination is the reverse of the generation process: an electron loses 

energy and transitions back to the valence band, recombining with a previously generated hole. 

When this energy is released as a photon, the process is referred to as spontaneous emission. 

In the third case, an incoming photon interacts with an excited electron, stimulating its 

recombination with a hole and simultaneously generating a new photon. This phenomenon is 

known as stimulated emission and is the fundamental principle behind laser operation. There 

are other significant non-radiative transitions to consider when studying gain, such as Auger 

recombination and defect-related transitions. While these mechanisms are not discussed in 

detail here, they are extensively studied in the literature. For further information, I refer you 

to [6]. 

In a laser, the net gain experienced by the incident radiation field is determined by the net 

combination of stimulated emission and photon absorption. The laser’s efficiency in 

producing gain depends heavily on the recombination and generation rates, which are directly 

linked to the photon and carrier densities in the active region. A critical parameter is the 

threshold carrier density, which must be reached for stimulated emission to dominate over 

absorption. Accurate gain calculation is essential for laser design, as it depends on various 

material properties. To facilitate this, I have utilized the Lumerical MQW Solver [3] 

throughout this thesis as the tool for modeling and analyzing the gain spectrum. 

 

1.2.3 Plasmonics 
 

When a radiation field interacts with a metal-dielectric interface, the free electrons in the metal 

oscillate at the same frequency as the incident field. This oscillation leads to the periodic 

formation of regions with net negative and positive surface charge on the metal, alternating 

over each half-cycle of the field. These coherent electron oscillations, coupled with the 

electromagnetic field at the interface, are known as surface plasmon polaritons (SPPs) [7]. The 

energy from the incident light that drives the charge oscillations is partially absorbed by the 

metal, giving off the energy mainly as heat due to ohmic losses of the material. Additionally, 
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the confinement of the electromagnetic field near the interface and the buildup of surface 

charges enhances the local electric field intensity, which can further amplify absorption as the 

wave propagates along the interface. 

From a waveguiding perspective, the presence of a metallic layer in the waveguide structure 

introduces a complex permittivity in Maxwell's equations (1-1) and (1-2) due to the inherent 

losses in metals, resulting in a complex refractive index. Applying the same analysis as 

outlined in Section 1.1, the mode's propagation constant becomes 𝛽 = 𝛽𝑟 + 𝑗𝛽𝑖. The real part, 

𝛽𝑟, corresponds to the effective index of the propagating mode. For a waveguide where the 

core dielectric is covered by a metal layer, the fundamental TM mode typically exhibits an 

effective index much higher than the core's refractive index, indicating that the mode is not 

confined to the core but is instead guided along the metal-dielectric interface. This mode is a 

SPP and is strongly localized at the interface.  

The imaginary part, 𝛽𝑖, represents the propagation loss of the SPP mode. This can be 

understood by expressing an electric field propagating in a medium with a complex 

propagation constant: 

𝑬 = 𝐸0𝑒𝑗(𝛽𝑟+𝑗𝛽𝑖)𝑧, (1-26) 

The power of the propagating wave is proportional to the square of the field amplitude: 

𝑃 ∝ |𝑬|2 = |𝐸0|2𝑒−2𝛽𝑖𝑧, (1-27) 

 

The rate at which the power decreases is defined as the propagation loss, given by 

𝛼propagation = 2𝛽𝑖 (1-28) 

 

The inherent propagation loss of plasmonic waves limits their practical applications. To 

mitigate this, an alternative wave mode known as Long-Range Surface Plasmon Polaritons 

(LR-SPPs) has been introduced [8]. LR-SPPs exhibit a more symmetric distribution of the 

electromagnetic field across the metal-dielectric interface, significantly reducing ohmic losses 

in the metal and allowing for much longer propagation distances compared to conventional 

SPPs. However, their attenuation remains too high for widespread adoption in the telecom and 

datacom industries. 

Despite this, plasmonic has found applications in other fields. For example, biosensing is a 

technology dominated by plasmonic, due to the extremely high sensitivity of the propagating 

mode to changes in the surrounding material [9-11]. In this thesis, the aim is to evaluate the 

performance of plasmonic components integrated with III-V dielectric lasers for telecom and 

biosensing applications, with the motive of compensating their inherent losses using the high 

gain of III-V semiconductor compounds. 

 

1.2.4 Waveguide Bragg Gratings 
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An optical grating, in general terms, is a periodic structure that diffracts incident radiation into 

different directions. In this thesis, I specifically focus on waveguide Bragg gratings (WBGs), 

a type of grating where periodic structures are embedded within a waveguide. These gratings 

interact with the waveguide mode propagating along the same direction as the periodic pattern. 

WBGs selectively reflect specific wavelengths of light, determined by the grating's 

periodicity. This selective reflection arises from the principle of constructive interference, 

where light reflected from different planes within the grating, spaced periodically by a distance 

Λ, reinforces at certain wavelengths. The behavior can be described mathematically using ray 

optics [12]. The Bragg wavelength condition is satisfied by 

𝑁𝜆B = 2𝑛effΛ, (1-29) 

 

where 𝜆B is the Bragg wavelength (center wavelength of reflection), and N is the order of the 

grating. As evident from the definition of WBGs, two types of waves propagate within the 

grating: forward- and backward-propagating waves. To understand the behavior of WBGs 

more comprehensively—such as the evolution of these waves, their coupling mechanisms, 

and their emission spectra—a theoretical framework called Coupled-Mode Theory (CMT) is 

employed [13]. This method involves two coupled equations that describe the interaction 

between the counter-propagating waves within the WBG. In the following, I will derive these 

equations using an improved version of CMT, first elaborated by Streifer et al. [14]. Let us 

begin by recalling Maxwell's equations:  

𝛻2𝑬 + (𝜖(𝑥) + 𝛥𝜖(𝑥, 𝑧))𝑘0
2𝑬 = 0 (1-30) 

 

where 𝛥𝜖 is the permittivity perturbation along the propagation axis, z (refer to Fig. 1) and 

𝑘0 = 2𝜋/𝜆B. The structure is assumed to be uniform in the y-direction. Let us consider a TE 

mode, where the only nonzero electric field component is Ey: 

𝜕2𝐸𝑦

𝜕𝑧2
+

𝜕2𝐸𝑦

𝜕𝑥2
+ (𝑛̃0

2 + ∑ 𝐴𝑞(𝑥)𝑒𝑥𝑝⁡(
𝑖2𝜋𝑞𝑧

𝛬
)

∞

𝑞=−∞
𝑞≠0

) 𝑘0
2𝐸𝑦 = 0, (1-31) 

 

in which Aq represents the Fourier coefficients that describe the periodic structure, and 

𝑛̃0
2 = (𝑛0(𝑥) − 𝑖

𝛼̃(𝑥)

𝑘0
)2, (1-32) 

 

where 𝑛0 is the average refractive index within each layer of the waveguide stack, and 𝛼̃ is 

gain (> 0) or loss (< 0) as a result of perturbation effects. Ey, in principle, is a superposition 

of an infinite number of modes. To solve (1-31), we assume: 
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𝐸𝑦(𝑥, 𝑧) = ∑ 𝐸𝑦
(𝑚)

(𝑥, 𝑧)𝑒𝑖𝛽𝑚𝑧

𝑚

 

 

(1-33) 

where 𝛽𝑚 = 𝛽0 + 2𝜋𝑚/𝛬, and each 𝐸𝑦
(𝑚)

 represents a partial wave. 𝑚 = 0 refers to the 

waveguide mode in absence of gratings. Substituting (1-33) into (1-31), for each m, we have: 

𝜕2𝐸𝑦
(𝑚)

𝜕𝑧2
+ 2𝑖𝛽𝑚

𝛿𝐸𝑦
(𝑚)

𝛿𝑧
+

𝜕2𝐸𝑦
(𝑚)

𝜕𝑥2
+ (𝑘0

2𝑛̃0
2 − 𝛽𝑚

2)𝐸𝑦
(𝑚)

= −𝑘0
2 ∑ 𝐴𝑞(𝑥)𝐸𝑦

(𝑚−𝑞)

∞

𝑞=−∞
𝑞≠0

, ∀𝑚 (1-34) 

  

Under the resonant condition 𝑝 = −𝑁, the grating couples the forward mode 𝐸𝑦
(0)

(𝑥, 𝑧) and 

its backward-propagating counterpart 𝐸𝑦
(𝑝)

(𝑥, 𝑧). Both modes share the same transverse profile 

𝜀0(𝑥) with their amplitudes 𝑅(𝑧) and 𝑆(𝑧) varying along the propagation direction z 

𝐸𝑦
(0)(𝑥, 𝑧) = 𝑅(𝑧)𝜀0(𝑥) (1-35a) 

𝐸𝑦
(𝑝)(𝑥, 𝑧) = 𝑆(𝑧)𝜀0(𝑥) (1-35b) 

 

Substituting (1-35) into (1-34) for 𝑚 = 0 and 𝑚 = 𝑝 (given that βp = -β0 and second z-

derivative term is much smaller than other terms):  

2𝑖𝛽0𝜀0(𝑥)
𝛿𝑅(𝑧)

𝛿𝑧
+ 𝑅(𝑧) [

𝜕2𝜀0(𝑥)

𝜕𝑥2
+ (𝑘0

2𝑛̃0
2 − 𝛽0

2)𝜀0(𝑥)] = −𝑘0
2 ∑ 𝐴𝑞(𝑥)𝐸𝑦

(−𝑞)

∞

𝑞=−∞
𝑞≠0

 
(1-36a) 

−2𝑖𝛽0𝜀0(𝑥)
𝛿𝑆(𝑧)

𝛿𝑧
+ 𝑆(𝑧) [

𝜕2𝜀0(𝑥)

𝜕𝑥2
+ (𝑘0

2𝑛̃0
2 − 𝛽0

2)𝜀0(𝑥)] = −𝑘0
2 ∑ 𝐴𝑞(𝑥)𝐸𝑦

(𝑝−𝑞)

∞

𝑞=−∞
𝑞≠0

 
(1-36b) 

  

In transverse direction, 𝜀0(𝑥) satisfies: 

𝜕2𝜀0(𝑥)

𝜕𝑥2
+ (𝑘0

2𝑛0
2 − 𝛽2)𝜀0(𝑥) = 0 

 

(1-37) 

Therefore, by Multiplying sides by 𝜀0(𝑥) and integrating from −∞ to ∞, (1-36) becomes: 

𝑅′ − (𝛼 + 𝑖𝛿)𝑅 = 𝑖𝜅−𝑝𝑆 +
𝑖𝑘0

2

2𝛽0𝑃
∑ ∫ 𝐴𝑞(𝑥)𝜀0(𝑥)𝐸𝑦

(−𝑞)
𝑔

0

∞

𝑞=−∞
𝑞≠0,−𝑝

 

 

(1-38a) 

−𝑆′ − (𝛼 + 𝑖𝛿)𝑅 = 𝑖𝜅𝑝𝑆 +
𝑖𝑘0

2

2𝛽0𝑃
∑ ∫ 𝐴𝑞(𝑥)𝜀0(𝑥)𝐸𝑦

(𝑝−𝑞)
𝑔

0

∞

𝑞=−∞
𝑞≠0,𝑝

 

 

(1-38b) 

   

where: 
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𝛼 =
𝑘0

2

2𝛽0𝑃
 ∫ 𝑛0(𝑥)𝛼̃(𝑥)𝜀0

2(𝑥)𝑑𝑥
∞

−∞
,⁡⁡⁡⁡⁡⁡⁡⁡⁡𝜅𝑝 =

𝑘0
2

2𝛽0𝑃
 ∫ 𝐴𝑝(𝑥)𝜀0

2(𝑥)𝑑𝑥
𝑔

0
,⁡ (1-39) 

𝑃 = ∫ 𝜀0
2(𝑥)𝑑𝑥

∞

−∞

, 𝛿 = 𝛽 − 𝛽
0

 

 

 

To solve (1-38), Ey
(m) must be determined using (1-34). We make the following assumptions: 

the z-derivatives in (1-34) are much smaller than other terms and only the modes 𝑚 = 0, 𝑝 

contribute to generating Ey
(m). Therefore, (1-34) becomes: 

𝜕2𝐸𝑦
(𝑚)

(𝑥, 𝑧)

𝜕𝑥2
+ (𝑘0

2𝑛0
2 − 𝛽𝑚

2)𝐸𝑦
(𝑚)(𝑥, 𝑧) = −𝑘0

2 (𝐴𝑚(𝑥)𝑅(𝑧) + 𝐴𝑚−𝑝(𝑥)𝑆(𝑧)) 𝜀0(𝑥),   ∀𝑚 (1-40) 

 

in which Ey
(m) is made of two separable terms associated with forward and backward 

propagating waves: 

𝐸𝑦
(𝑚)(𝑥, 𝑧) = 𝑅(𝑧)𝜀𝑚

(0)(𝑥) + 𝑆(𝑧)𝜀𝑚
(𝑝)(𝑥),   ∀𝑚, 𝑚 ≠ 0, 𝑝 (1-41) 

 

Thus: 

𝜕2𝜀𝑚
(𝑖)(𝑥)

𝜕𝑥2
+ (𝑘0

2𝑛0
2 − 𝛽𝑚

2)𝜀𝑚
(𝑖)(𝑥) = −𝑘0

2𝐴𝑚−𝑖𝜀0(𝑥),   ∀𝑚,   𝑖 ≠ 0, 𝑝 (1-42) 

  

Equation (1-42) has the first-order perturbation solution for 𝜀𝑚
(𝑖)

. Without assuming the second 

assumption, general solution for 𝜀𝑚
(𝑖)

 can be derived from:  

𝜕2𝜀𝑚
(𝑖)(𝑥)

𝜕𝑥2
+ (𝑘0

2𝑛0
2 − 𝛽𝑚

2)𝜀𝑚
(𝑖)(𝑥) = −𝑘0

2 ∑ 𝐴𝑞(𝑥)𝜀𝑚−𝑞
(𝑖) (𝑥)

∞

𝑞=−∞
𝑞≠0

,  ∀𝑚,  𝑖 ≠ 0, 𝑝 

 

(1-43) 

In most cases, solving (1-42) provides sufficient accuracy. While solving Equation (1-43) is 

more precise, it is also more complex. By substituting solutions from either (1-42) or (1-43) 

in (1-38), we have 

𝑅′ − (𝛼 + 𝑖𝛿 + 𝑖𝜁1)𝑅 = 𝑖(𝜅−𝑝 + 𝜁2)𝑆 (1-44a) 

−𝑆′ − (𝛼 + 𝑖𝛿 + 𝑖𝜁3)𝑆 = 𝑖(𝜅𝑝 + 𝜁4)𝑅 (1-44b) 

 

where 

𝜁1 = ∑ 𝜂𝑞,−𝑞
(0)

∞

𝑞=−∞
𝑞≠0,−𝑝

,   𝜁2 = ∑ 𝜂𝑞,−𝑞
(𝑝)

∞

𝑞=−∞
𝑞≠0,−𝑝

,   𝜁3 = ∑ 𝜂𝑞,𝑝−𝑞
(𝑝)

∞

𝑞=−∞
𝑞≠0,𝑝

,   𝜁4 = ∑ 𝜂𝑞,𝑝−𝑞
(0)

∞

𝑞=−∞
𝑞≠0,𝑝

 (1-45) 

𝜂𝑟,𝑠
(𝑖) =

𝑘0
2

2𝛽0𝑃
 ∫ 𝐴𝑟(𝑥)𝜀0(𝑥)𝜀𝑠

(𝑖)(𝑥)𝑑𝑥
𝑔

0
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Equations (1-44) represent the coupled-mode equations, which describe the interaction 

between forward- and backward-propagating waves, including any radiated components. 

Other than Coupled-Mode Theory, more general approaches involve directly solving 

Maxwell’s equations. Among these, the Finite-Difference Time-Domain (FDTD) method and 

Eigenmode Expansion (EME) are widely used for analyzing electromagnetic fields in 

structures with complex geometries [15, 16]. In this thesis, I will utilize these numerical 

methods to comprehensively study the behavior of WBGs. 

 

1.3 Overview of the Thesis 
 

This thesis originally set out to investigate the development of tunable lasers for 

telecommunication. Considerable research has been devoted to InP-based platforms, due to 

their commercial application in datacom and telecom industries. As a result, this thesis 

concentrates on these platforms. Chapter 2 offers a comprehensive review of tunable laser 

technologies developed over the past two decades. 

In Chapter 3, a novel approach to achieving laser tunability through loss perturbation is 

introduced, harnessing the unique properties of plasmonics and III-V semiconductors. A key 

element of this method is the use of conductive oxides, such as indium tin oxide, which takes 

advantage of its epsilon-near-zero properties to induce significant alterations in the laser mode. 

The theoretical design principles for semiconductor lasers are thoroughly discussed in this 

chapter. 

The scope of this project was expanded to include an application: biosensing. Building on 

the method presented in Chapter 3, Chapter 4 introduces a biosensor with substantial 

commercial potential. This chapter specifically details the design of an electrically driven InP-

based Fabry-Perot biochemical sensing laser. The design incorporates an etch-free III-V stack 

with an integrated sensing area positioned atop the laser to modulate its characteristics, 

operating in a hybrid plasmonic-semiconductor lasing mode. Theoretical evaluations of the 

sensor's sensitivity are performed for various measurands. 

Chapter 5 demonstrates an edge-emitting light-emitting diode (LED), functioning as a 

refractometer. We present a simple, easy to fabricate, and low-cost LED where the reflection 

of light off its facet is sensitive to the fluid covering them. Therefore, the characteristics of the 

output light changes with the fluid, enabling a refractometry mechanism. 

Studying the applications of gratings in tunable lasers led to new findings worth further 

investigation. These results have been incorporated into this thesis. Chapter 6 examines strong 

Bragg waveguide gratings formed by trapezoidal grooves, a common feature in surface-etched 

structures. The analysis utilizes the finite-difference time-domain (FDTD) simulation method, 

with results validated against previously studied structures using coupled mode theory (CMT). 
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Chapter 7 introduces Dirac Gratings. This work focuses on WBGs where the refractive 

index perturbation is much smaller than a single period, making the perturbation along the 

waveguide resemble a Dirac function. Typically, higher-order gratings (where the period of 

an M-order grating is M times that of a first-order grating) exhibit a smaller coupling 

coefficient compared to first-order gratings. This chapter mathematically demonstrates that 

Dirac Gratings are order independent and provides physical justification for this behavior. 

Practical examples of Dirac Gratings are discussed at the end of this chapter. 

Chapter 8 introduces a novel method for studying waveguide Bragg gratings (WBGs) that 

combines finite-difference techniques with the coupled-mode theory, referred to as Finite-

Difference Coupled-Mode Theory (FD CMT). This approach is rigorously compared with 

FDTD and Finite-Element Method (FEM), showing significant computational advantages 

over all of them. Due to its numerical nature, FD CMT can handle any arbitrary grating profile, 

a capability that was previously beyond the reach of traditional coupled-mode theory. 

Chapter 9 concludes the thesis by summarizing the key achievements and outlining 

potential directions for future research. 
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Chapter 2 

 

Widely Tunable Semiconductor 

Lasers 

 

The increasing Internet bandwidth consumption requires increasing transmit/receive capacity 

of optical networks. Today’s bandwidth-hungry applications hugely rely on the ability to 

transfer a large amount of data at the lowest time and lowest cost. To fully realize the potential 

of emerging technologies, such as the rapidly expanding Internet of Things, the network must 

efficiently handle growing data transmission and bandwidth demands. 

Considering the standard International Telecommunications Union (ITU) wavelength grid, 

there are more than 100 distinct wavelength channels depending on channel spacing (200, 100, 

50, and 25 GHz). Normally, each laser device is assigned to a unique channel based on its 

single operating wavelength. Typically, a market requires a certain wavelength configuration 

to satisfy a specific application. The demands in different applications change rapidly so that 

it exceeds the supply’s adjust rate. In a typical case, carriers will order more channels to keep 

up with the demand or to have backup strategies in case of device failure. This process will 

generate a massive non-revenue-making inventory. To efficiently handle this amount of 

traffic, Wavelength Division Multiplexing (WDM) systems have been introduced as a 

solution. As the numbers of channels increase, systems must become larger to fit in more 

components. Until lately, each of these components used a fixed single-frequency laser to 

produce signal at the desired frequency. This trend added more complexity to WDM systems 

and faced the telecom industry with cost problems [1, 2]. 

 To overcome these limitations, tunable lasers emerged as a flexible and cost-effective 

alternative, replacing arrays of fixed-wavelength lasers in WDM systems. A single tunable 

laser with a tuning range of 10 nm can significantly reduce system complexity, lower 

inventory costs, and enhance network flexibility, making it a valuable solution for modern 

optical networks. However, despite their advantages, tunable lasers have not yet fully 

displaced traditional single-wavelength distributed feedback (DFB) lasers on performance and 

cost, which continue to be widely deployed and marketed. 

In this chapter, a brief overview of tuning mechanisms is given. Following that, a 

comprehensive review on different types of tunable lasers is provided, evaluating their 

performance and their complexity. 
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2.1 Tuning Mechanisms 
 

There are three primary methods to tune the refractive index of a semiconductor material, 

resulting in a shift in the peak wavelength of the wavelength selection filter section in tunable 

lasers. While mechanical tuning methods can also shift the wavelength by altering the cavity 

length or the angle of beam incidence, these approaches are outside the scope of this study due 

to their high cost and complexity in fabrication and packaging, making them less suitable for 

industrial applications. This review focuses on the three key methods. 

 

2.1.1 Thermal Tuning 
 

In this method, usually a metal heater is implemented on top of the wavelength selection 

section. As the temperature increases, the atomic vibration in both valence and conduction 

band increases. This effectively increases the average interatomic spacing, which reduces the 

semiconductor bandgap by shifting the conduction and valence band edges. Following relation 

shows the bandgap energy 𝐸𝑔 as a function of temperature T [3]: 

 
𝐸𝑔(𝑇) = 𝐸𝑔(0) −

𝛼𝑇2

𝑇 + 𝛽
 (2.1) 

 

in which Eg(0), α, and β are the fitting parameters. As the bandgap shrinks, the photon energy 

required to excite an electron from the valence band to the conduction band decreases. In 

regions of strong absorption near the band edge, the refractive index increases. Consequently, 

the effective index of the device changes, enabling the wavelength tuning behavior of the laser. 

Thermal tuning allows simple fabrication, as it does not need a p-n junction in case of 

electrical tuning, and low optical loss. However, the wavelength switching speed is generally 

slow due to the slow thermal response of the material. The tuning speed in thermal tuning 

directly depends on thermal conductivity of the filter section, and between the elements on the 

chip-level. For example, a tuning range of around 3 nm is normally achieved by 40°C 

temperature change in DFB lasers at C-band wavelength range [4]. 

2.1.2 Carrier Injection 
 

Electrical tuning, or current injection, is the most popular method to shift the lasing 

wavelength. Injecting current into the wavelength selection filter will change its refractive 

index and thus, controlling the wavelength peak can be achieved. 

By carrier injection, unlike thermal tuning, a decrease in absorption happens as the bandgap 

energy increases due to the Moss-Burstein effect. In the case of n-type material, injected 

electrons can populate the lower bands of conduction band and thus, pushing the absorption 
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edge to higher energies. Similar phenomena happen for p-type material, where injected holes 

fill the highest bands of valence band and decrease the valence band energy level. Therefore, 

higher photon energy is required for absorption, and the absorption decreases. This effect is 

more significant for smaller effective masses. For p-type material, holes have larger effective 

masses and thus a higher density of states. This means that the valence band is pushed less 

downward for a given carrier concentration. The relation between refractive index n and 

absorption coefficient α is given by Kramers-Kronig equation [5] 

 
𝑛(𝐸) = 1 +

2𝑐ℎ

2𝜋𝑒2
𝑃 ∫

𝛼(𝐸′)

𝐸′2 − 𝐸2
𝑑𝐸′

∞

0

 (2.2) 

 

in which c is the speed of light in vacuum, e is the electron charge, h is the Planck’s constant, 

E is the photon energy, and P is the principal value of integral. Thus, any change to α directly 

applies to n as they are proportionally related. 

Typically, tuning speed for such electrical tuning methods will be limited by carrier 

lifetime, which is in the scale of nanoseconds. So, fast switching can be achieved via carrier 

injection. However, parasitic effects such as heating due to non-radiative recombination can 

be a by-product of increasing tuning current. As explained previously, heating can lead to 

bandgap shrinkage which cancels out the Burstein effect to some extent. 

 

2.1.3 Electro-Optic Effect 
 

The electro-optic effect, also known as Pockels electro-optic effect, changes the refractive 

index of the optical medium linearly proportional to the applied DC electric field. However, 

not all materials can provide the Pockels effect. Let us write Taylor expansion of dielectric 

permittivity 𝜖 as a function of electrical field ε [6]: 

 𝜖−1(𝜔, 𝜀)𝑖𝑗 = 𝜖−1
𝑖𝑗(𝜔, 0) + 𝜖−1

𝑖𝑗𝑘(𝜔, 0)𝜀𝑘 + ⋯ (2.3) 

 

The second term, which describes the action of electric field in linear approximation, 

represents the Pockels effect. Pockels coefficients 𝜖−1
𝑖𝑗𝑘(𝜔, 0) (also known with rijk) shape a 

tensor of rank three. However, the Pockels effect only occurs in materials without inversion 

symmetry. In crystals with inversion symmetry, a change in the sign of the applied electric 

field would produce an equivalent but opposite change in the dielectric permittivity, causing 

the Pockels coefficients to cancel out. As a result, only non-centrosymmetric crystals exhibit 

the Pockels effect. Examples of such materials include gallium arsenide (GaAs) and indium 

phosphide (InP), which are widely used in photonic integrated circuits (PICs). Since the 

refractive index changes almost immediately with the applied electric field, on a timescale 

determined by the material’s electronic polarization, the Pockels effect is particularly well-

suited for high-speed optical switching and tunable filters.  
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However, utilizing the Pockels effect is inherently complex because the refractive index 

change depends on both the polarization of the optical field and the orientation of the applied 

DC electric field. The subscripts of the Pockels coefficient rijk denote the orientations of the 

crystal axis, the electric field, and the optical field, requiring careful consideration of all three 

orientations. For indium phosphide (InP) and its alloys, the refractive index change for a wave 

propagating in the z-direction can be estimated as follows [7]: 

 
∆𝑛𝑥 =

𝑛0
3

2
𝑟𝜀𝑧 (2.4a) 

 
∆𝑛𝑦 = −

𝑛0
3

2
𝑟𝜀𝑧 (2.4b) 

 

where n0 is the unperturbed index for semiconductor in all direction, r is the Pockels 

coefficient, 𝜀 is the electrical field and Δn shows the index change in x or y direction. Since 

InP crystals belong to the zinc blende class, the Pockels coefficient r is the same for all nonzero 

tensor components. As the equations (2.4) show, the refractive index changes in the x- and y-

directions, while it remains unchanged in the direction of the electric field. Such an effect can 

be used in filter sections in widely tunable lasers. 

 

2.2 Widely Tunable Lasers 
 

There have been many studies toward tunable lasers over the past few decades. Tunable laser 

technology requires certain criteria to be practical in WDM systems, such as tuning range, 

output power, side-mode suppression ratio (SMSR), chirp, tuning speed, and reliability. The 

applicability of tunable lasers depends on how well these criteria are balanced. However, 

achieving a commercial tunable laser presents significant challenges due to fundamental 

design trade-offs. For example, the conventional design of single-wavelength distributed 

feedback (DFB) lasers prioritizes stability at the cost of tunability. As a result, developing 

tunable lasers that meet both stability and performance standards remains a complex task. 

Tunable lasers permit shifting output spectrum wavelength in post-fabrication. Narrowband 

tunability was considered in the early development of tunable lasers. In this case, an array of 

fixed-wavelength distributed feedback (DFB) lasers was monolithically integrated with a 

multimode interferometer (MMI) optical combiner to cover multiple channels in WDM 

systems. These techniques were used to obtain a tuning range of up to 15 nm [8]. These devices 

can be a good alternative to single-wavelength DFB lasers but still not an ideal solution, as the 

number of channels in WDM systems keeps increasing. Let us consider the equation 

describing the lasing wavelength λ: 

 𝑚λ = 2𝑛𝑒𝑓𝑓𝐿𝑒𝑓𝑓 (2.5) 
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in which, neff is the effective index, Leff is the effective length, and m is an integer representing 

the mode number. Thus, tunability in lasers can be implied by [9]: 

 𝛥𝜆

𝜆
=

𝛥𝑛𝑒𝑓𝑓

𝑛𝑒𝑓𝑓
+

𝛥𝐿𝑒𝑓𝑓

𝐿𝑒𝑓𝑓
−

𝛥𝑚

𝑚
 (2.6) 

where the change in lasing wavelength is related to waveguide’s index change, cavity length 

change, and cavity mode change.  

2.2.1 Sampled grating distributed Bragg reflector 
 

One of the most commercialized tunable lasers is sampled grating distributed Bragg reflector 

(DBR) lasers which consists of four sections. For simplicity, let us consider a two-section 

DBR laser first, comprising a gain section and a mirror section. The mirror contains gratings 

that provide frequency-selective reflection. The refractive index of the material can be 

modified by injecting carriers through an applied current. Consequently, applying a bias shifts 

the center frequency of reflection in proportion to the change in the refractive index. Similarly, 

the laser gain can also be adjusted by applying bias. This allows independent control of each 

section, enabling manipulation of both the laser gain and the center frequency.  

However, applying bias introduces undesired effects, as cavity modes shift along with 

changes in the refractive index. As a result, a specific axial mode may coincide with a 

frequency near the Bragg frequency when tuning the grating reflection spectrum. To address 

this issue, a third section, known as the phase section, can be added to the DBR laser device. 

By independently biasing the phase section, the mode comb can be shifted without altering 

the Bragg wavelength of the grating. Fig. 2.1 shows a schematic of spectral characteristics of 

mode comb, gain, and gratings (mirror) in a three-section DBR.  

However, such a structure has a limited tuning range, as wavelength tunability is 

constrained by the achievable refractive index change. A solution to this problem is to add a 

 

Fig. 2.1 Sketch of spectral characteristics of mode comb, gain, and mirror reflection for a three-section DBR. 
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second mirror to the front end of the laser structure. In this configuration, Bragg wavelength 

tuning is achieved by independently tuning both mirrors. This principle forms the basis of 

widely tunable Sampled Grating Distributed Bragg Reflector (SG-DBR) lasers. 

The key feature in SG-DBR lasers is that the gratings in the front and back mirrors are 

periodically sampled. From Fourier analysis, we know that a continuous periodic structure 

produces a delta function in the frequency domain. To create a comb-like reflection spectrum 

with periodic maxima, the gratings are sampled by introducing blank areas between short 

grating patches. This periodic modulation in the spatial domain generates a periodic 

reflectivity spectrum in the frequency domain, enabling wide wavelength tunability. Fig. 2.2 

shows an illustration of SG-DBR laser side cross-section with sampled front and back mirrors. 

To realize how SG-DBR generates a comb reflection spectrum, we can start by evaluating 

propagating waves in a DFB structure. The electric field E can be written as the sum of two 

counter-propagating waves R and S: 

 𝐸(𝑧) = 𝑆(𝑧)𝑒−𝑗𝛽0𝑧 + 𝑅(𝑧)𝑒𝑗𝛽0𝑧 (2.7) 

For simplicity, I assume no radiated waves in this calculation, unlike in (1-33). Using the 

coupled-mode approach, we can assume the waves R(z) and S(z) are sufficiently slowly 

varying functions and their second-order derivatives can be neglected [10]. In this relation, β0 

is the propagation constant and z refers to the propagation axis. Therefore, the coupled-wave 

equations are as follow: 

 𝑑𝑅

𝑑𝑧
− (𝑗𝛿)𝑅 = ⁡𝑗𝜅𝑆 

(2.8a) 

 𝑑𝑆

𝑑𝑧
+ (𝑗𝛿)𝑆 = ⁡−𝑗𝜅𝑅 

(2.8b) 

By solving these equations, reflection spectrum for a uniform finite grating with length of 

L can be obtained: 

 
𝑟 = −

𝑗𝜅 𝑡𝑎𝑛ℎ 𝑡𝑎𝑛ℎ⁡(𝛾𝐿)⁡

𝛾 + 𝑗𝛥𝛽𝑡𝑎𝑛ℎ⁡(𝛾𝐿)
 

(2.9) 

 

Fig. 2.2 Sampled grating DBR, consisting four sections: Two sampled grating (front and back mirrors), gain, 

and phase. 
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For a rectangular-shaped grating, the coupling coefficient 𝜅 = 𝜋𝛥𝑛/2𝜆 quantifies the 

amount of reflection per unit of length where 𝛥𝑛 is the average index change, and 𝛿 = 𝛽 −

𝛽0 =
2𝜋

𝜆
𝑛𝑒𝑓𝑓 −

𝜋

𝛬
 where 𝛬 is the length of period. The parameter 𝛾 is defined as 𝑗√𝛿2 − 𝜅2. 

Fig. 2.3 shows an example of a reflection spectrum with one peak at Bragg wavelength. 

Assuming an infinite, continuous grating, the reflection spectrum approaches the form of a 

Dirac delta function centered at the Bragg wavelength. Fig. 2.4(a) illustrates an approximation 

of this reflection spectrum. A sampled grating structure can be created by dividing the 

continuous grating into patches, separated by blank waveguide regions. This structure can be 

visualized as a finite pulse train, as shown in Fig. 2.4(b). The reflection spectrum of a sampled 

grating can be obtained by convolving the Dirac delta-like reflection spectrum of the 

continuous grating with the Fourier transform of the pulse train. This process results in a comb-

like reflection spectrum, as demonstrated in Fig. 2.4(c), where the sampled grating generates 

distinct reflection peaks with non-uniform output power.  

By designing the mirrors with different sample periods, each mirror produces a reflection 

spectrum with a unique wavelength periodicity. When one reflection maximum from one 

mirror aligns with a reflection maximum from the other mirror, the remaining maxima will be 

misaligned. As a result, the product of the two spectra will exhibit a single dominant reflection 

peak. This ensures a high side-mode suppression ratio (SMSR), which is a critical parameter 

in laser design. If both mirrors are tuned simultaneously to maintain alignment of their 

dominant peaks, the Bragg wavelength can be continuously shifted. Conversely, if only one 

mirror is tuned, or the mirrors are tuned independently, the entire reflection comb of that 

mirror shifts until a different pair of maxima aligns. This results in distinct tuning steps, often 

referred to as channel switching. The concept of increasing the tuning range by utilizing two 

comb-shaped reflection spectra is similar to the Vernier effect. Lasers leveraging the Vernier 

effect have become widely used in the design of tunable lasers. Various designs that employ 

this principle will be explored in the remainder of this chapter. 

 

Fig. 2.3 Example of reflectivity of a first-order grating calculated using the coupled-mode approach. The 

grating parameters are:  L=200 μm, Λ=200 nm, effective index 𝑛𝑒𝑓𝑓 = 3.275, and 𝛥𝑛 = 10−3 at 1310 nm. 
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2.2.2 Digital Supermode DBR 
 

Similar to the SG-DBR, the Digital Supermode DBR (DS-DBR) consists of front and back 

mirrors. However, a different set of gratings is used in these mirrors. The back mirror, just like 

in the SG-DBR, is based on amplitude- or phase-modulated gratings and consists of grating 

patches separated by blank waveguide regions. With proper design, the reflection spectrum of 

the back mirror provides a flat, comb-shaped response with sharp peaks. The front mirror, on 

the other hand, is composed of a series of gratings with varying pitches, i.e., a continuously 

chirped grating [11, 12]. This structure generates a broad reflectivity spectrum. The front 

 

Fig. 2.4 Estimated reflection spectrum of SG structure (c) can be obtained by convolving reflection spectrum 

of a continuous grating (a) and sampling function (b). Sampling function parameters: 10 bursts of grating 

with duty cycle of 40%. Note that the vertical axis is not scaled. 
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mirror is connected to several individual contact pads, which are used to bias different parts 

of the mirror. When no current is applied, the reflection is too low to produce lasing. By 

injecting current through the appropriate contact pad, the reflection at the desired wavelength 

is enhanced. A high SMSR can be achieved by aligning the wavelength at which reflection is 

enhanced in the front mirror with the corresponding reflection peak of the back mirror. By 

biasing different parts of the front mirror, a broad reflection peak (from the front mirror) is 

generated that overlaps with the center of one of the back mirror’s peaks. This enables 

longitudinal mode selection, contributing to a wide tuning range. In this case, distinct tuning 

is obtained. As with SG-DBR lasers, continuous tuning is achieved by tuning both mirrors 

simultaneously. A schematic of DS-DBR is shown in Fig. 2.5 (a). Fig 2.5 (b) shows 

experimental results of reflection responses of the front mirror and back mirror [12]. 

 

Like SG-DBR, the remaining sections of laser device consist of a gain section and a phase 

control section. By injecting current into the phase section, the location of cavity modes can 

be changed so that by properly aligning them with mirror peaks, a high SMSR is achieved. 

 

2.2.3 Superstructure DBR 
 

Structure of superstructure grating DBR (SSG-DBR) is very similar to SG-DBR. It consists 

of a gain section, phase section, and back and front mirrors. The main difference is that 

gratings used in mirrors are phase modulated. This is achieved by utilizing chirping in the 

gratings in SSG structure. Both mirrors produce a comb-shaped reflectivity spectrum with 

multiple peaks because of the periodic phase modulation in gratings. The spacing between 

peaks is determined by the modulation period. Since the comb separation is engineered to be 

slightly different in front and back mirrors, only one wavelength in which peaks are aligned 

can be selected as the lasing wavelength. Same concept as Vernier mechanism, by using 

current injection two SSG’s reflection combs can shift and multiple longitudinal modes can 

be selected in a wide wavelength range. Depending on tuning mirrors simultaneously or 

 

Fig. 2.5 (a) A schematic of DS-DBR with chirped sampled gratings in front mirror. (b) Diagram showing 

lasing wavelength selection by aligning reflection peak of front and back mirrors (© 2005 IEEE, [12]). 
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separately, continuous and distinct wavelength tuning can be obtained, respectively. Same as 

other DBR structures, phase section is used to align cavity modes to mirror peak reflections 

to ensure a high SMSR. 

As mentioned earlier, the reflectivity of this structure can be calculated using coupled-mode 

theory. This involves analyzing the Fourier components obtained by convolving the delta-

Dirac function (which represents continuous, non-modulated gratings in real space) with a 

comb of Fourier components (which corresponds to the sampling function in real space). Each 

of these Fourier components contributes to a reflection peak in the spectrum. For sampled 

gratings, the amplitude of the N-th Fourier component is proportional to 1/𝑁 [13], meaning 

the amplitude decreases as the number of reflection peaks increases. In contrast, for phase-

modulated gratings, the amplitude of the Fourier component decreases according to 1/√𝑁 

[14]. This difference arises due to Parseval’s theorem, which states that the sum of the squares 

of the Fourier components equals 1 (∑ |𝐹𝑛|2𝑛 = 1). As a result, phase-modulated 

superstructure gratings generate a higher number of reflection peaks within the same spectral 

range compared to sampled gratings.  

Fig. 2.6 shows the difference between reflection spectrums of SG and SSG structures. This 

difference arises due to the nature of the phase modulation, which spreads the energy more 

evenly across the spectrum. As a result, phase-modulated superstructure gratings generate 

more reflection peaks within the same spectral range compared to sampled gratings. 

 

 

2.2.4 Modulated Grating Y-branch 
 

Another form of use in SG-DBR is Modulated Grating Y-branch laser (MGY). Same as SG-

DBR, it utilizes the Vernier mechanism to achieve a wide tuning range. MGY consists of two 

reflectors split by a 1x2 multimode interferometer (MMI). Each branch consists of a sampled 

 

Fig. 2.6 A schematic of reflection peaks for sampled grating DBR (top) and superstructure grating DBR 

(bottom). 
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grating mirror which filters out certain frequencies. Then the reflected beams are added up in 

MMI, instead of multiplication in the case of SG-DBR. The addition of beams has the 

advantage of obtaining a better SMSR. However, addition is sensitive to phase difference of 

beams. To keep the reflected beams in phase, a differential phase section is implemented in 

one of the arms. Finally, a gain section is implemented to compensate the loss, and a phase 

section is used to align the cavity modes with the reflected peaks. The tuning mechanism stays 

the same, a distinct tuning can be achieved by current injection to one of the arms and a 

continuous tuning happens when both arms are tuned together. A schematic of MGY structure 

design and experimental power reflection spectra of two reflectors and their sum [15] is shown 

in Fig. 2.7. 

One of the benefits of MGY over SG-DBR is that the beam is less exposed to potential 

absorption loss. In the case of (S)SG-DBR, the output beam is passed through the front 

gratings where significant free carrier absorption loss occurs. This can potentially lead to 

undesired variation of output power with tuning the wavelength. Even in the case of a long 

enough SSG structure, which provides a wide uniform reflection spectrum, the laser will 

experience a reduction in output power due to the absorption loss in the front mirror [16]. On 

the other hand, MGY has all the grating sections on the same side of the gain section, which 

makes the beam exit the cavity without experiencing much free carrier absorption. 

 

2.2.5 Grating-Coupled Sampled Reflector 
 

Figure 2.8 illustrates the schematic of the Grating-Coupled Sampled Reflector (GCSR). Like 

the previous DBRs, it consists of four sections: a gain section, a grating coupler, a phase 

section, and a sampled grating mirror. The key difference between GCSR and SG DBRs is 

that GCSR uses two waveguide layers. In a co-directional coupler, if the two waveguides are 

identical and their modes have the same propagation constant, the device operates over a broad 

 

Fig. 2.7 An illustration of a typical MGY (a) and reflection spectra of (b) mirror 1 𝑟1 and (c) mirror 2 𝑟2 and 

(d) sum of them |𝑟1 + 𝑟2|2/4  (© 2002 IEEE, [15]) 
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wavelength range. However, in GCSR, where the waveguides are dissimilar, sharp wavelength 

filtering occurs. A significant advantage of this structure is that, with proper design and when 

the phase-matching condition for the two coupled modes is met, the tuning range of the Bragg 

grating (where ∆λ/λ = Δn/n) is enhanced by the factor [7] 

 𝑛𝑔1/(𝑛𝑔1 − 𝑛𝑔2) (2.10) 

 

where ng1 and ng2 refers to group effective index of two waveguide layers 1 and 2, respectively. 

Therefore, only a small index change (small tuning current) can lead to a large wavelength 

change. 

 

In the GCSR laser device, the coupled beam from the lower waveguide in the gain section 

is directed to the upper waveguide through the grating coupler. The back reflector, which can 

use sampled or superstructure gratings, provides a comb-shaped reflectivity. Unlike other 

DBRs, the tuning mechanism in GCSR does not rely on the Vernier effect. Instead, the coupler 

selects a lasing wavelength from one of the peaks of the back reflector, which can be adjusted 

by changing the current applied to the coupler. Similar to SG and SSG DBRs, the GCSR laser 

has three tuning sections. The mirror section can be tuned to shift the reflection comb, and in 

combination with the coupler current injection, this shifts the lasing wavelength. Tuning in the 

phase section further refines the adjustment of cavity modes, allowing for fine, continuous 

tuning of the laser. Such laser has been described in detail by Lavrova et al [17]. 

Same as Y-branch laser devices, GCSR has all its tuning sections on one side of gain and 

therefore, the output light is less exposed to free carrier absorption loss. This will lead to low 

output power variation during tuning. However, the main drawbacks of this structure are first, 

long length of device which means very small spacing between cavity modes. This might lead 

to low SMSR. The other disadvantage is the complexity of fabrication process, which needs 

growth and regrowth steps. 

 

 

Fig. 2.8 Schematic of GCSR with back (S)SG reflector 
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2.2.6 Tunable Twin Guide 
 

So far, the tunable laser devices presented in this section rely on three tuning currents. One of 

the drawbacks of such a device, is the time-consuming and complex characterization of laser. 

As the number of tuning sections reduce, the tuning characterization will improve in terms of 

complexity, cost, and tuning time. Also, more tuning sections means longer device which often 

lead to higher material or radiation loss and limits the output power. Amann et al. [18] reported 

an alternative structure, the tunable twin guide (TTG), which uses only a single tuning current. 

Laser wavelength tuning is achieved by adjusting the effective index of a DFB laser within a 

twin waveguide. This structure consists of a tuning layer, an active layer, and a grating layer 

stacked on top of each other. The current applied to the tuning layer shifts the Bragg 

wavelength. However, because only a single grating is used in this device, the tuning range of 

the TTG is limited. 

A widely tunable laser structure can be achieved by utilizing at least two different gratings. 

In contrast to SG and SSG structures, the number of tuning sections corresponds to the number 

of gratings. This means the presence of a phase section is not necessary in the TTG approach. 

In (S)SG-DBR tunable lasers, a phase section is required to achieve monomodal behavior. In 

contrast, this TTG concept is based on a DFB structure, where a phase shift between the two 

gratings inherently ensures monomodal behavior. In this configuration, the TTG effectively 

functions as a quarter-wavelength-shifted (λ/4) DFB laser. [19]. The λ/4 shift between the two 

gratings is maintained over the operating range by adjusting the refractive index of the tuning 

layer, which preserves the phase relationship between the gratings as the effective index is 

varied. 

Fig. 2.9 shows a schematic of TTG laser. As it can be seen, it consists of multiple 

semiconductor layers grown on top of each other: an active section which generates the 

emission, and a passive section which its role is to guide and tune the generated beam. The 

passive waveguide consists of at least two grating sections which can be either sampled 

gratings or superstructure gratings. Like (S)SG-DBR, each grating creates a comb-shaped 

reflectivity with separation determined by structure of grating. Using Vernier effect, lasing 

wavelength is the wavelength where reflection maxima of both gratings overlap perfectly. An 

electrode is used for each grating subsection, which is located on top of the passive tuning 

waveguide. Injecting current into each subsection will lead to varying the effective refractive 

index of gratings in passive tuning waveguide, which leads to tuning the laser wavelength. 

Like (S)SG-DBR, tuning two currents simultaneously will lead to continuous tuning. 
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Overall, this structure offers two major benefits: One is that lack of phase section in the 

device makes the length of chip shorter. This might be beneficial in order to minimize the 

propagation loss and generate high output powers. Second benefit is that TTG has only two 

current tunings in case of two grating sections, instead of three current tunings in a typical 

DBR tunable laser. This makes the characterization of laser less time consuming and costly. 

A disadvantage to this structure can be the complex fabrication as multiple re-growths needed 

to be done since the gratings are buried. 

 

2.2.7 Ring Resonators 
 

So far, all the structures that have been discussed contains gratings, which is a crucial part to 

produce a periodic output function. The comb-shaped output form of sampled gratings or 

superstructure gratings is necessary in the filter sections of tunable laser. A single ring 

resonator also provides a similar output. Therefore, by using two different ring resonator 

structures, we can have two comb-shaped reflection spectra with different free spectral ranges 

(FSR). Using Vernier mechanism, one can achieve a widely tunable laser within a ring 

structure. With proper design, a dual ring resonator tunable laser can provide a narrower 

bandwidth and a sharper, higher Q factor resonance compared to (S)SG-DBR [20]. 

Fig. 2.10 (a) shows a schematic of a double ring resonator laser structure. Similar to (S)SG 

structures, it consists of a gain section, a phase section, and two ring resonators. In such device, 

the resonant wavelength, where two reflection peaks of two rings align, reflects into the gain 

section. So, the lasing wavelength can be modified by moving the resonant wavelength of ring 

resonators. Similar to GCSR, rings are located on same side of gain section. Therefore, light 

is less exposed to free carrier absorption and thus suffers less from output power variation 

[21]. 

Fig. 2.10 (b) shows the same concept with a different design [22]. This hybrid structure 

consists of two bus waveguides connecting two rings, which are used as front and rear mirrors 

of the laser, and a gain section. A phase section is not implemented in this device as phase 

tuning can be achieved by slightly tuning the pump current. Front and back mirrors produce 

 

Fig. 2.9 Schematic of a TTG. Superstructure or sampled gratings can be used as mirrors. 
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two comb-shaped reflection spectra. By aligning the peaks at desired wavelength, using 

Vernier effect, laser wavelength can be selected. Like (S)SG-DBR, tuning one mirror leads to 

a discrete tuning and tuning both mirrors simultaneously gives continuous tuning. In this 

device, two metal heaters are implemented on rings to control the reflection spectrum by 

thermally tuning the ring’s effective refractive index. 

Fig. 2.11 shows a comparison between simulated reflection spectra of a single ring 

resonator and a sampled grating structure. Finite-difference time-domain (FDTD) method was 

used to calculate the reflection by the commercially available Lumerical software. Both 

structures are designed to have a peak spacing of around 4 nm at wavelength 1.55 µm. It can 

 

Fig. 2.10 Two different designs of widely tunable lasers using ring resonators from (a) (© 1993 IEEE, [14]) 

and (b) (Reprinted with permission from [22] © Optica Publishing Group America) 

 

Fig. 2.11 Reflection spectrum of sampled grating (top) and output spectrum of the drop port in a ring 

resonator (bottom). Note that curves are not scaled. Insets show the schematic of the models used in 

simulations. 
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be clearly seen that ring resonator provides a sharper resonance with higher-Q, and narrower 

bandwidth compared to SG structure. The high-Q factor of a ring resonator results in a narrow 

resonance linewidth due to the extended photon lifetime within the cavity, and improves mode 

selectivity. In addition, ring resonators offer an infinite number of peaks with uniform output 

power, but SG only provides a limited number of peaks with power variation as wavelength 

changes. These characteristics make ring resonator appealing to achieve a widely tunable laser. 

Complexity of fabrication of rings is one of the main disadvantages of such tunable lasers. 

A good and accurate process control is required to fabricate micro-ring resonators as it lacks 

tolerance to small fabrication and environmental changes. In most cases, a post-fabrication 

trimming is required to make the ring have the exact desired resonance frequency [23]. Such 

problems may become challenges in mass production. 

 

2.2.8 Mach-Zehnder based tunable laser 
 

A relatively different widely tunable laser structure is achieved by using Mach-Zehnder 

interferometers. A single unbalanced Mach-Zehnder, known as Asymmetric Mach-Zehnder 

Interferometer (AMZI), has a sinusoidal transmission function with free spectral range (FSR) 

proportional to 1/∆𝐿⁡where ΔL is the length difference between two arms. By changing the 

optical phase between two optical paths by 2𝜋, AMZI filter can be tuned over one full FSR. 

This can be achieved by using electro-optic phase modulators in AMZI arms. Similar to other 

tunable laser devices, a gain section is also used. Lasing mode selection is obtained by aligning 

the peak of transmission spectrum with the center of gain profile. However, using a single 

AMZI is not enough to have a single mode operation. Fig. 2.12(a) illustrates the layout of a 

tunable laser structure using three AMZIs in sequence [24]. In this configuration, a 

combination of three AMZIs with different path-length differences improves mode selectivity. 

Fig. 2.12(b) shows the transmission spectrum of the three AMZIs in series alongside the gain 

profile, while Fig. 2.12(c) displays the same transmission spectrum along with the cavity 

modes over a wavelength range of 1 nm. The small spacing between the modes results from 

the long optical length of the device. By aligning the transmission peak with the cavity modes 

within a narrow wavelength range, the desired mode can be selected. For tuning, three voltage-

controlled electro-optic phase modulators are employed—one for each AMZI. Additionally, 

to achieve a tunable laser, another phase modulator is implemented to continuously tune the 

cavity modes. 

Such laser consists of widely used building blocks which makes it easy to transfer to any 

platform. In addition, it shows a very wide tuning range (~ 74 nm [24]). However, having four 

voltage controller sections can add complexity to performance characterization and affect 

tuning speed. 
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2.2.9 Multi-Channel Interference 
 

Another form of tunable laser which utilizes AMZI in the filter section is multi-channel 

interference (MCI), which is reported by [25]. In such a structure, filtering is obtained by 

constructive interference of eight unequal arms in a 1x8 MMI. Fig. 2.13 (a) shows an 

illustration of this structure. The 1x8 MMI is realized by seven cascaded 1x2 MMIs. Each of 

8 arms is terminated with a multi-mode interference reflector (MIR). Therefore, reflection 

from each arm is added to achieve mode selection. Unlike most tunable lasers that use the 

Vernier effect as tuning mechanism, MCI uses constructive interference of eight arms. When 

all channels are in phase at desired wavelength, a strong reflection peak at that wavelength 

will be generated. The shape of the generated reflection spectrum relies on the arm length 

differences. A narrow linewidth with high SMSR can be generated through arms-length-

difference optimization. 

Same as other laser devices, this structure contains a gain section and a common phase 

section between MMIs and gain. Also, each arm uses a separate phase section. Distinct 

wavelength tuning can be achieved by injecting current into any of arm phase sections. 

Injecting current into common phase section or all arm phase sections simultaneously will lead 

 

Fig. 2.12 (a) Schematic of the tunable laser based on three Mach-Zehnder Interferometers in series. Structure 

redrawn from (redrawn from © 2015 IEEE, [24]), (b) Transmission spectra of device in blue overlapped with 

gain profile in red and (c) transmission spectra of device over span of 1 nm in blue along with cavity modes 

in green (© 2015 IEEE, [24]). 
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to continuous laser wavelength tuning.  Fig. 2.13 (b) shows the experimental results of 

measured lasing spectra covering C-band. 

In such a structure, wavelength tuning can be a challenge as there are eight phase tuning 

sections that need to be tuned simultaneously. This can be a complicated and time-consuming 

operation. The main advantage of this structure compared to grating-based devices, is avoiding 

expensive high-resolution processing in fabrication. MCI can benefit from standard 

fabrication procedures with large tolerances. 

2.2.10 V-Cavity Laser 
 

V-cavity laser (VCL) mainly consists of two Fabry-Perot cavities with different lengths and a 

reflective half-wave coupler. Each cavity is bounded by a reflective etched facet on one side 

and the half-wave coupler on the other side. Half-wave coupler, i.e. a coupler with 180° 

coupling phase, plays an important role for obtaining high single mode selectivity as it 

produces a synchronous transfer function for two input waveguides [26]. Tuning mechanism 

follows the Vernier effect: each cavity produces a reflection spectrum with resonant peaks 

separated by a certain interval. Length of each cavity is chosen in a way so that only one peak 

overlaps with one peak of the other cavity. Fig. 2.14 shows the microscope image of such a 

structure. 

All-active Fabry-Perot cavities are implemented in the device. This VCL is fabricated on 

multiple quantum wells (MQW) structure through the whole device. Therefore, a single 

epitaxial growth is sufficient. A gain electrode is used to inject current to the whole structure 

through a contact metal. The wavelength tuning section consists of heater electrodes on both 

arms. By injecting current to any of the heaters, the refractive index of waveguide changes 

which leads to shifting resonant peaks. In such a structure [27], a combination of four heaters 

is used to achieve wavelength tuning of 43 nm. However, fewer heaters can be implemented 

 

Fig. 2.13 (a) Illustration of MCI laser. (b) Superimposed measured lasing spectra over ~ 50 nm (© 2016 

IEEE, [25]) 
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depending on the application. As shown on Fig. 2.14 (a), two photodiodes (PD) are also 

implemented at both ends of the cavity for monitoring the transmitted power. 

Overall, such structure benefits from a simple fabrication process and compactness. 

Another advantage of this device is the easy control over laser tuning because of the lack of 

phase section, which is due to DFB-like epitaxial layers. However, a disadvantage is the need 

for etched facets to provide reflectivity for laser operation. Etched facets require additional 

lithography steps, and the resulting etched regions can complicate the integration of other 

components on the same chip. 

2.2.11 Slotted-based Tunable Laser 
 

As discussed in previous sections, grating-based devices are well-established as widely 

tunable lasers. The best performance of these devices in terms of high reflection and low loss 

can be obtained with low order gratings. However, it is difficult to create a low order grating 

as it needs expensive and high-resolution fabrication procedures. Besides, to have a simple 

fabrication, a regrowth free structure is required which means surface grating is highly 

preferred to avoid high costs and complexity of fabrication. To avoid these problems, the 

slotted-based laser has been reported [28]. This structure is shown in Fig. 2.15. As it can be 

seen, the laser resembles SG-DBR with two mirrors in front and back. Each mirror can be 

considered as a very high order grating. In order to provide high reflectivity similar to low 

order gratings, each slot is etched as deep as possible. To compensate for the loss from deeply 

etched slots, long active sections are used. In addition, unlike SG-DBR, grating sections are 

also active to provide gain to make up for the loss. 

Each slot is long enough to act as a short Fabry-Perot to produce resonant peaks. However, 

one single slot can only provide a weak reflection, so a cascade of slots is required to produce 

a strong reflectivity. Therefore, a group of equally spaced slots is used in front and back 

mirrors. Each of them has a different period to produce a periodic reflection spectrum with a 

certain FSR. So, Vernier effect can be used to reach a large tuning range. Similar to SG-DBR, 

a phase section is implemented for fine tuning. 

 

Fig. 2.14 (a) Microscope image of VCL. (b) Cross-section SEM image of heater. (© 2016 IEEE, [27]). 
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The fabricated laser [28] provides a 55 nm wavelength tuning range with a side mode 

rejection ratio of at least 30 dB over the whole range. In this structure, 9 slots were used in 

front and back mirrors with slightly different periods: 70 µm and 76 µm for front and back 

mirrors, respectively. More slots can be used to make a higher reflectivity and narrower 

linewidth of a peak, but that would make the cavity longer.  To have a simple fabrication, the 

slot width is set to 1 µm and depth is 1.8 µm, which is etched as deep as the ridge layer and 

just above the active layer. The results achieved within this structure are certainly competitive 

to existing tunable lasers on the market. However, very long (around 3 mm) cavity length can 

be a serious challenge in mass production as only a limited number of laser devices can be 

fabricated on one wafer. 

2.2.12 Pockels Laser 
 

So far, we have reviewed lasers that rely primarily on electrical or thermal injection for 

wavelength tuning. Here, we focus on a design that utilizes the electro-optic (Pockels) effect 

 

Fig. 2.15 Illustration of tunable laser based on slots (Reprinted with permission from [28] © Optica 

Publishing Group America). 

 

Fig. 2.16 Illustration of the integrated Pockels laser (copyright © 2022, M. Li et al [29]). 
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for high-speed tuning. This structure, reported in [29], consists of a III-V semiconductor 

amplifier edge-coupled to a Lithium Niobate on Insulator (LNOI) chip, combining the 

efficient light generation of III-V materials with the strong electro-optic properties of lithium 

niobate. The LNOI chip, as shown in Fig. 2.16, integrates several key components to enable 

precise and flexible tuning. These include a phase shifter, two racetrack resonators for 

generating and controlling optical mode combs, and a Sagnac loop mirror, which acts as a 

reflector to complete the laser cavity. Racetracks were preferred for comb generation over 

rings because the electro-optic modulation efficiency requires a long straight section. One of 

the racetrack resonators is equipped with a thermal pad for broad tuning through the thermo-

optic effect, while the other employs electro-optic tuning via electrodes placed on the lithium 

niobate. By combining these tuning mechanisms and Vernier technique, the system achieves 

high mode selectivity of 50 dB and a wavelength tuning range of up to 20 nm in the C-band. 

However, a disadvantage of this configuration is the requirement for mode coupling 

between the amplifier and the LNOI chip, which can introduce coupling loss and reduce 

overall efficiency. Additionally, the design requires the separate fabrication of the amplifier 

and the tuning chip, as they are built on different material platforms. This separation increases 

fabrication complexity and cost. 

2.3 Comparison of Tunable Lasers 
 

This section evaluates different methods for achieving a widely tunable laser and their 

corresponding design structures. Each has advantages and disadvantages, making it suitable 

for specific applications. To identify the most comprehensive solution that supports mass 

production, several factors must be considered: the complexity of growth and fabrication, 

device complexity, and laser performance. For fabrication feasibility, this review focuses on 

monolithically integrated devices in an InP-based platform due to their manufacturability and 

reliability. Device complexity is assessed based on the number of essential structural sections 

and tuning components. A greater number of components increases the complexity and time 

required for laser characterization. Additionally, as the number of components increases, the 

chip length also increases, which may introduce propagation loss. Laser performance is 

evaluated based on tuning range, side-mode suppression ratio (SMSR), linewidth, and tuning 

speed. Tuning speed (or switching time) depends on the laser’s tuning mechanism and 

typically ranges from a few nanoseconds to a few microseconds; however, this aspect is 

beyond the scope of this section. 

Table 1.1 shows a comparison between different types of widely tunable lasers. The values 

reported for each laser represent some of the highest performance metrics available in the 

literature. However, comparable results might have been reported by other groups.  
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Table 1.1: Comparison of different types of widely tunable lasers. 

Structure 

Number 

of vital 

sections 

Tuning 

components 

Tuning 

range 

Threshold 

current 

(mA) 

SMSR 

(dB) 

Linewidth 

(kHz) 

Output 

power 

(dBm) 

Reference 

SG-DBR 4 3 40 nm  50 70 17 
Larson et 

al. [30] 

DS-DBR 4 >5 45 nm  40 500 14 
Ward et 

al. [12] 

SSG-

DBR 
4 3 40 nm 12 35 400 2.5 

Ishii et al. 

[31] 

Y-branch 5 3 50 nm 30 40  6 

Mashanov

itch et al. 

[32] 

GCSR 4 3 70 nm  30 10 6 
Oberg et 

al. [33] 

TTG 2 2 40 nm 27 35  10 
Todt et al. 

[34] 

Rings 4 3 56 nm 32 41  18 
Hiratani 

et al. [35] 

Rings 4 2 50 nm 10 50 259 10 
Ramírez 

et al. [36] 

Rings + 

MMI 
4 3 70 nm 20 50 25 18 

Li et al. 

[37] 

AMZI 4 4 70 nm 68 30 360 4.5 
Latkowski 

et al. [24] 

MCI 3 9 50 nm 32 45  -1 
Chen et 

al. [25] 

TTG + 

MCI 
2 4 40 nm 28 30  2 

Kabir et 

al [38] 

VCL 2 2 40 nm  35   
Li et al. 

[39] 

Slot-

based 
4 3 55 nm  30 >8 2 

Nawrocka 

et al. [28] 

Pockels 4 2 20 nm 80 50 <15 0 
Li et al. 

[29] 
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The SMSR values reported in Table 1.1 correspond to the channel with the poorest SMSR 

performance, that is, the channel exhibiting the highest SMSR value among the tunable laser’s 

operating wavelengths. Similarly, the linewidth values shown represent the widest linewidth 

observed. A narrow linewidth is preferred as it provides a sharper, i.e. lower frequency noise, 

resonance and higher output power.  Some fields in the table are left empty because those 

values were not reported in the corresponding references. Although tunable lasers can operate 

across various bands, including the O-band, the values compiled in Table 1.1 are all from C-

band devices, as these were the best reported results. 

Linewidth of gratings-based lasers typically falls between a few kHz to a few MHz. 

Theoretically, as discussed in a previous section, rings can exhibit much sharper and higher-

Q resonance, which means narrower linewidth. By optimizing the active region and 

minimizing the loss and using heater electrodes for tuning, sub-kHz linewidths can be 

achieved in a grating-based structure as reported in [30]. But on the other hand, unlike rings 

which provide an infinite number of reflection peaks, the number of peaks decreases by 

narrowing resonance in grating-based lasers. 

Another important factor in the performance of tunable lasers is SMSR. Side-mode 

rejection over 40 dB is usually preferred in optical communication systems as the values lower 

than that, may lead to unavoidable intensity noise and crosstalk. Due to the lossy nature of III-

V elements, a gain region or semiconductor optical amplifier (SOA) is an essential part of 

laser to compensate for the loss in the main mode. However, it is shown that the amplified 

spontaneous emission (ASE) coming from integrated SOA, severely degrade the SMSR and 

may affect the spectral purity, i.e. linewidth [40]. Larson et al [30] suppressed such impact by 

implementing a broadband tunable AMZI filter and obtained SMSR of more than 50 dB, as 

mentioned in Table 1.1. However, such configuration needs an extra tuning component for the 

tunable AMZI filter which makes laser characterization more time consuming and costly. Fig. 

2.17 shows a sketch of this device. In this structure, as shown on bottom of Fig. 2.17, mirrors 

and phase sections are thermally isolated from substrate so that the heat generated by heaters 

reach less to the substrate. As a result, tuning can be achieved with much smaller power 

dissipation. 

 

Fig. 2.17 Schematic of the SG-DBR laser with AMZI filter and SOA (Reprinted with permission from [30] 

© Optica Publishing Group America). 



Chapter 2 - Widely Tunable Semiconductor Lasers 41 

 

In Table 1.1, another notable device is the tunable twin guide TTG. Despite having a 

relatively few number of components, it exhibits competitive performance. This simplicity 

makes it attractive due to its compactness and lower cost. Todt et al. [34] reported a TTG 

structure with the active layer as the bottom and tuning (passive) layer as the top layer, where 

the gratings are defined, shown in Fig. 2.18. Tuning and active layers are electronically 

separated by an n-layer which allows gain and filter profiles to be tuned independently. The 

strength of such design is that due to the DFB-like vertical integration of passive and active 

layers, a phase tuning section is not needed in contrast to a typical tunable DBR laser. 

However, the disadvantage is that multiple regrowth steps are needed which may decrease the 

fabrication yield. 

Recent approaches to tunable lasers typically combine several of the concepts discussed so 

far. For example, Kabir et al. [38] employed a twin-guide structure as the gain section within 

a multi-mode interference (MMI) structure consisting of four arms of varying lengths. Each 

arm integrates a thermo-optic phase shifter to enable wavelength tuning. Optical gain is 

provided by an InP-based quantum well structure, implemented using InP membrane-on-

silicon technology. Fig. 2.19 shows a schematic of the twin-guide amplifier along with the 

overall layout of the laser. 

 

Fig. 2.18 Schematic of the TTG laser (© 2005 IEEE, [34]). 

 

Fig. 2.19 (a) Cross-sectional illustration of the twin-guide amplifier. (b) Schematic of the layout of the laser. 

(Reproduced with permission from Springer Nature [38]). 
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Similarly, Li et al. [37] demonstrated a hybrid integration approach in which a III-V 

amplifier is edge-coupled to a silicon photonic chip. The silicon chip includes two ring 

resonators, each with thermally tunable spectra. These rings generate slightly offset spectral 

responses that interfere with one another and couple to the amplifier via a multi-mode 

interference (MMI) coupler. A common thermal phase controller is also integrated to fine-

tune the output. By leveraging the Vernier effect, the interference between the ring spectra 

enables high spectral selectivity, wide tuning range, and low linewidth. Fig. 2.20 shows the 

schematic of this laser. 

 

Another example of III-V and silicon co-integration shown in Table 1.1, demonstrated by 

Ramírez et al. [36], features a tunable laser incorporating a Vernier filter - comprised of two 

thermally controlled ring resonators - positioned at one end of the laser cavity. The cavity 

itself is bounded by Bragg mirrors and is followed in series by an amplifier to boost the output 

power. The gain sections are based on InP and are wafer-bonded onto the silicon chip, which 

contains the rest of the photonic components. 

The Y-branch laser reported by Mashanovitch et al. [32] demonstrates promising 

performance, as shown in Table 1.1. The main difference between this laser and conventional 

Y-branch lasers is that the two outputs are extracted from the Y-arm waveguides. A high-

reflection (HR) coating is applied to the back facet of the laser, resulting in a high SMSR. 

Additionally, the HR coating allows the use of shorter (S)SG mirrors in the arms, as lower 

 

Fig. 2.21 Illustration of Y-branch tunable laser (© 2017 IEEE, [32]) 

 

Fig. 2.20 Schematic of the widely tunable laser based on MMI and Ring Resonators (copyright ©, [37]). 
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reflectivity is sufficient. This configuration is beneficial for achieving a shorter device and 

reducing the required tuning current. Fig. 2.21 shows an illustration of such a structure. 

Another interesting structure with few numbers of components is VCL. As discussed 

before, its simple structure makes it suitable for mass fabrication operation. This device 

basically consists of one short cavity and one long cavity in order to utilize Vernier effect to 

extend the tuning range. Deep etched facets at the end of cavities are used as mirrors. A half-

wave coupler is implemented as the junction of V-shape structure to ensure high SMSR. Three 

electrodes for controlling gain and tuning are implemented on the device which are separated 

by two isolation gaps. The image of such a structure is shown on Fig. 2.22. A quasi-continuous 

tuning is achieved by tuning reflection combs of two cavities simultaneously through thermo-

optic effect. Thermal tuning is less susceptible to free carrier absorption compared to the 

carrier injection method, which can result in sharper resonance. As discussed in a previous 

section, current injection has opposing effects on the refractive index. On one hand, it 

decreases the refractive index, while on the other hand, the temperature increase caused by the 

injection raises the refractive index. Therefore, a high tuning current is needed to overcome 

the effect of carrier injection on the refractive index. In thermal tuning, only the temperature 

increase contributes to changes in the refractive index. 

An easy-implementing method has been used by the same group to reduce the linewidth of 

discussed VCL. Fig. 2.23 shows an illustration of this method. The output of the laser is 

divided by a splitter which one path is used for linewidth measurement setup and another path 

is used for total reflection feedback. The end facet of the reflection path is coated with a gold 

film. In this method, self-injection feedback is used to reduce the frequency fluctuations 

without significantly affecting the SMSR and tuning range. Linewidth as narrow as 60 kHz 

was achieved by having a 50:50 splitting ratio at the splitter and ~5 mm length of feedback 

path. Details of this method are discussed in [39]. 

 

Fig. 2.22 Optical microscope image of VCL (copyright ©, [39]). 
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Overall, four structures discussed above along with the AMZI-based laser, which was 

discussed in Section 2.2.8, show the most promising widely tunable lasers. 

 

2.4 A novel approach to achieve tunable laser based on loss 

perturbation 
 

In the next chapter, I will discuss a novel concept for a tunable plasmonic semiconductor laser, 

which uses loss perturbation as its tuning mechanism. This design incorporates a metal oxide 

semiconductor (MOS) capacitor atop an edge-emitting Fabry-Perot (FP) diode laser. This 

arrangement supports a hybrid plasmonic TM mode, which partially overlaps with both the 

MOS capacitor and the semiconductor gain region, serving as the lasing mode. 

This method also involves the utilization of indium tin oxide (ITO), within the MOS 

structure. This choice is motivated by the capability to achieve the epsilon near zero (ENZ) 

condition under accumulation in the conductive oxide layer. This results in a significant 

alteration in the imaginary part of effective index of the hybrid plasmonic TM mode, i.e. mode 

loss. The modification serves as the means to tune the lasing wavelength. 
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Chapter 3 

 

Tunable Hybrid Plasmonic 

Semiconductor Laser Based on Loss 

Perturbation 
 

This chapter is based on the published paper titled “Tunable Hybrid Plasmonic 

Semiconductor Laser Based on Loss Perturbation”. First, I will discuss my contributions to 

the work, followed by a presentation of the paper itself. The remaining chapters of this 

thesis will follow a similar structure, unless otherwise noted. 

3.1 Contribution Statement 
 

The core concept of this project was developed collaboratively between myself and my 

supervisor, Prof. Berini. The project involves a multi-physics simulation approach, 

requiring both optical and electrical optimization of the laser device, along with an analysis 

of thermal effects. I led the initial development and execution of the optimization 

algorithms, conducted the simulations, and prepared the figures for the manuscript. 

Throughout the project, the work was refined through regular meetings with Prof. Berini. 

Additionally, I wrote the first draft of the paper. 

Related conference publication arising from this work is listed below: 

• S. Saeidi, et al. " Tunable Hybrid Plasmonic-Semiconductor Laser Incorporating 

ENZ Material." 2023 Photonics North (PN). IEEE, 2023. 

 

3.2 Article 
 

The article follows below verbatim. 
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3.3 Conclusion 
 

Although we introduced a completely new concept for a tunable laser, it comes with its own 

advantages and limitations. In terms of advantages, compared with the devices in Chapter 2, 

which require multiple tuning elements and several vital sections (see Table 1.1), this design 

relies on only a single tuning section, making its characterization significantly simpler. Its 

cavity length is also only about 100 µm, much shorter than the devices discussed earlier. This 

greatly improves wafer-level device density and reduces overall fabrication cost. 

The main limitations relate to the input/output power and waveguide losses. The device 

consumes more power due to its higher threshold current, and its performance metrics, 

including SMSR and linewidth, are generally inferior to those in Table 1.1. The SMSR is 

lower because the device operates as a Fabry-Perot cavity, and the linewidth is broader due to 

the shorter photon lifetime. The tuning range is also narrower. However, this is not a major 

drawback since it still covers at least four CWDM channels, which already support a wide 

range of applications. 

Despite these trade-offs, when comparing performance requirements for datacom systems, 

this device appears better suited for sensing applications, where the parameters listed in Table 

1.1 are less critical. In the next chapter, we employ a similar device specifically for sensing 

purposes. 
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Chapter 4 

 

Hybrid Semiconductor Plasmonic 

Lasers for Biochemical Sensing: 

Theory and Design 
 

4.1 Contribution Statement 
 

This project was conducted in collaboration with the National Research Council of Canada 

(NRC), specifically with the research group led by Dr. Schmid and Dr. Cheben. The core 

concept was originally developed by myself and my supervisor, Prof. Berini. Regular 

meetings with the NRC team have been instrumental in shaping the direction of the 

research, particularly as we advanced toward the fabrication phase. 

I was primarily responsible for the development and implementation of the optimization 

algorithms, as well as conducting the simulations and creating the figures included in the 

manuscript. I also took the lead in drafting the initial version of the manuscript. 

Related conference publications arising from this work are listed below: 

• S. Saeidi, et al. "Theoretical Exploration of Biosensing Using Hybrid 

Semiconductor Plasmonic Lasers." Integrated Photonics Research, Silicon and 

Nanophotonics. Optica Publishing Group, 2024. 

• S. Saeidi, et al. " InP-Based Laser Diode for Plasmonic Biosensing." Integrated 

Photonics Research, Silicon and Nanophotonics. Optica Publishing Group, 2025. 

 

4.2 Article 
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Chapter 5 

 

Edge-Emitting LED Refractometer 
 

This chapter was initially intended to present the fabrication and characterization of a 

biosensing laser, building upon the discussions in the previous chapter. However, due to 

unforeseen issues during the fabrication process and time constraints within the research 

timeline, the complete realization of the device was not possible. The validated and completed 

portions of the fabrication procedure are documented in detail in Appendix A. Consequently, 

this chapter focuses instead on a different active device designed for refractometric 

applications, which lays the groundwork for future improvements and potential biosensing 

implementations. 

This chapter presents an article that describes the design and modeling of a light-emitting 

diode (LED) structure, followed by describing the fabrication process and experimental 

measurements.  

5.1 Contribution Statement 
 

The epitaxial wafer and LED design were carried out by me under the supervision of 

Prof. Berini. The device fabrication was performed by me together with D. Sekhar and H. 

Choi (2nd and 3rd authors). Experimental measurements were conducted by me with the 

assistance of L. Mayoral (4th author), all under the supervision of Dr. Berini. The progress 

at various stages of the project was regularly discussed with P. Cheben and J. Schmid (5th 

and 6th authors), who’s constructive feedback was very valuable. 

5.2 Article 
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Chapter 6 

 

Strong and Short Bragg Waveguide 

Gratings with Trapezoidal-Shaped 

Grooves 
 

6.1 Contribution Statement 
 

This project was motivated by work conducted at Banyan Photonics Inc. and benefited 

from technical discussions and input provided by members of the Banyan team, as well as 

from regular guidance by Prof. Pierre Berini.  

The problem formulation and model selection were carried out by me together with 

Banyan under the direction of F. Wu (second author). Model verification was performed 

by me and Chris (third author). The optimization, simulations, and conclusions were done 

by me with continuous feedback from Banyan and Prof. Berini. I also prepared the figures 

and wrote the initial draft of the manuscript. 

6.2 Article 
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Chapter 7 

 

Dirac Gratings 
 

7.1 Contribution Statement 
 

This project was conducted in collaboration with the research group led by Dr. Schmid 

and Dr. Cheben at the NRC. The theoretical framework was initially developed by me and 

my supervisor, Prof. Pierre Berini. Through regular meetings with the NRC team, we 

reviewed and refined the modeled structures, some of which were later included in the final 

manuscript. 

I developed the core concept of the paper and was primarily responsible for establishing 

the theoretical foundation and performing the simulations. I also wrote the initial draft of 

the manuscript. 

Related conference publication arising from this work is listed below: 

• S. Saeidi, et al. " Exploring Dirac Gratings in Silicon Photonics." 2025 Photonics 

North (PN). IEEE, 2025. 

 

7.2 Article 
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Chapter 8 

 

Finite-Difference Coupled-Mode 

Analysis of Waveguide Gratings And 

Their Optimization for Single-Mode 

DFB Lasers 
 

8.1 Contribution Statement 
 

This project originated in Prof. Dolgaleva’s group, building on the prior work of Tuhin 

Paul and Boris Rosenstein (third and fourth authors), and was initially led by Sina Aghili 

(second author). I joined the project due to my background in grating design and 

programming. The theoretical foundation and methodology presented in the paper were 

developed primarily through close collaboration between Aghili and me, under the 

supervision of Prof. Dolgaleva, Prof. Berini, and Dr. Tolstikhin. 

I developed the finite-difference based simulation algorithm, carried out the 

optimization of our studied example, conducted several key simulations, generated the 

figures for the manuscript, and wrote the initial draft of the paper, except for Section 2. B. 

8.2 Article 
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Chapter 9 

 

Conclusion and Future Work 
 

This thesis has explored a range of laser systems with novel structural concepts, focusing on 

both theoretical modeling and practical considerations. We began with the development of a 

plasmonic-semiconductor laser, demonstrating its potential for wavelength tuning in 

telecommunications and biosensing applications. Furthermore, we introduced mathematical 

frameworks and computational models for grating-based devices, highlighting their 

significance in DFB laser design. A particularly innovative contribution of this work is the 

introduction of the Dirac Grating, a novel concept with promising implications for future 

photonic devices. Although the constraints of time limited the fabrication and experimental 

realization of all these devices, this thesis has provided rigorous modeling approaches and 

design guidelines that prioritize practical feasibility and pave the way for future experimental 

validation. Let us briefly review the key contributions of this work and outline possible 

directions for future research. 

9.1 Thesis Summary 
 

The thesis began with a comprehensive overview of existing tunable diode lasers, most of 

which rely on complex multi-segment structures or grating-based mechanisms. This review 

set the foundation for introducing a fundamentally different approach: a Fabry–Pérot diode 

laser that employs hybrid plasmonic-semiconductor structures to achieve tunability. 

These hybrid devices offer the unique advantage that the high optical gain of the biased 

semiconductor can compensate for the inherent absorption losses of the plasmonic component, 

enabling efficient mode propagation. Using this concept, we theoretically demonstrated two 

devices: a tunable diode laser with a 7 nm tuning range in the O-band, and a highly sensitive 

diode laser capable of detecting refractive index changes as small as 10-5 RIU. While both 

designs were explored through modeling, only the latter device was selected for fabrication 

efforts. Although fabrication could not be completed due to time constraints, the process and 

methodology have been thoroughly documented in Appendix A for future reference. 

In continuation of the sensing work, we modeled, fabricated, and demonstrated an edge-

emitting LED functioning as a refractometer. The device was realized using the same epi-

wafer design described in the previous section. Focused ion beam (FIB) milling was employed 

to create trenches at sides of the LED to hold the sensing fluid. The presence of the fluid 

modifies the facet reflectance, thereby altering the device’s performance. This effect enables 

the LED to operate as a novel, simple, and low-cost refractometer. 
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Furthermore, we investigated waveguide Bragg gratings (WBGs), which hold significant 

importance in the integrated photonics industry. A comparative study was conducted on 

surface-etched WBGs, focusing on both first-order and higher-order gratings, and evaluating 

their reflective strength across various grating profiles. Special attention was given to 

trapezoidal grating shapes due to their relevance in practical fabrication processes. 

Simulations were performed using a FDTD setup, which was first validated against an 

improved version of coupled-mode theory that accounts for all radiated waves, a critical 

consideration for accurately modeling higher-order gratings. For a selected benchmark case, 

we identified an optimized grating profile that achieved maximal reflectance with minimal 

loss when light was injected into the waveguide. 

Perhaps one of the most interesting contributions of this thesis is the introduction of Dirac 

gratings. These gratings are characterized by very small duty cycles, resulting in an index 

perturbation that closely resembles a Dirac delta function, hence the name. A key feature of 

Dirac gratings is that their coupling coefficient, and thus their spectral response, is independent 

of the grating order. This means that longer-pitch gratings can effectively replace shorter-pitch 

counterparts within the same cavity length without significant degradation in spectral 

performance. Even the loss remains essentially the same in both cases because the cavity 

length and the strength of the scatterers (i.e., the perturbation) are unchanged. As a result, the 

photon lifetime, and therefore the experienced loss, remains the same. This order-

independence was demonstrated both analytically and through inverse design techniques 

based on Fourier transform. Additionally, a threshold criterion was established to define how 

narrow the perturbation must be for a grating to qualify as "Dirac-like." Unfortunately, the 

fabrication and experimental validation were not possible within the limited timeframe of this 

work, but the mathematical results are promising and lay the groundwork for future 

experimental and design investigations. 

As a continuation of the grating-related studies, we developed an algorithm based on an 

improved version of coupled-mode theory (CMT), which we termed Finite-Difference 

Coupled-Mode Theory (FD CMT). CMT remains the only method that allows direct analytical 

calculation of the coupling coefficient in grating structures, something numerical techniques 

such as FDTD and EME cannot directly provide. FD CMT bridges this gap by formulating a 

semi-numerical method grounded in CMT. Unlike traditional CMT, our approach is not 

constrained by the geometric complexity of the grating profile, enabling broader applicability. 

Validation against full-wave numerical methods showed excellent agreement, with the added 

advantage that our approach was more than 50 times faster. This tool offers strong potential 

for efficient and accurate design of DFB lasers and shows potential for its future 

commercialization. 

In conclusion, this thesis touched on different topics, but they all connected back to the 

broader goal of designing and analyzing photonic structures in III–V and plasmonic platforms. 

Whether through tunability, sensing, or grating engineering, each chapter explored how 

optical modes can be controlled to achieve useful functionality. With growing demands in 

communication and sensing, these ideas may help point toward future device directions. 
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9.2 Future Work 
 

This thesis covered a diverse range of devices and applications, many of which offer multiple 

directions for future exploration. A particularly novel device investigated here was the hybrid 

semiconductor-plasmonic laser. While the modeled tunable laser demonstrated promising 

characteristics, its power consumption remained relatively high, limiting its practicality for 

datacom applications. Future research could focus on optimizing the device design, as 

numerous structural and material parameters could be explored to improve efficiency and 

make the laser more attractive for industrial applications. 

In this hybrid laser work, only a Fabry-Perot cavity design was implemented. More 

advanced cavity architectures, such as grating-based distributed feedback (DFB) structures, 

were investigated (though not included in this thesis) but were not pursued due to fabrication 

challenges within the timeframe of the project. Future work could aim to realize hybrid 

plasmonic-semiconductor DFB lasers. A DFB configuration can significantly enhance the 

performance of this type of laser for both datacom and sensing applications. The sharper 

linewidth of the laser mode is an obvious benefit, as it makes the wavelength sensitivity much 

higher, for example, in sensing applications. Furthermore, developing reliable fabrication 

processes for such devices could itself constitute a substantial research effort. 

From a broader perspective, hybrid semiconductor-plasmonic lasers remain relatively 

underexplored and therefore present many opportunities for novel applications. One promising 

direction involves programmable laser architectures. As demonstrated in Chapter 3, the high 

index modulation achievable in such systems could enable grating configurations where each 

period is individually controlled, allowing user-defined functionality. 

In addition to sensing, plasmonic modes offer potential advantages due to their small mode 

areas, which can support very high modulation speeds. Leveraging these properties in hybrid 

semiconductor-plasmonic lasers could enable directly modulated laser sources, which would 

be of significant interest for telecommunications applications. 

The ideas outlined above are potential development paths rather than firm research 

directions, as a detailed literature review on these specific applications was beyond the scope 

of this thesis. 

In Chapter 5, we demonstrated an LED-based refractometer. This device could be further 

developed into a broad-area laser, where the higher output power might improve the sensitivity 

of the measured signal. Several approaches could be considered to achieve this. One 

possibility is redesigning the cavity, for example by etching and tapering the active region 

toward the facet to reduce its size, thereby lowering the threshold current and enabling lasing 

more efficiently. A tapered output facet could also facilitate efficient coupling of the mode 

into a fiber, allowing the spectral sensitivity of the output light to be measured.  However, this 

requires passivation, as etching the gain medium causes oxide formation. Alternatively, 

improvements in the experimental setup, such as minimizing environmental noise or operating 



Chapter 9 – Conclusion and Future Work 109 

 

the device in a temperature-controlled chamber to reduce self-heating, could enhance 

sensitivity and potentially allow lasing in the current device configuration. 

The remainder of this thesis focused on waveguide Bragg gratings. An obvious follow-up 

would be the fabrication and experimental demonstration of Dirac gratings, which could be 

easily realized using Si-based DBR reflectors. Additionally, III-V-based DFB lasers 

employing Dirac configurations could be explored and modeled. Other grating-based devices, 

such as grating couplers, could also be investigated in their Dirac forms, potentially leading 

to new functionalities and applications. 

We eventually developed a finite-difference algorithm to solve the coupled-mode theory 

(CMT) for waveguide gratings. This algorithm is computationally efficient and capable of 

handling gratings with complex groove profiles, allowing simulations from device-level 

design to spectral response characterization for both DBR and DFB structures. This work has 

focused on 1D gratings, an obvious extension would be to generalize the algorithm to 2D 

gratings. In addition, like conventional CMT, the current algorithm is limited to weak gratings. 

By generalizing its formulation to account for the dependence of the mode profile on the 

propagation axis, it is possible to overcome this limitation. Such an improvement could make 

this method a strong and computationally efficient alternative to the widely used, but time-

consuming, finite-difference time-domain (FDTD) method.
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Appendix A 

 

Fabrication and Testing of Hybrid 

Biosensor Laser 
 

This appendix outlines the fabrication process and testing of the hybrid plasmonic-

semiconductor laser, based on the device introduced in Chapter 4, which remained incomplete. 

Fig. A.1 presents a three-dimensional illustration of the laser structure. The laser consists of 

several main components. The device is made of a III-V multi-layer wafer, which forms the 

active region. On top of the epi-layers, the waveguide ridge is formed using indium-tin oxide 

(ITO). Top and bottom metallic contacts are implemented to enable diode biasing. 

Additionally, a layer of Cytop, a polymer material, is applied to electrically isolate the contacts 

from the wafer and to form a microfluidic chamber, where a sensing droplet can be placed 

above the waveguide region. 

Fig. A.2 illustrates the three photolithography masks used in the fabrication process. Mask 

#1 defines the laser ridges, as well as the streets and avenues that separate the individual dies. 

Mask #2 is used to define the contact pads, also incorporating the streets and avenues. Mask 

#3 defines the N-contact metallization for each device, including separation between devices 

within a die, along with streets and avenues. All three masks feature alignment marks within 

each die. Masks #1 and #2 are dark-field masks, while Mask #3 is a bright-field mask. Mask 

#1 was fabricated at the Photronics Inc. [1], whereas Masks #2 and #3 were fabricated at the 

University of Alberta [2]. The layout for all three masks was designed using Design Workshop 

 

Fig. A.1 3D schematic of the proposed hybrid biosensor laser. 
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200 (DW200) [3]. The wafer contains approximately 50 dies, each containing 21 lasers with 

varying designs, differing in length and width. 

The wafer was custom-grown on a p-doped InP substrate, which is relatively uncommon 

among commercial epitaxial growth providers, as n-doped InP is typically preferred probably 

because of its better compatibility with ohmic contacts. However, for this device, a p-type 

substrate was necessary since the top layer must be n-doped, to accommodate the integration 

of n-doped ITO on the surface. The wafer was grown by LandMark Optoelectronics Inc. [4] 

using metal-organic chemical vapor deposition (MOCVD). The epitaxial layer structure was 

designed based on simulations conducted using Lumerical's MQW Solver [5] and is discussed 

in Chapters 3 and 4. A summary of the epitaxial layer design is provided in Table A.1. 

Table A.1: Epitaxial layer description 

No. Material 
Thickness 

(nm) 
Doping Level (cm-3) 

0 P-InP Substrate  2~8⨯1018 

1 P-InP Buffer Layer 200 1018 

2 P-Al0.33In0.53Ga0.14As 50 1017 

 

Fig. A.2 The mask layouts used throughout the fabrication process. The blue circle represents a 2-inch wafer. 
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3 

14⨯U-Al0.04In0.38Ga0.58As 

(QW –1.1% T.S.) 

15⨯U-Al0.41In0.57Ga0.02As 

(Barrier +0.3% C.S.) 

6 

/ 

18 

- 

4 U-InP 7 - 

5 N-In0.9Ga0.1As0.219P0.781 30 2⨯1018 

 

A.1 Fabrication Process flow 
 

Fig. A.3 illustrates the overall fabrication process flow of our hybrid biosensor laser (HBL) 

device. The device was fabricated on a 2-inch wafer grown by MOCVD. The following 

sections describe the steps that were carried out prior to the termination of the process. 

A.1.1 Surface Preparation 
 

Prior to any processing steps, the wafer was cleaned to remove the native oxide layer from the 

InGaAsP surface. This was done by placing the wafer in a solution of hydrofluoric acid (HF) 

and deionized water (DI) in a 1:20 ratio for 1 minute. After the etch, the wafer was rinsed in 

DI water and dried using a nitrogen blow. 

 

 

Fig. A.3 Summary of HBL fabrication flow. 
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A.1.2 Trilayer Photolithography 
 

In this step, we prepared the wafer for patterning the indium-tin oxide (ITO) regions using a 

trilayer photolithography process, which provides high-resolution features with vertical 

sidewalls, as described in [6]. 

The process began by placing the wafer in a hexamethyldisilazane (HMDS) oven at 100 °C 

for approximately 18 minutes to promote adhesion of the resist layers. Next, the first layer of 

photoresist, LOR1A, was spin-coated using the multi-step spin profile described in [6], 

followed by a bake on hotplate at 185 °C for 4 minutes. The second layer, BARC (bottom anti-

reflective coating), was spin-coated using the same settings. After spin-coating, the wafer was 

allowed to rest for 1 minute and then baked at 185 °C for another minute. The third and final 

layer, SPR955, was also spin-coated using the same spinner program. This was followed by a 

1-minute relaxation time and a final bake at 90 °C for 5 minutes. 

After coating the photoresist layers, the photolithography Mask #1 was used for exposure. 

This was done using the Mask Aligner with an exposure dose of 95 mJ/cm². Following the 

exposure, a post-exposure bake was carried out at 120 °C for 5 minutes. 

The wafer was then developed using MF24 developer for 1 minute and 10 seconds. During 

development, ultrasonic agitation was applied for 30 seconds to help remove the top 

photoresist layer (SPR955) and clearly define the pattern. Next, reactive ion etching (RIE) was 

used to remove the BARC layer. This was done using oxygen gas with a flow rate of 10 sccm, 

a power of 50 W, and a chamber pressure of 4 Pa for 4 minutes and 10 seconds. Finally, the 

wafer was dipped again in MF24 developer for 10 seconds to develop the LOR1A layer and 

create an undercut profile.  

 

Fig. A.4 An optical microscope image of a region on the wafer at the end of Step A.1.2, showing the 

developed photoresist patterns after the first photolithography process. 
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A microscope image of the sample at this stage is shown in Fig. A.4. The image displays 

the alignment marks, as well as a waveguide structure, which is intended to form the laser 

cavity. 

 

A.1.3 ITO Sputter & Lift-off 
 

A 30 nm layer of n-doped ITO was deposited onto the wafer using a sputtering system at the 

Carleton University. After deposition, the lift-off process was carried out by placing the wafer 

in a Remover 1165 bath on a hotplate at 50 °C, with the lid closed to ensure effective removal 

of excess ITO. 

Following lift-off, the wafer was annealed using rapid thermal annealing (RTA) at 350 °C 

in an oxygen environment for 30 minutes to improve the material quality of the ITO. This 

process was also performed on a blank wafer, which was later used for optical characterization 

of the ITO film using ellipsometry. The measured data was used to refine the optical 

parameters in subsequent modeling and simulations. 

A microscope image of the main wafer at this stage is shown in Fig. A.5(a). Several 

waveguides were characterized using atomic force microscopy (AFM), and a 3D surface 

 

Fig. A.5 (a) Optical microscope image, (b) AFM image, and (c) SEM image of a region on the wafer at the 

end of Step A.1.3, showing the patterned ITO waveguide ridges. 

(a) (b)

(c)
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profile of one of them is presented in Fig. A.5(b). The measured root mean square (RMS) 

roughness of the ridge was approximately 1.7 nm. The ITO thickness was found to be around 

24 nm, about 20% less than the target value, which is likely due to changes during the RTA 

step. Additionally, the waveguide width was approximately 0.5 μm wider than the original 

design, and the ridge corners appeared slightly rounded. These deviations are attributed to the 

undercut formed in the LOR1A layer, which allowed sputtered ITO to deposit along the 

sidewalls. The overall waveguide profile was confirmed by scanning electron microscopy 

(SEM), as shown in Fig. A.5(c). 

A.1.4 P-Contact metal 
 

To proceed with metal deposition on the backside of the wafer, a protective layer of SPR955 

photoresist was spin-coated and baked on a hotplate. This layer served to shield the front-side 

patterns during the backside metallization process. A bilayer of palladium (Pd) and gold (Au), 

with thicknesses of 30 nm and 100 nm respectively, was evaporated on the backside of the 

wafer. Palladium was chosen for its ability to form a good ohmic contact with the p-doped InP 

substrate, while the gold layer on top facilitates electrical probing. Following deposition, the 

SPR955 layer was removed using a Remover 1165 bath. Finally, RTA was performed at 

350 °C in an oxygen for 4 minutes to improve the quality of the ohmic contact. 

A.1.5 Cytop Deposition 
 

Cytop deposition began with spin-coating an AP3000 adhesion promoter, followed by a layer 

of Cytop Grade A. The process followed the detailed procedure described in [7] and included 

an overnight curing step. 

Due to the tendency of Cytop to accumulate more thickly at the wafer edges during spin-

coating, a metallic disc was used to selectively expose only the outer edge of the wafer. This 

allowed edge bead removal using RIE with oxygen at a flow rate of 10 sccm, power of 150 W, 

and a chamber pressure of 4 Pa for 4 minutes. This step improves the uniformity of the surface 

and enhances the resolution of subsequent photolithography steps. Since Cytop is highly 

hydrophobic, surface roughening, known as ashing, was performed to improve photoresist 

adhesion in later steps. This was done using RIE under the same gas flow and pressure 

conditions, but with a reduced power of 75 W for only 10 seconds. 

Fig. A.6 shows the wafer at this stage. The ITO patterns, which define the die separations, 

are visible to the naked eye. 

 

A.1.6 Cytop Etch 
 

To expose the waveguide ridges beneath the Cytop layer, the wafer was first placed in an 

HMDS oven at 100 °C to promote resist adhesion. A single layer of SPR955 photoresist was 
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then spin-coated, followed by a soft bake at 90 °C for 5 minutes. It is important to note that 

Cytop has a glass transition temperature near 100 °C; therefore, any baking at or above this 

temperature must be avoided to prevent deformation or flow of the Cytop layer. 

The same photolithography mask used during the ITO patterning step was reused for 

alignment. UV exposure was carried out using the Mask Aligner at a dose of 95 mJ/cm². The 

wafer was then developed in MF24 developer for 1 minute and 10 seconds, including 30 

seconds of sonication to assist in pattern development. Precise alignment was critical in this 

step, as the existing ITO patterns needed to match the new openings in the Cytop layer. 

Reactive ion etching was then performed with oxygen at a flow rate of 10 sccm, power of 

150 W, pressure of 4 Pa, and a duration of 4 minutes and 10 seconds. A relatively high power 

was intentionally used to produce angled sidewalls in the etched Cytop. Based on prior 

experiments, lower RIE power results in more vertical sidewalls, which were not desired in 

this case. At 150 W, the etch rate of Cytop is approximately 600 nm/min, while SPR955 etches 

at about 250 nm/min. The chosen etch duration ensured complete removal of the Cytop in the 

exposed areas without fully etching through the SPR955, preserving the integrity of the 

remaining surface. 

Fig. A.7(a) presents microscope images showing good alignment between the Cytop 

openings and the underlying ITO patterns. Fig. A.7(b) shows an AFM scan of the Cytop profile 

over a waveguide ridge, indicating successful patterning. However, the RMS surface 

roughness of the exposed ITO increased to approximately 4 nm from its original value of 

around 2 nm, likely due to mechanical surface effects introduced during the RIE process. 

 

Fig. A.6 Image of the wafer at the end of Step A.1.5, showing the unpatterned Cytop layer covering the ITO 

structures. 



Appendix A – Fabrication and Testing of Hybrid Biosensor Laser 117 

 

 

A.1.7 Contact Pads 
 

To define the contact pad regions, a single layer of SPR955 photoresist was spin-coated and 

baked at 90 °C for 5 minutes. The second photolithography mask was then used for UV 

exposure at a dose of 95 mJ/cm², followed by development in MF24 developer, using the same 

procedure as in previous steps. Microscope images at this stage, shown in Fig. A.8, clearly 

display the opened pad regions prepared for metal deposition. 

 

Fig. A.8 Optical microscope images of the wafer, showing the opened regions for contact pads after 

photolithography, prior to metal deposition. 

 

Fig. A.7 (a) Optical images of the wafer and (b) AFM scan at the end of Step A.1.6, showing the patterned 

Cytop layer and its surface profile over the waveguide region. 

(a) (b)
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Gold/titanium contact metal was then evaporated, with layer thicknesses of 100 nm and 

50 nm, respectively. Gold was selected for its strong adhesion to Cytop, and titanium was used 

as a capping layer due to its greater hardness, which improves mechanical durability for 

electrical probing. 

Following metal deposition, lift-off was performed using Remover 1165. However, at this 

stage, the Cytop layer was unintentionally and completely removed from the InGaAsP surface, 

along with the patterned structures it supported. This issue revealed that Cytop does not adhere 

well to InGaAsP. Unfortunately, this behavior had not been observed in prior trials because 

earlier process tests were conducted on silicon substrates, where Cytop adhesion was found to 

be reliable. Due to limitations in the number of available III-V wafers, no preliminary adhesion 

tests had been carried out on InGaAsP before this step. 

A.2 Re-modeling the HBL 
 

To address the critical issue encountered in the previous step (the delamination of Cytop from 

the InGaAsP surface), a viable solution would be to use an alternative polymer or a different 

adhesion promoter compatible with InGaAsP. However, exploring these options would 

require an extended period of process optimization and testing, which was not feasible within 

the time constraints of this PhD project. 

As an alternative, the device was re-designed to bring the contact pads directly into contact 

with the semiconductor surface, eliminating the need for the Cytop layer. The ITO waveguide 

ridges are heavily n-doped, with a doping level approximately 100 times higher than the 

surrounding InGaAsP. By leveraging this doping contrast, the design assumes that current will 

preferentially flow beneath the ITO ridges, enabling a degree of lateral current confinement 

even without the original insulating layer. 

Given that most fabrication steps had already been completed by this stage, this approach 

was considered the most practical solution. Fig. A.9 illustrates the revised design of the hybrid 

biosensor laser (HBL), in which the metal contact pads are placed directly on the exposed 

surface. The rest of this section describes the remaining processing steps. 

 

A.2.1 Cleaning the surface 
 

The first step in the revised process was to remove the remaining Cytop layer. This was done 

using a sequence of solvents: CT Solvent, isopropyl alcohol (IPA), acetone, and DI water, 

followed by a nitrogen blow-dry. To ensure complete removal of any residual polymer or 

surface contamination, a short RIE was performed with oxygen at 60 W for 10 seconds. AFM 

measurements indicated that the surface roughness at this stage was approximately 4 nm. 
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A.2.2 N-Contact Metal 
 

The process began with surface preparation in an HMDS oven at 100 °C, followed by spin-

coating a single layer of SPR955 photoresist and baking at 90 °C for 5 minutes. Mask #3 was 

then used for UV exposure at a dose of 95 mJ/cm². A post-exposure bake was performed at 

120 °C for 5 minutes, and the pattern was developed in MF24 developer. 

Next, a bilayer of titanium (Ti) and gold (Au) was deposited using electron beam and 

thermal evaporation, respectively. Ti (3 nm) was chosen for its good adhesion to InGaAsP and 

its ability to form an ohmic contact. A 17 nm gold layer was deposited on top, intended to 

serve as the plasmonic component of the laser for sensing applications. After deposition, lift-

off was performed using Remover 1165. 

Fig. A.10(a) shows microscope images of the wafer at this stage. The images display two 

back-to-back lasers on separate dies. Each laser is electrically isolated from adjacent devices 

by a defined gap. 

A.2.3 Contact Pads 
 

In the final fabrication step, the photolithography process was repeated as in the previous 

sections, with the exception that Mask #2 was used to define the contact pad regions. 

Following development, a 100 nm / 50 nm Au/Ti bilayer was deposited to form the electrical 

contact pads. The metal deposition and lift-off were performed using the same procedures 

described earlier in Section A.1.7. 

 

Fig. A.9 Schematic illustration of the adjusted HBL model, where the top contact pads are directly placed on 

the device surface due to the removal of the Cytop layer. 
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Fig. A.10(b) shows microscope images of the wafer after this final step, with clearly defined 

contact pads in place. 

This concludes the fabrication process. The wafer was then cleaved into individual dies 

using a Loomis Wafer Cleaver (LSD-155), with assistance from Banyan Photonics Canada. 

Fig. A.11 presents SEM images of a cleaved device at two magnifications: one showing the 

full laser cavity along with the N-contact pads on either side, and another highlighting the 

laser ridge. 

A.3 Experimental Results 
 

To characterize the fabricated device, electrical and optical measurements were performed. 

The device was mounted on a vacuumed holder to ensure mechanical stability. Two probes 

were used for electrical biasing: one probe contacted the metallic stage, which was electrically 

 

Fig. A.10 Optical microscope image of the (a) wafer at the end of Step A.2.2, showing completed N-contact 

metal structures and separation gaps between adjacent devices within a die, and (b) at the end of Step A.2.3, 

showing the final contact pad structures after metal deposition and lift-off. 

(a) (b)

 

Fig. A.11 SEM images of a cleaved device: (left) showing the full laser cavity with adjacent N-contact pads, 

and (right) a close-up view of the laser ridge. 
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connected to the back-side metallization of the wafer, and the other probe contacted one of the 

top metal pads of the laser. 

A source meter was used to inject current through the probes and simultaneously measure 

the voltage across them. As an initial test, the voltage-current (VI) characteristics of the device 

were measured to verify the integrity of the p–i–n junction. The resulting curve, shown in Fig. 

A.12(a), exhibits clear diode-like behavior under forward bias, with a threshold voltage of 

approximately 1.5 V. 

For optical measurements, a fiber was positioned to collect emitted light from the device. 

Upon adjusting the fiber around different edges of the structure, it was observed that light was 

emitted from all sides of the device, rather than being confined to the waveguide ridge as 

originally designed. Notably, stronger emission was detected near the probed pad, indicating 

that the current was spreading laterally across the device rather than being laterally confined 

under the ITO ridge. As a result, even with increasing injection current, the collected optical 

power remained low. Fig. A.12(b) shows a representative light–current (LI) curve, which does 

 

Fig. A.12 (a) VI characteristic of the device, showing diode-like behavior with a threshold voltage around 

1.5 V. (b) LI curve indicating no clear lasing threshold, with maximum collected power below 30 µW at 1A 

injection. 
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Fig. A.13 Emission spectrum of the device. 
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not exhibit a clear lasing threshold, confirming the lack of effective optical confinement and 

lasing behavior in the current design. 

Fig. A. 13 shows the emission spectrum of the device, with the peak intensity observed 

around 1350 nm. It can be seen that the low emission power, the presence of multiple 

unintended optical paths within the structure, and multi-transverse mode nature of laser, 

prevent clean mode formation. 

A.4 Conclusion 
 

In summary, the original HBL laser design could not be fully realized, primarily due to the 

lack of current confinement. As a result, an alternative design, based on the device described 

in this appendix, was developed and is further discussed in Chapter 5. 
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