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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, I1I-
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.

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.

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]:

V.(eE) =0 (1-1)
V.H=0 (1-2)
VXE =jowu,H (1-3)
VX H=—jweE (1-4)

where E(x,y,z) and H(x, y, z) are electric and magnetic field vectors, respectively, € denotes
the permittivity, and p, is the vacuum permeability. In the case of an inhomogeneous medium,
where Ve # 0, all three components of E\, Ey, and E: are coupled, as are H., H,, and H.. 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 V X (V X A) = V(V.A) — V?A, the field can be expressed by:

V2E + k?E =0 (1-5)
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where k% = w?uge = n?w?/c?, 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) = Z EM™ (x,y,z)e/Pm? (1-6)
m

These equations can also be written for H. A time dependence of exp (—jwt) is assumed.
The integer m represents the mode number and S, 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® =3E, +jE, + kE, (1-7)
Using (1-5) to (1-7), we can write
02E©® J0E® 5 02E©® 52O
- - ] — (0) 2E0) — 1-8
azz + Zlﬁo aZ ﬁo E + axz + ayz + k E O ( )

For a straight waveguide, E(®) remains constant along the propagation direction, thus
d/0z terms vanish:

92E©®  92E(0)
0x? + dy?
Considering (1-7), we derive three wave equations for E. Solving these equations for fo
and the components E,, E,, and E. 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:

+ (k%2 = BHE®@ =0 (1-9)

oE, . . . oE, | JoE, O0E,

3y —JBEy = jouoHy,  jBEx — 2= = jwioHy, x Ty jopeH,  (1-10)
oH oH OH, OH

ayz — jBH, = —jweE,, jBH, — a_xz = —jweE,, a_xy_ ay" = —jweE, (1-11)

In general, a mode with a longitudinal electric field component E, = 0 is called a
transverse-electric (TE) mode, while a mode with a longitudinal magnetic field component
H, =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 /9y = 0, then for a TE mode (E, = 0), Ex and
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H, are also zero. Similarly, for a TM mode (H, = 0), H. and E) vanish. As a result, a
simplified equation for the TE mode emerges, independent of the other components:

2

E
—— + (k* = Bo*)E, = 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:

O, | 08,
dx  dy

From the wave equations and similarly from equation (1-10), we know that the components
E. and E) (and their derivatives) are coupled to the variation in n(x, y). That means E, and E,
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., E. and H. 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.

(1-13)

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 (jByz) and Sexp (—jByz), respectively, where z is the propagation direction.
For the total wave @ (z) to be zero at z = 0, we have:

p(0)=R+S=0 (1-14)

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

(L) = R(exp(jPoL) — exp(—jBoL) = 2jR sin(fByL) = 0 (1-15)

With B, being the mode’s propagation constant and n,ss being its effective index, we can

write
2MNerrlL
;ff — N (1-16)
Where N is an integer. Therefore:
NA
L= (1-17)
Zneff

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 Ay = 2n,¢¢L/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 Schrodinger 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 Schrodinger equation [4]:

Hy = Ey (1-18)

In this equation, ¥ represents the wavefunction of the outermost electron of the atom, £ 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 (LCAQO) approach [5] to express the total wavefunction as:

Y = capa + oy (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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Caﬁlpa + Cbﬁlpb = CaEY, + cpEYy (1-20)

where ¢, and ¢, are weighting coefficients. By multiplying each side of the equation by 1, "
and Y}," 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 [ Yy*dV = 1):

caHyq + cpHyp = c F + ¢, ES (1-21)
CaHpg + coHpp = CE + cES (1-22)
where
Heapp = f Yon HpandV (1-23a)
Hap = Hpg = f . Hppdv (1-23b)
S = f by Py dV (1-23¢)

Here, H,, and Hyj, are the energy of the atomic orbital Y, and Y, respectively, Hy,, = Hpq =
H, 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 Hy- ES] [c
C

a = -
Hy—ES Hy,y—E|lcyl =9 (1-24)

b

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:

2

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.

H,, + H H,, — H
Ei — aa bbi\/( aa bb)2+H02 (1_25)

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) = (1-26)

e(E—Ef)/kT 4 1’
meaning that the probability of an electron occupying an energy level E greater than Ef
becomes non-zero, and some energy levels below Er 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 Schrodinger
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

(2) (b) (c)
E @) [ ) [ J

E, ® @) O

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 E, and the bottom of the conduction band E.. 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 E, and E. is approximately equal to the band gap energy
Eg, the photon energy required for these transitions is also equal to E,. Below, we qualitatively
discuss such transitions.

The first case shows the absorption of the light (stimulated generation), where a photon
with energy of E; is efficiently absorbed by material and excites an electron from E, to E,
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 f = [, + jf;. The real part,
By, 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, 3;, 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 = Eoej(ﬁrﬂﬁi)z’ (1-26)
The power of the propagating wave is proportional to the square of the field amplitude:

P o |E|2 = |Eo|2e~2P1, (1-27)

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

Opropagation = 2p; (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
A, reinforces at certain wavelengths. The behavior can be described mathematically using ray
optics [12]. The Bragg wavelength condition is satisfied by

N/lB = 2neffA, (1-29)

where Ap 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:

V2E + (e(x) + Ae(x,z))k3E = 0 (1-30)

where 4e is the permittivity perturbation along the propagation axis, z (refer to Fig. 1) and
ko = 2m/Ag. 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:

0%E, 0%E, _ - i2nqz_\
py + Fp + | 7l +quAq(x)exp (T) ksE, =0, (1-31)
q=*0

in which 4, represents the Fourier coefficients that describe the periodic structure, and

(%)

ﬁoz = (no(x) —1i kq

)%, (1-32)

where n; is the average refractive index within each layer of the waveguide stack, and & is
gain (> 0) or loss (< 0) as a result of perturbation effects. £, in principle, is a superposition
of an infinite number of modes. To solve (1-31), we assume:
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E,(x,z) = Z EJ(,m) (x, z)e'Bm?

m

(1-33)

where f,, = [y + 2nm/A, and each Ej(,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:

62E(m) 6E(m) a E(m) ®

32 + 2ifm 57 Fp + (kozﬁoz —ﬁmz)EJ(,m) = —k,* Z Aq(x)EJ(,m_q),Vm (1-34)
Ta=0
Under the resonant condition p = —N, the grating couples the forward mode E)(/o) (x,z) and

its backward-propagating counterpart EJ(,p) (x, z). Both modes share the same transverse profile
&o(x) with their amplitudes R(z) and S(z) varying along the propagation direction z

EX(x,2) = R(2)go(x) (1-35a)
EP (x,2) = S(2)g(x) (1-35b)

Substituting (1-35) into (1-34) for m = 0 and m = p (given that B, = -fo and second z-
derivative term is much smaller than other terms):

C 1-36

= ( +R(z )[a oD (kozﬁoz—ﬁoz)go(x)] = —ky” Z A OES? (1-362)
a0

C 1-36b

—2ifyeo(x) —— (Z) +S(z )[ ( + (ko?fig? .Boz)fo(x)] = _k,? Z Aq(x)EJ(/p—q) ( )
q=—o
q*0

2ifog0(x)

In transverse direction, & (x) satisfies:

62
200 | (kg2 = o) = 0 (1-37)

Therefore, by Multiplying sides by £,(x) and integrating from —oo to oo, (1-36) becomes:

ik’ N (¢ -0)
_ iS)R = i _0 A EyY
(@ + i8R = ik_,S + 26P qu JO q(X)eg(X)E;, (1-38a)
q#0,—p
. . ik’ O (9 -a)
— (a4 i8)R = iK,S + quw fo Aq(x)gg(X)E), (1-38b)
q#0,p

where:
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2(x)dx, Ky = 5 Ap(0)ef (N)dx, (1-39)

Z,BP ZﬁP

sz g2 (x)dx, §=p-B,

To solve (1-38), £, 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 £, . Therefore, (1-34) becomes:

92E™ (x, )

0x?

+ (ko*no? = B ES™ (%, 2) = —ko® (Am(O)R(Z) + Ay (1)S(2)) &0(x), ym ~ (1-40)

in which E,”™ is made of two separable terms associated with forward and backward
propagating waves:

EJ(,m)(x, 2) = R@eP (%) + S(2)eP (x), vm,m = 0,p (1-41)
Thus:
62 ® X .
¢+ (ko ﬁmz)gr(rll)(x) = —ko*Am-igo(x), Ym, i #0,p (1-42)

O0x?

Equation (1-42) has the first-order perturbation solution for e(l)

®

Without assuming the second

assumption, general solution for &,,” can be derived from:

92 o (20) 2\ (D) 2 N ©)
6— + (ko’no? — Bm’)em (x) = —kq Z Ag(em_q(x), Ym, i #0,p
x = (1-43)
q*0

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'—(a+i6+i{))R =i(k_p + (3)S (1-44a)
—S"—(a+i6 +i03)S = i(k, + {4)R (1-44b)
where
_ (0) (») (») _ (0)
Z Ngqr S2 = Z Ng-q» $3 = Z Ngp-q» Sa = Z Ngp-q (1-45)
(;];t_o,—p q:tO -p Z;O,p Z;O,p

2

, ko g .
10 =555 | AC0nEe @
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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 E as a function of temperature 7' [3]:

aT?

T+p

E,(T) = E,(0) — 2.1)

in which E,x(0), a, and B 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 a is given by Kramers-Kronig equation [5]

2ch P.[‘°° a(E")

n(E) =1+ dE’ (2.2)

2me? E'? —E?

in which c is the speed of light in vacuum, e is the electron charge, /4 is the Planck’s constant,
E is the photon energy, and P is the principal value of integral. Thus, any change to a 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 € as a function of electrical field € [6]:

e (w8 =€ j(w,0) + e (w, 0)g + - (2.3)

The second term, which describes the action of electric field in linear approximation,
represents the Pockels effect. Pockels coefficients €™, (w, 0) (also known with r;x) 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 7 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]:

An, = —re, (2.4a)

An, = ———rg, (2.4b)

where np is the unperturbed index for semiconductor in all direction, r is the Pockels
coefficient, ¢ is the electrical field and An shows the index change in x or y direction. Since
InP crystals belong to the zinc blende class, the Pockels coefficient » 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 A:
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in which, nefis the effective index, Leyis the effective length, and m is an integer representing
the mode number. Thus, tunability in lasers can be implied by [9]:

A . Aneff n ALe f Am

2.6
A neff Leff m ( )

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

mirror

Magnitude

‘ | | ‘ cavity modes
-

Wavelength

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 £ can be written as the sum of two
counter-propagating waves R and S:

E(2) = S(z)e /Bo? + R(z)elFo? (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, o
is the propagation constant and z refers to the propagation axis. Therefore, the coupled-wave
equations are as follow:

R (2.82)
E— (]6)R = ]KS
ds . . (2.8b)
E'F (]6)5 = —]KR

By solving these equations, reflection spectrum for a uniform finite grating with length of
L can be obtained:

jx tanh tanh (yL) 2.9
y + jABtanh (yL)

mirror gain phase mirror

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 k = mAn/21 quantifies the
amount of reflection per unit of length where 4n is the average index change, and § = —

Bo = aneff - % where A is the length of period. The parameter y is defined as jV&? — k2.

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

Fig. 2.3 Example of reflectivity of a first-order grating calculated using the coupled-mode approach. The
grating parameters are: L=200 um, A=200 nm, effective index n,¢r = 3.275, and 4n = 1073 at 1310 nm.

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.
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Fig. 2.4 Estimated reflection spectrum of SG structure (¢) 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.

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
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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].

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]).

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
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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/vN
[14]. This difference arises due to Parseval’s theorem, which states that the sum of the squares
of the Fourier components equals 1 (3, |E,|?> =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.

SG-DBR

‘ ‘ ‘ ‘ SSG-DBR

Reflection

Wavelength

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

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
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grating mirror which filters out certain frequencies. Then the reflected beams are added up in
MMLI, 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.
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Fig. 2.7 An illustration of a typical MGY (a) and reflection spectra of (b) mirror 1 r; and (¢) mirror 2 r, and
(d) sum of them |r; + 1,|2/4 (© 2002 IEEE, [15])

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
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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 AMA = An/n) is enhanced by the factor [7]

ngl/(ngl - ngz) (2-10)

where ng; and ng> 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.

grating
gain coupler phase mirror

Fig. 2.8 Schematic of GCSR with back (S)SG reflector

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.
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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 (A/4) DFB laser. [19]. The A/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.

mirror mirror

Active

Fig. 2.9 Schematic of a TTG. Superstructure or sampled gratings can be used as mirrors.

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
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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.
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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 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 pm. It can

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/AL where AL is the length difference between two arms. By changing the
optical phase between two optical paths by 2m, 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.



Chapter 2 - Widely Tunable Semiconductor Lasers 34

phase phase phase

I

: ! | |
| ! } I

I
i modulators ! modulators i modulators |
! | ‘ !
| ! ! I
1 ! ! I

10 . _ 10

H €

S 08 3 os}

2 2

5 06 8 06

g c

5 04 2 04

2 @

E 02 E 02

c k=

2 o0 e 0.0 Wil A

¥ 1460 1480 1500 1520 1540 1560 ¥ 1509.6 1509.8 1510.0 1510.2 1510.4 1510.6
Wavelength (nm) Wavelength (nm)

(b) (c)

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]).

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
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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.
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Fig. 2.13 (a) Ilustration of MCI laser. (b) Superimposed measured lasing spectra over ~ 50 nm (© 2016
IEEE, [25])

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



Chapter 2 - Widely Tunable Semiconductor Lasers 36

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

Fig. 2.14 (a) Microscope image of VCL. (b) Cross-section SEM image of heater. (© 2016 IEEE, [27]).

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.
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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 pm and 76 um 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

Front
mirror

Back
mﬂrnr

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

slot width is set to 1 um and depth is 1.8 pum, 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. 2.16 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.
Number Tuning Tuning Threshold SMSR  Linewidth Output
Structure  of vital components ranoe current (dB) (kHz) power  Reference
sections P £ (mA) (dBm)
Larson et
SG-DBR 4 3 40 nm 50 70 17
al. [30]
DS-DBR 4 >5 45 nm 40 s00 14 arded
al [12]
SSG- Ishii et al.
DBR 4 3 40 nm 12 35 400 2.5 31]
Mashanov
Y-branch 5 3 50 nm 30 40 6 itch et al.
[32]
Oberg et
GCSR 4 3 70 nm 30 10 6 al. [33]
TTG 2 2 40 nm 27 35 1o  Todtetal
[34]

. Hiratani
Rings 4 3 56 nm 32 41 18 et al. [35]
Rings 4 2 50 nm 10 50 259 o ~ Ramirez

& et al. [36]
Rings + Lietal
MMI 4 3 70 nm 20 50 25 18 137]
AMZI 4 4 70 nm 68 30 360 45  Latkowsk
et al. [24]
Chen et
MCI 3 9 50 nm 32 45 -1 al. [25]
TTG + Kabir et
MCI 2 4 40 nm 28 30 2 al [38]
Lietal
VCL 2 2 40 nm 35 139]
Slot- Nawrocka
>
based 4 3 55 nm 30 8 etal. [28]
Pockels 4 2 20 nm 80 50 <150 Liet 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 I11-
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.

Io;} View
— S ) S SE—
& SOA Filter Front Muror Gain  Phase Back Mirror

Thin film microheater

Light
output ' A&-&gé p-inP
C: e e = ——t¢ Q1.3 tuning waveguide
| J(, 1 T *~~ ninP
\In(‘-a}\sl’ / N / 7 ~ n-InGaAs

MOW Sampled grating Thermal isolation le—— n-InP substrate
Side V':ew. 4 Substrate contact

Fig. 2.17 Schematic of the SG-DBR laser with AMZI filter and SOA (Reprinted with permission from [30]
© Optica Publishing Group America).
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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.

p-contact
rear tuning section

«—p-InP
p-contact '

front tuning section
-— n-InP

common p-InP
n-contact 4
# tuning layer

aclive region

p-contact
active region

Fig. 2.18 Schematic of the TTG laser (© 2005 IEEE, [34]).

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. 2.19 (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 M-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.

- / Heater

Ring resonator

Fig. 2.20 Schematic of the widely tunable laser based on MMI and Ring Resonators (copyright ©, [37]).

Another example of III-V and silicon co-integration shown in Table 1.1, demonstrated by
Ramirez 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

Phase Contro|  Verier Mirrors High Speed Modulators

O3 &‘??

Fig. 2.21 Illustration of Y-branch tunable laser (© 2017 IEEE, [32])



Chapter 2 - Widely Tunable Semiconductor Lasers 43

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.

Channel Joint

Selector Electrode

Isolation
Gap

Half-wave
Fixed Coupler  Etched
Gain Facet

Fig. 2.22 Optical microscope image of VCL (copyright ©, [39]).

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].
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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.

_Oupie
el |
m | Linewidth |

1 measurement setup

Fig. 2.23 Schematic diagram of the self-injection method for linewidth reduction. Abbreviations: TL: tunable
laser; CF: coated fiber; PD: photodiode. (Redrawn with modification from © 2004 IEEE, [41])

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:

e S. Saeidi, ef al. " Tunable Hybrid Plasmonic-Semiconductor Laser Incorporating
ENZ Material." 2023 Photonics North (PN). IEEE, 2023.

3.2 Article

The article follows below verbatim.



Chapter 3 - Tunable Hybrid Plasmonic Semiconductor Laser Based on Loss Perturbation 49

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 59, NO. 2, APRIL 2023

1100108

Tunable Hybrid Plasmonic Semiconductor Laser
Based on Loss Perturbation

Shayan Saeidi

Abstract— We propose a tunable plasmonic semiconductor
laser that exploits loss perturbation as a tuning mechanism.
A metal oxide semiconductor (MOS) capacitive structure is added
on top of an edge-emitting Fabry-Perot (FP) diode laser, such that
a hybrid plasmonic TM mode that overlaps partly with the MOS
capacitor and the semiconductor gain region is supported as the
lasing mode. We also propose the use of a layer of conductive
oxide, e.g., indium tin oxide (ITO), as the semiconductor of the
MOS structure, because the epsilon near zero (ENZ) condition
can be attained therein under accumulation, thereby producing a
very large change in the effective index of the hybrid plasmonic
TM mode. The change in the imaginary part of the effective index
is used to tune the lasing wavelength - exploiting loss perturbation
to achieve laser tuning is paradigm-shifting. The laser proposed
operates at telecom wavelengths, requiring an electrical forward
bias to pump the active layer, and a gate voltage to drive the
MOS tuning capacitor. Simulations yield a tuning range of over
7 nm in the O-band for a 100 xm long FP laser cavity.

Index Terms— Semiconductor laser, plasmonic laser, hybrid
laser, epsilon-near-zero material, ITO, MOS capacitor.

I. INTRODUCTION

N RECENT years, there have been many studies on

materials with a vanishing real part of permittivity at
specific wavelengths [1], [2], [3]. These materials are com-
monly known as epsilon-near-zero (ENZ) materials. The initial
research on these materials suggested a significant increase in
the electric field in the material when the real part of per-
mittivity is zero [4], [5]. Examples of such materials, include
degenerate semiconductors like tin-doped indium oxide (ITO)
and aluminum-doped zinc oxide (AZO), in which the high
level of doping causes them to show a dielectric behavior at
visible wavelengths and a metallic behavior in the infrared.
The two examples mentioned have their zero-permittivity
region in the near-infrared range, suggesting applications in
telecom systems.

By matching the ENZ wavelength with the operating wave-
length, one can exploit the characteristics of such materials.
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ENZ materials have generated significant interest due to
their substantial optical nonlinearity, including wave mix-
ing, harmonic generation, and frequency conversion [6], [7].
Applications of these materials can be expanded to electro-
optic components since ITO is compatible with electronics
(81, [91, [10].

Various options exist to achieve optical tuning in lasers, such
as modifying the laser cavity length, light propagation direc-
tion, or changing the effective index of the optical mode [11].
In principle, the latter can be produced by ITO as it exhibits
a significant change in refractive index in the ENZ region.
To achieve tunability via ITO, one should induce a change in
the free carrier concentration of ITO, which overlaps with the
propagating laser mode.

In this paper, we aim to exploit the properties of ITO by
incorporating it in InP-based lasers to achieve broad tunability
following a novel approach based on perturbing mode loss.
The mechanism is simple yet unique and is explained as
follow: First, the design of the laser’s active region (gain
medium) plays a vital role in our approach as the peak of
the gain spectrum can blueshift or redshift (depending on
the design) as a function of carrier density. In a Fabry-
Perot (FP) laser, the overlap of the gain spectrum with the
cavity modes determines the wavelength of the lasing modes.
As the mode loss increases, a higher current (carrier density)
must be injected into the active region to compensate for
the loss. Therefore, by injecting different current levels, the
lasing frequency changes with the frequency of the gain peak.
So, a wide tuning range can be achieved if the gain medium
compensates for the loss. Second, perturbation of mode loss
can be achieved by perturbing the free carrier concentration
in the ITO layer, which operates as the semiconductor layer
in a plasmonic metal-oxide-semiconductor (MOS) capacitor
that is placed in proximity to the gain region, in the optical
path. The carrier refraction effect in the ITO layer within
a MOS capacitor has been exploited previously to enable a
beam steering device [12]. We show that a short FP cavity
(~100 pm) can be tuned over 7 nm (~1.2 THz) in the O-band.
Such broad tunability from a conventional edge-emitting FP
laser in III-V platform has never been reported. However,
since tuning relies on loss perturbation, it is clear that this
mechanism comes at the expense of high power consumption.

This paper is organized as follow. In Section II, the pro-
posed device is described. Semiconductor modeling is dis-
cussed in Section III-A, followed by the waveguide design
(Section III-B), then the design of the active region including
thermal effects (Section III-C). We present laser characteristics
in Section III-D, followed by conclusions in Section IV.

0018-9197 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. 3-dimensional schematic of the proposed tunable plasmonic semi-
conductor laser incorporating an epsilon-near-zero material (ITO).

II. PROPOSED STRUCTURE

Fig. 1 shows the proposed structure (layers not drawn to
scale). The structure contains a core (active) layer bounded by
p-type and n-type InP claddings, forming a p-i-n diode. The
active layer consists of multiple quantum wells (MQWs) which
will be discussed in detail in Section III-C. A MOS capacitor
is implemented on top by using gold as the metal, hafnia as
the oxide, and ITO as the semiconductor. We can exploit the
carrier refraction effect in the ITO layer by operating the MOS
capacitor in its accumulation regime, as will be discussed
in Section III-A. The n-type ITO and the n-type InP layers
provide a common ground for the MOS capacitor and the
p-i-n diode.

Electrical injection to pump the active layer occurs by
applying a voltage V), to the p-InP cladding layer relative to
ground. A heavily doped (2 x 10'° cm™3) p-InGaAs layer is
used to form an ohmic contact with the metal. The cavity is
of length L which can be tailored to determine the spacing
between cavity modes, as will be discussed in Section III-D.
The MOS structure is biased by the voltage V, applied to the
top contact relative to ground, as shown in Fig. 1.

To exploit the properties of ITO and of the gain medium, the
propagating (lasing) mode should overlap strongly with both
regions. This requires forming a hybrid plasmonic mode [13]
with the MOS metal contact to strongly localize fields to this
region. However, there is a trade-off between the overlap of
the hybrid plasmonic mode with the metal and ITO layers
to exploit ENZ, and with the active layer to compensate the
attenuation.

The laser structure is described in Table I (starting from the
top layer). The refractive indices are given at 1300 nm. The
refractive indices of gold, hafnia, and InP are extracted from
[14], [15], and [16]. The refractive index of ITO is calculated
from the electrostatic simulations discussed in Section III-A
using the Drude model. The refractive index of InP has
negligible change with doping level of 10'7 ~10'® [17]. The
positive sign of the imaginary part of the refractive index
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TABLE I
DESCRIPTION OF LAYERS IN LASER STRUCTURE

. Refractive .
Layer Material Thickness Index (1300 Dop 1§1g
(nm) ) (cnr)
metal gold 1000 0.139 + 8.49i
oxide hafnia 6 2.07 undoped
. - ITO 13 1.718 + 0.045i 3x10%°
semicond.
n-cladding InP 350 3.205 2x10'8
b(i‘;lle)r Alg.solngssAs 18 3.308 undoped
QW Alo04Gag sgln
(x11) oasAS 6 3.573 undoped
barrier Alp.gIngssAs 18 3.308 undoped
p-cladding InP 1000 3.205 2x10'8
p-contact  Ings3Gagq7As 50 3.46 + 0.09i 2x10"
p-substrate InP 3.205 1x10"7

indicates loss (or gain when negative). The thicknesses are
optimized to satisfy the loss/gain trade-off (discussed further
in Section III-B). The refractive indices of the AlGalnAs
layers are calculated using the methodology described in [18].
To calculate the refractive index of heavily doped InGaAs,
we need to take into account carrier absorption effects. For
p-type InGaAsP, the dominant absorption mechanisms involv-
ing holes is intervalence band transitions. Using the Kramers-
Kronig relation gives the index change An associated with
this absorption mechanisms [19]:

hcao o 00 (bE)n
n = 272¢E [e [V e Z'I:l o i|
o (=1)"(bE)"
+ePE [_V —In(bE) — anl ()n+] } g
(D

where £ is Planck’s constant, ¢ is the speed of light in vacuum,
e is the electron charge, E is the photon energy in eV, p is the
hole density in cm 3, 00 =4.252x1072° m2, b =3.657 eV,
and y is Euler’s constant.

III. SIMULATIONS

The simulation results presented throughout the paper are
carried out by Lumerical Photonic Software [20].

A. Electrostatic Modeling

The permittivity of ITO as a function of frequency € (w)
can be represented at optical wavelengths by the Drude model,
&g (w) = €00 — w%/ (w?+itw) where g4 is the high-frequency
permittivity and ¢ is the electron damping term. The plasma
frequency w, varies with carrier density N according to
wp = \/Neﬁ/(som;), where e is the electron charge, &g is
the vacuum permittivity, and m] is the effective mass of
electrons for conductivity. For ITO we set o, = 4.2345,
¢ = 1.75 x 104 rad/s, and m) = 0.35m, with m, being
the free electron mass [12]. The carrier density can be tuned
electrically over a thin region of ITO within a MOS capacitor,
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Fig. 2. (a) 1D cross-section of the MOS capacitor of interest. (b) Carrier density across the ITO layer for various V. Dashed black line shows the carrier

density required for ITO to reach ENZ. (c), (d) Real (¢g,) and imaginary (ej,,) parts of relative permittivity across the ITO layer for various V. (e), (f) Real
(n) and imaginary (k) parts of refractive index across the ITO layer for various V.

where ITO is used as the semiconductor. In this subsection,
we carry out electrostatic modeling to investigate our MOS
structure.

Fig. 2(a) shows the 1-D cross-section of the MOS structure,
where we apply a gate voltage V, to the top contact while
grounding the bottom contact. We used gold as the metal
and HfO; as the insulator. To carry out the electrostatic
simulations, we assumed for ITO: DC permittivity epc = 9.3,
electron mobility . 25 cm?V~!s~!, bandgap energy
E; = 2.8 ¢V, electron affinity x = 4.8 eV, hole mobility
pwn = 1 em*V=1s7! and hole effective mass m} = m, (the
hole mobility and effective mass in degenerately doped ITO
are not well-known as they do not contribute significantly
to transport processes) [21]. We consider the bulk charge
carrier (electron) density of ITO to be 3 x 1020 cm™3, such
that ITO is an n-type degenerate semiconductor. We assume
that the variation in doping level of ITO does not change
the band-structure significantly, so the electron effective mass
remains constant in our calculations. The work function of
gold is taken as 5.1 eV [14]. We assume a breakdown field of
Epr = 6.4 MV/cm [22] for HfO, which leads to a breakdown
voltage of Vpi 3.8 V for a HfO, thickness of 6 nm
(Vg < Vpi). We use the drift-diffusion model to compute the
charge distribution in ITO [23]. However, the accuracy of
the charge carrier density distribution in the accumulation
regime could be improved by adopting the Schrodinger-
Poisson model [24].

Fig. 2(b) shows that the carrier density in ITO increases
near the HfO; interface as V, increases. When no voltage is
applied, the structure is slightly depleted. The flatband voltage
is ~0.32 V and as V, is increased further, the capacitor enters
the accumulation regime. The carrier density that produces
ENZ in the accumulation region is shown by the dashed
black line. Therefore, ENZ can be reached by applying a
gate voltage of ~2.9 V. In Figs. 2(c) and 2(d), we show

the real and imaginary parts of the relative permittivity, &g,
and e, calculated at 1300 nm as a function of depth into
ITO, using the Drude model given above, and the charge
distribution plotted in Fig. 2(b). We see that by increasing
Vg, €1m increases, which signifies the metallic behavior of
ITO. Figs. 2(e) and 2(f) show the real and imaginary parts
of the refractive index, n and «, as a function of depth into
ITO. For unperturbed ITO we have n,uperr = 1.718 and
Kunpers = 0.045. Carrier accumulation is localized in ITO
to within 1 ~ 2 nm of the interface with HfO,. We use a
mesh resolution of 0.1 nm at the ITO/Hafnia interface in the
forthcoming optical computations (discussed in Section III-B).

B. Waveguide Modeling

It is generally known that plasmonic waveguides are subject
to a trade-off between mode confinement and propagation
losses due to strong absorption in metal [25]. A configura-
tion supporting hybridized plasmonic-dielectric modes [13],
[26], [27] is appropriate here, given the overall device struc-
ture. The hybrid mode used is a transverse-magnetic (TM)
mode, arising from the coupling between a dielectric mode
propagating in the active region sandwiched between dielectric
claddings and a surface plasmon polariton (SPP) mode on
the metal surface. This mode arises naturally as we place
the MOS capacitor (discussed in Section III-A) on top of the
III-V laser cavity, such that the hybrid mode overlaps with
the ITO layer of the MOS capacitor. The fraction of mode
power overlapping with the active region and the metal can
be tuned by changing the thickness of the layers separating
them. Tuning these thicknesses directly changes the net modal
power gain (o,;) which is described by:

Opet = Qoss — ' &mar 2)
The mode power attenuation (oy,ss) is calculated as:
Qloss = 2kKeff 3
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Fig. 3. (a) Electric field amplitude of the hybrid mode at the ridge of the
modelled waveguide. (b) Effective index of the hybrid mode with varying V g.

where k is the vacuum wavenumber and «,.ss is the imaginary
part of the effective index of the mode. I" is the fraction of
mode power overlapping with the gain region (i.e., the QWs),
and g4 is the power gain coefficient provided by the active
material (discussed in Section III-C). The modal gain of the
TM polarized hybrid mode should be higher than that of the
transverse-electric (TE) polarized mode for lasing to occur in
the TM mode (which also overlaps with the ITO layer).

In a conventional semiconductor laser, the TE mode is the
dominant lasing mode due to lower loss compared to the TM
mode and the prevalence of TE gain in QWs. We address the
latter point in the next subsection, and the former by utilizing a
narrow waveguide (e.g., a nanowire waveguide [28]), such that
the TE mode loses confinement and I" becomes small, while
the hybrid TM mode retains confinement and a large I" - we
find that a ridge width of 1 pum satisfies these requirements.
Fig. 3(a) shows the electric field profile of the fundamental
hybrid TM mode of the waveguide for the case where ITO is
unperturbed. The overlap of the mode with the active layer is
around 45%.

The effective index of the hybrid TM mode changes signif-
icantly as the MOS capacitor is driven into accumulation and
the ITO is perturbed by the increased carrier density. Changes
in the real part of the effective index (n.sy) typically contribute
to the tuning, while an increase in the imaginary part of the
effective index (k) corresponds to increasing optical losses -
conventionally, the former is exploited for tuning, whereas the
latter is undesired. Fig. 3(b) shows the real and imaginary parts
of the effective index as we vary the applied gate voltage.

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 59, NO. 2, APRIL 2023

Fig. 4. Bandgap wavelength of AlyGayln|_,_yAs vs. x for different strains
(indicated in percentage). Solid curves denote compressive strain and dotted
curves are tensile strain.

We note that the real part of the effective index changes by
less than 0.1%, yielding only about 0.4 nm of tuning range
(estimated from the Bragg equation). But the imaginary part of
the effective index, and consequently the mode loss, changes
by a factor of 2.5. Our proposed laser concept exploits this
latter effect as the tuning mechanism.

C. Active Region Modeling

The active region used in our model is an InP-based laser
diode designed to provide TM gain, as required for lasing in
the hybrid TM mode of interest. Previous studies show that
tensile-strained AlGalnAs quantum wells provide higher TM
gain than TE gain [29], [30]. Therefore, we establish our active
layer based on tensile-strained AlGalnAs MQWs.

We want the transition wavelength to correspond to a
wavelength in O-band. However, the transition wavelength is
a function of the well and barrier thickness and composition.
The choice of these parameters is non-trivial. To find the right
material composition, we start by considering the bandgap
wavelength of Al,GayIn;_yx_,As for several cases of tensile
and compressive strain for barriers and wells, respectively.
Fig. 4 shows the bandgap wavelength as a function of x, with
tensile strain (dotted lines) varying from 0.7% to 1.1% and
compressive strain (solid lines) varying from 0.3% to 0.7%.
It is desirable for the tensile strain in the wells to be as high
as possible to achieve a high TM gain. Consequently, the
required compressive strain in the barriers must increase to
compensate at least partially the tension in the wells. On the
other hand, our simulations show that the gain for the TE
mode increases with compression in wells/barriers, which is
undesirable. For the target transition wavelength to be in
O-band, we need a range of compositions where the bandgap
wavelength is greater than 1.3 um for the wells and less than
1.2 pum for the barriers, corresponding to high tension wells
and comparatively low compressed barriers. So, we select one
of many possible solutions: Alg 04Gag ssIng3sAs which has a
bandgap wavelength of 1.3 um (1.1% tensile strain) for the
wells, and Al 42Ing ssAs which has a bandgap wavelength of
0.96 um (0.3% compressive strain) for the barriers. Since the
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selected tensile strain in the wells is more than three times the
compressive strain, we choose the barriers to be 3x thicker
than the wells to partially compensate the strain mismatch.

The transition wavelength is also dependent on the carrier
concentration in quantum well structures. The peak of the
gain spectrum can blueshift or redshift as a function of the
QW carrier density. The frequency of the gain peak as a
function of carrier density is determined by two effects: band
filling and bandgap shrinkage. The former causes a blueshift
in the gain peak with increasing carrier density because
injected carriers fill the lowest energy states of the bands
first, such that transitions between the conduction and valence
bands occur at increasingly higher photon energies. The latter
results from many-body effects. At high concentrations, the
carriers interact via Coulombic repulsion causing a decrease
in electron energy in the conduction band and an increase in
hole energy in the valence band. Therefore, the gain peak will
experience a redshift. Because of these two effects, there is a
net increase or decrease in the wavelength of the gain peak as
the carrier density changes. Band filling scales linearly with
carrier density whereas bandgap shrinkage scales with the cube
root of the carrier density [19], so at low carrier densities
(less than ~5 x 10'® cm™3) the former dominates. The carrier
density eventually saturates to its value at the lasing threshold,
so the band filling effect also saturates, such that bandgap
shrinkage becomes dominant. Both effects are considered in
our simulations. The bandgap (A E) shrinkage at high carrier
densities is modelled as AE, = —&N 13 where & is a fitting
parameter. To our knowledge, there is no data available for
the fitting parameter in the case of AlGalnAs in the literature
and very little for InGaAsP (1078 [31] and 3.2 x 1078 [32]
eV.cm). Thus, we set £ = 1078 eV.cm in our simulations.

Another important effect is self-heating. It is known that
temperature elevation in MQWs affects key device parame-
ters, including optical gain. In our simulations, we include
heating in the proposed p-i-n diode and the effects of a
temperature rise in the QWs on the material gain. We use
a finite-element mesh in two dimensions to evaluate the
thermal response to Joule and recombination heating under
electrical drive. We implement a coupled electro-thermal sim-
ulation to estimate the thermal response to increasing bias
voltage and injected current. In our setup, we assume that
the ridge is surrounded by SU-8 polymer which passivates
the ridge in practice. The electrical simulation parame-
ters are discussed in Section III-D. The thermal param-
eters of the materials used in the simulation are listed
in Table II. These parameters are taken from [14], [33],
[34], [35] with interpolation of binary constituents.

We set Neumann boundary conditions on all the boundaries
except the bottom edge of the substrate. The bottom boundary
is fixed to a temperature of 300 K, acting as a heat sink.
The steady-state simulation results are presented in Fig. 5.
Fig. 5 (a) shows the highest temperature in the diode vs. input
power. The slope gives the thermal resistance of 107 °C/W,
defined as AT/Pys [36], where AT is the temperature
change and Py, the dissipated power, taken as the input DC
power calculated from the V-I characteristics of Section III-D.

1100108

TABLE II
THERMAL PARAMETERS OF THE MATERIALS IN OUR STRUCTURE

Thermal

Material Sp(ejc/ifc ll;l)e at Conductivity (De/rclrsrll?)'
& (W/m.K) &
Au 385 397 8.93
InP 322 68 4.81
Al 4Ing ssAs 413 50.2 4.866
Al 04Gag sslng 3sAs 367 38 5.41
Ing53Gag47As 360.16 50 5.503
SU-8 1500 0.2 1.17
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Fig. 5. (a) Highest temperature in the device versus the power consumption.
(b) 2D temperature profile of the device at input power of ~ 250 mW.

Fig. 5(b) plots the temperature distribution over the diode
cross-section at an input power of 250 mW. The maximum
temperature rise of 29 K occurs in the QWs mainly due to the
recombination heat.

After many numerical calculations of the TM material gain,
involving different quantum well thicknesses, we picked a well
thickness of 6 nm to maximize the peak gain shift vs. carrier
density. To take heating into account, we assumed a thermal
bandgap reduction of 0.334 meV/K [37] for all barriers and
wells. Fig. 6 shows the TM material gain of the active region
vs. frequency for various average carrier densities in the MQW
region, assuming a null carrier density in the barriers. The blue
curves show the material gain in an isothermal situation, where
heating is not considered. The red curves factor in heating
effects as the carrier density increases. The dashed lines follow
the gain peak for both cases. In general, as the QW carrier
density increases, the blue shift due to band filling dominates,
but becomes less significant as the temperature of the QWs
increases. We henceforth include heating effects.

The thickness and refractive indices of the QWs and barriers
designed are presented in Table I. The active region consists of
eleven 6-nm-thick Alg o4Gag s3Ing3gAs QWs, each of tensile
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Fig. 6. TM material gain spectrum for various carrier densities as labelled
(x 1018 cm_3). Red curves take self-heating into account while blue curves
do not. The dashed line follows the gain peak.

Fig. 7. Energy band diagram of MQW region along with InP claddings near
threshold. Solid lines show conduction (E¢) and valence (Ey) band edges, and
dashed lines show electron (Eg,) and hole (Efp) Fermi levels.

strain of 1.1%. To partially compensate the strain, the 18-nm-
thick Alg42Ing sgAs barriers each produce a compressive strain
of 0.3%. In our modeling, a 0.1 ps intraband relaxation time
was assumed, causing spectral broadening of the gain.

For the AlGalnAs material system, the band discontinuity
ratio between conduction band edge (Ec¢) and the valence
band edge (Evy) of AEc/AEy = 0.7/0.3 is typically assumed
[37], [38], [39]. At the heterojunction of wells and barriers
we assume in our simulations that AE¢c = 0.218 and AEy =
0.122, which is extracted from work functions of binary
constituents of AlGalnAs. The MQW energy band diagram
is shown in Fig. 7. The strong barrier in the MQW region in
the conduction band will help prevent electron leakage at high
temperatures.

Majority of quaternary parameters Q;;; used in the simu-
lations, such as band deformation potentials, elastic stiffness
coefficients, and Luttinger parameters are estimated via the
interpolation of binary constituents using:

Q Al GayIni_—yas = XQalas + Y QGaas
+ (I —x = y)Qnas “

where the corresponding binary alloy parameters Q;; are
extracted from [40] and [41].
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D. Laser Characteristics

In an FP laser, the overlap of the peak of the gain spectrum
with the cavity modes determines the wavelength of a lasing
mode. As the mode loss (i.e., imaginary part of effective
index) increases, a higher current (carrier density) must be
injected into the active region to compensate for the loss.
Therefore, by injecting different current levels, the lasing
frequency changes with the frequency of the gain peak.

As we saw earlier, the frequency of material gain peak varies
with carrier density. Therefore, the cavity mode that overlaps
best with the peak gain frequency will lase, leading to tuning
by mode hopping. By properly choosing the cavity length, the
lasing wavelengths will occur at desired wavelengths. In addi-
tion, the length of the laser should be kept relatively short
to ensure a large spacing between modes, thereby ensuring a
high side-mode suppression ratio (SMSR). We picked a cavity
length of L = 100 um to satisfy these conditions. V, can be
increased as high as 3.8 V, limited by the breakdown voltage
of HfO,, to perturb the ITO’s complex permittivity.

The lasing characteristics were modeled by Lumerical
INTERCONNECT, which uses a traveling wave laser model
to capture the time evolution of the average carrier density as
the propagating light interacts with the gain material.

The dominant nonradiative recombination current is the
Auger effect. In this process, the excess energy released from
an electron-hole recombination is given to a third carrier.
The Auger recombination rate increases at higher carrier
concentrations because it is determined by energy exchange
between charge carriers. We expect that the recombination
rate will be proportional to n?p for electron-electron-hole
processes and to np? for electron-hole-hole process, where 7
and p are electron and hole concentrations, respectively. So,
the Auger recombination rate can be defined as Rayger = CN?
where C is the Auger coefficient dependent on the material
and N is the carrier density. After reviewing previous reports
[37], [38] and comparing them to interpolated data cal-
culated via (4), we chose the Auger coefficient for
Al 04Gag s53Ing 3gAs to be 10728 cmOs~!at room temperature.

Trap-assisted Shockley-Read-Hall (SRH) nonradiative
recombination is less important but still considered. A SRH
lifetime of 20 ns is assumed for electrons and holes in
the QWs.

The radiative recombination rate is dominated by sponta-
neous recombination rate, which is obtained from the integral
of the spontaneous emission spectrum. The surface recombi-
nation can become important due to the narrow width of the
ridge. We assume a surface recombination velocity of 10° cm/s
for InP in our simulations [42].

The mobility of carriers in wells and barriers were derived
from binary materials using (4) because experimental data
does not exist in the literature for our AlGalnAs compositions.

The simulated light-current-voltage (LIV) characteristics are
shown in Fig. 8. The doping levels (presented in Table I) were
optimized so that large currents can be injected under low
applied voltage. The VI curve (dashed line) reveals a forward
bias turn-on voltage of Vp ~ 1 V. The LI curves are shown
for different gate voltages. The case V, = 3.7 V corresponds
to the situation where the hybrid TM mode has the highest
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Fig. 9. Threshold electron density for different of gate voltages V¢ (legend).

loss. Therefore, a larger threshold current is needed in this
case (~85 mA) for the onset of lasing. As V, decreases to
2.2V, the threshold current decreases to ~60 mA. For V, <
2.2V, the threshold current remains approximately the same as
the imaginary effective index of the hybrid TM mode remains
constant (cf. Fig. 3 (b)). We assumed facet reflectivies of 28%
at both ends of the FP cavity, commensurate with air/InP
interfaces. Our simulations show that the threshold current is
highly dependent on the reflectivity of the facets, and can be
reduced significantly by forming a high reflectance mirror on
at least one end. For example, using an 80% reflectivity at one
of the facets reduces the threshold current by ~15 mA.

Fig. 9 gives the distribution of the electron concentration
through the MQW stack near threshold for the same Vs
in Fig. 8. The average QW electron concentration increases
from ~3 x 108cm=3 to 4.9 x 108 cm™3 with Vg, which is
consistent with average carrier densities assumed in Fig. 6.
This increase causes an increase in Auger recombination as
well as in spontaneous and SRH recombination, contributing
to an increase in threshold current with gate voltage as shown
in Fig. 8.

The simulated lasing spectra for a driving current at 100 mA
are shown in Fig. 10 for the same cases of gate voltage used
in Fig. 8 and 9. We assumed a cavity length of L = 100 um
in the simulations to produce a large spacing between cavity
modes, leading to fewer modes overlapping with the gain
spectrum and a higher SMSR. As observed from Fig. 10,
the worst SMSR is 10.5 dB, corresponding to a gate voltage
of Vg = 3.7 V. Simulations show that the SMSR increases
as high as 20 dB as the mode loss decreases. The spacing

1100108

Fig. 10. Simulated lasing spectrum with a driving current of 100 mA for
different cases of gate voltages Vg (shown in the insets).

between cavity modes is determined by [43]: Av = ¢/ (2n,L)
where c is the speed of light in vacuum, n; is the group index,
and L is the physical length of the cavity. The group index
is calculated in the vicinity of the lasing frequency as [43]:
ng = nepp+wdnesr/dw (o is the angular frequency) and taken
to be locally weakly frequency dependent. The theoretical
prediction of Av is about 430 GHz.

As can be seen in Fig. 10, discrete lasing wavelength tuning
of up to 1.25 THz (~7 nm) can be achieved. The tuning range
is limited by the breakdown voltage of hafnia — a greater V,
if possible, would result in larger loss perturbation.

IV. CONCLUSION

We proposed a new approach based on loss perturbation to
achieve laser tunability, representing a paradigm shift in the
field of tunable lasers. The approach can be used at telecom
wavelengths for two reasons: ITO has an ENZ region in this
wavelength range, and III-V semiconductor materials have
sufficient gain at telecom wavelengths to overcome all losses.
The structure proposed consists of a p-i-n diode laser based
on InP with an ITO/HfO,/Au structure on top forming a MOS
tuning capacitor. When the ITO is in the vicinity of its ENZ
carrier density, the propagating hybrid plasmonic TM mode
is significantly perturbed (complex effective index) which is
exploited for laser tuning. Simulations yield a tuning range of
over 7 nm in the O-band for a 100 um long FP laser cavity.
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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 pm, 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
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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:

e S. Saeidi, et al. "Theoretical Exploration of Biosensing Using Hybrid
Semiconductor Plasmonic Lasers." Integrated Photonics Research, Silicon and
Nanophotonics. Optica Publishing Group, 2024.

e S. Saeidi, et al. " InP-Based Laser Diode for Plasmonic Biosensing." Integrated
Photonics Research, Silicon and Nanophotonics. Optica Publishing Group, 2025.
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Hybrid Semiconductor Plasmonic Lasers for
Biochemical Sensing: Theory and Design

Shayan Saeidi

Abstract—An electrically driven InP-based Fabry-Perot bio-
chemical sensing laser is proposed and analyzed. The design incor-
porates a sensing area on top of the laser to alter its characteristics
and operates in a hybrid plasmonic-semiconductor lasing mode.
Our device is designed for an etch-free III-V (InP) based stack,
where lateral confinement of the hybrid mode is ensured by a
thin gold (Au) strip on a thin indium tin oxide (ITO) strip. We
optimize the waveguide geometry to produce maximum sensitivity
while having compensable loss. Our investigation centers on three
laser characteristics that are affected by the sensing fluid and that
could serve as measurands: lasing wavelength, threshold current,
and power-current slope efficiency. We determine the sensitivity of
each measurand, assess the potential noise sources, and the limit
of detection (LoD) associated with them. Our calculations indicate
that the proposed biosensor can achieve LoDs as low as 10”5 RIU
when employing the threshold current as the measurand.

Index Terms—Biochemical sensors, Fabry-Perot laser, plasm-
onics, semiconductor lasers.

1. INTRODUCTION

EAL-TIME biochemical sensing techniques utilizing Sur-

face Plasmon Resonance (SPR) have gained considerable
popularity due to their high sensitivity and label-free detection
capabilities. These techniques can be implemented by exciting
surface plasmons using a prism [1], [2], [3] or along waveguides
[4], [5]. The fundamental principle involves the interaction
of incident light with a metal waveguide, on which surface
plasmons—oscillations of electrons at the metal surface — are
excited. This interaction results in a surface wave having an elec-
tric field that extends into the sensing solution. Any changes in
the solution affect the surface plasmon characteristics, enabling
the detection of biomolecular interactions.

A recent innovation in surface plasmon sensors involves
adding multifunctionality by using the metal surface for a second
transduction method, such as electrochemical detection, result-
ing in multimodal biosensors [6], [7]. We extend this approach
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by addressing significant challenges in surface plasmon sensing:
propagation loss, which limits both resonance linewidth [1],
[2], [8] and sensing length [4], [9], and the coupling of a light
source. Our proposed solution consists of a hybrid plasmonic
semiconductor laser that serves as a biosensor. This design not
only compensates for surface plasmon loss but also supports a
plasmonic lasing mode, using the metal waveguide as a contact,
the lasing waveguide, and the biosensing surface. By driving
it electrically via the metal contact, we pump a PIN InP-based
heterostructure to achieve high transverse-magnetic (TM) gain.
This approach enhances sensitivity and eliminates the need for
an external optical source, thereby reducing both the size and
cost of the biosensor.

The structure of this paper is organized as follows: In
Section II, we present the concept and its model. Section III
is dedicated to modal analysis on the waveguide, including its
optimization and an analysis of the optimized laser structure,
focusing on modeling the active region and the electrical charac-
teristics. In Section IV, we review three distinct sensing method-
ologies and evaluate the optimized laser structures within the
context of each method. The limit of detection for each sensing
scheme is then discussed in Section V. Our work achieves a
detection limit as low as 1073 RIU, which is competitive for a
high-performance biosensor [10], [11]. Although smaller limits,
such as [12], [13], have also been reported, the novelty of our
approach lies in the compactness of the device, which eliminates
the need for an external optical pump, and the use of an etch-free
III-V stack. Finally, Section VI provides the conclusion.

II. CONCEPT AND MODEL

Fig. 1 illustrates the cross-section of the proposed Fabry-Perot
laser, with different segments described in Table I. The structure
contains an active layer based on intrinsic multiple-quantum
wells (MQWs) sandwiched between a p-doped AlGalnAs layer
at the bottom and an n-doped InGaAsP layer on the top. The
design of the MQW region is discussed in Section III-C. A
dielectric mode is confined within the MQW layer due to the
higher refractive index of the latter relative to the surrounding
layers. The lower-cladding high-index AlGalnAs layer (Fig. 1,
layer 7), is employed to improve the confinement of the mode to
the MQW layer. The gold (Au) layer on top is essential for
lateral confinement of the hybrid mode. The strength of the
plasmonic or dielectric character of the mode is determined by
the thickness of the layers separating the MQW region and the
top metal. Layer 5 in Fig. 1 is kept relatively thin, allowing the

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Cross-sectional schematic of the proposed biosensor laser, with each
segment detailed in Table I.

v

TABLE I
LAYERS OF THE LASER STRUCTURE OF FIG. 1

. Ref. Thick- Descrip-
Layer Material ness .
Index tion
(um)
. Sensing
1 Fluid ne 2 fluid
2 Au 0134083 b Top
contact
3 ITO 1.71+0.04; t3 n-contact
4 Cytop 1.35 trHts Isolator
n-Upper
5 InGaAsP 3.27 0.037 Clad
AllnAs
(x15 3.57 0.018
6 barrier) MQW
AlGalnAs 33 0.006
(x14 well)
p-Lower
7 AlGalnAs 3.35 0.2 Clad
8 InP 3.2 300 p-Substrate
Bottom
? PUAu ) ) Contact

separation thickness to be optimized solely based on layer 3,
while still being thick enough to maintain good confinement of
the dielectric mode in the MQW region. A detailed discussion
of the waveguide design and its optimization is provided in
Section III-A. Sensing fluid is dispensed on top of the Au
waveguide and interacts with the hybrid mode. Cytop is used
to isolate the rest of the laser from the fluid.

Electrical injection to excite the MQW layer is achieved by
applying a voltage between the bottom Pt/Au metal stack and the
gold layer on top. Platinum (Pt) is utilized to establish a reliable

IEEE PHOTONICS JOURNAL, VOL. 17, NO. 2, APRIL 2025

ohmic contact to p-type InP and also serves as an adhesion layer
between InP and Au. For the top contact, we use indium tin
oxide (ITO) due to its significant n-type doping, which enhances
the current flow within the diode. Additionally, ITO’s excellent
adhesion properties to Au further justify its selection as a contact
layer.

The refractive indices listed in Table I are measured at
1280 nm. A positive sign of the imaginary part of the refractive
index indicates loss. The refractive indices of Au, Cytop, and InP
are taken from [14], [15] and [16], respectively. The refractive
index of InGaAsP and its dependency on doping are calculated
from [17]. The refractive indices of the AlGalnAs layers are
calculated using the formulation in [ 18]. The permittivity of ITO
as a function of frequency &(w) is calculated using the Drude
model:

€ (W)= €n — wp?/ WP+ i(wj (1)
in which €. is the high-frequency permittivity and { is the
electron damping term. The plasmonic frequency w, is:

g

N e?
W = @

Emy,

where m;, (= 0.35m, [19]) is the effective electron mass with
me being the free electron mass, N is the carrier density, e
is the electron charge, &g is the vacuum permittivity. These
parameters are measured using in-house ellipsometry, with the
derived refractive index provided in Table I.

III. RESULTS

In this section, we review various aspects of our laser design,
including the structure of the active region, waveguide geom-
etry, and electro-thermal mechanisms. The simulation results
presented in this paper are obtained using Ansys Lumerical
simulators [20].

A. Waveguide Modes

Plasmonic waveguides face a trade-off between mode con-
finement and propagation losses due to significant absorption in
the metal [9]. Considering the overall device structure, a config-
uration supporting hybrid plasmonic-dielectric modes [21], [22]
is suitable in this context. We utilize hybrid TM mode, resulting
from the coupling between a dielectric mode propagating within
the active region and a surface plasmon polariton mode on the
metal surface. This TM mode naturally arises within a specific
range of thickness of the layers separating the MQW layer
and the top metal contact, i.e., layers 3 and 5 in Fig. 1. If
the separation is small, the mode is predominantly confined to
the metal surface. Conversely, if the separation is large, only the
dielectric mode exists in the active region. Within the appropriate
range of thicknesses, a hybrid mode effectively combines both
plasmonic and dielectric characteristics, allowing for optimal
mode overlap with the active layer and metal surface.

The width of the ridge plays an important role in determining
which mode polarization is confined. Previous studies have
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Fig.2. Electric field magnitude of hybrid modes, normalized to unity, forne =
1.316 with (a) w = 0.5 ym, t2 = 14 nm, t3 = 30 nm, and (b) w = 1.5 ym,
to = 13 nm, t3 = 30 nm. The color bar is capped to a maximum value of 0.3
for clarity, resulting in saturation in the plasmonic region of the modes.

shown that the transverse-electric (TE) mode loses its confine-
ment more rapidly than the TM mode with decreasing ridge
width [23], [24].

Adjusting separation layer thicknesses and the ridge width
directly affects the modal gain:

Omodal = rgmat (3)

where I represents the fraction of modal power overlapping
with the gain region, and Gy is the gain provided by the
active material, which will be discussed in Section III-C. In
our simulations, w, t,, and t3 are selected to ensure that the TE
mode remains unconfined, thereby enabling lasing exclusively
in the hybrid TM mode.

Fig. 2(a) shows the hybrid mode profile forw = 0.5um, t, =
14 nm, t3 = 30 nm, indicating that only the fundamental mode
is supported. As w increases, the waveguide can support higher
order modes. For instance, Fig. 2(b) shows the fundamental and
second order modes for w = 1.5 ym, tp = 13 nm, {3 = 30 nm.
n¢ is set to 1.316 for both cases, representing water on the top
surface. Numbers at the bottom of the figure panels indicate the
mode loss, calculated as:

Omode = 2kKeff (4)

where K is the vacuum wavenumber and K. is the imaginary
part of the effective index of the mode. The higher order modes
have lower loss, due to their smaller overlap with the top metal.
In general, I is only slightly lower for higher-order modes
compared to the fundamental mode. Consequently, the material
gain required to counteract the losses is consistently lower for
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Fig. 3. Real (n¢f) and imaginary (Kfr) part of effective index of the funda-

mental hybrid mode with varying n¢ forw = 0.5um,t2 = 14nm,t3 = 30nm.

higher-order modes. For example, in Fig. 2(b), I is 0.13 for the
fundamental mode and 0.11 for the second-order mode. This
results in gma¢ 0f 5877 cm™ ! and 2900 cm™ ! for the fundamental
and second-order mode, respectively. This behavior is generally
true for all waveguide geometries: in waveguides that support
more than one mode, all modes exhibit similar confinement
in the active region, while higher-order modes show reduced
confinement in the top metal. Thus, the higher-order mode
requires less material gain to overcome the losses, making it
the dominant lasing mode. In our optimization procedure, we
only consider the sensitivity of the dominant lasing mode, i.e.,
the highest supported hybrid mode.

The sensitivity of our laser is influenced significantly by
the variation in the effective index of the propagating mode in
response to changes in n.. Fig. 3 shows the real and imaginary
parts of the effective index of the fundamental mode supported
by the structure of Fig. 2(a), as n. ranges from 1.316 (the
refractive index of water) to 1.416, which is a typical range for
biochemical fluids. A near linear relationship is observed. This
linear behavior is consistent across all modes, irrespective of the
waveguide geometry. We utilize the slope of this linear relation-
ship (bulk sensitivity) as a key parameter for device optimization.
Another important factor is the loss associated with the dominant
mode. The confinement factor I is approximately 0.1 for all
modes and g, can reach up to ~5000 cm™ ! (see Section I11-C).
Consequently, our gain system cannot compensate for mode
losses exceeding 500 cm™ ! This agrees with previously reported
data for similar hybrid laser systems [25].

In our optimization procedure, we sweep fp and t3 from 10
to 40 nm in steps of 5 nm, and w from 0.5 to 4 ym in steps of
0.5 ym. Fig. 4(a), (b), and (c) show Aney/Ang, AKeg/Ang,
and e for different geometries, respectively. It is evident
that as loss increases, i.e., the plasmonic character of the mode
becomes stronger than the dielectric part, the modal sensitivity
increases. Another observation from Fig. 4 is that the modal loss
(and consequently, its sensitivity) significantly increases when t;
varies from 15 to 10 nm. In contrast, any mode with t, > 15nm
remains relatively insensitive, while at tp = 10 nm, the mode
becomes very lossy. Such a sudden change is not observed while
changing t3 or w. Fig. 5 shows the same parameters as Fig. 4 but
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Fig.4. Sensitivity of the (a) real and (b) imaginary parts of the effective index,

and (c) mode loss of the propagating mode, to changes in n¢ for different
waveguide geometries. Here, t, t3, and w represent the thickness of the Au
layer, the thickness of the ITO layer, and the ridge width, respectively.

with f, varying from 10 to 15 nmin steps of 1 nm. All modes with
losses higher than 500 cm™! are not shown for clarity, therefore
all data points correspond to a lasing mode. It can be observed
that the highest n.g sensitivity and the maximum K. sensitivity
correspond to two different geometries. Therefore, we select
these two geometries as our optimized structures and evaluate the
sensitivity of the first lasing mode, i.e., the mode with lowest loss,
throughout the remainder of the paper. The electric field profiles
associated with the optimized structures, hereinafter referred to
as Structures 1 and 2, were presented earlier in the paper in
Fig. 2(a) and (b, right panel), respectively. The dimensions of
these structures are given in Table I1. The effective index of these
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TABLE 11
PARAMETERS OF THE OPTIMIZED STRUCTURES (DIMENSIONS ARE IN NM)

Structure  w t; t3 a b c d
1 500 14 30 0.012 3229 0.009 -0.009
2 1500 13 30 0.011 3.223 0.014 -0.016

modes can be modeled as a linear function of n; (cf. Fig. 3):
+ b (5a)
+d (5b)

Neff = aneg
Keff = Chg¢

where a, b, ¢, and d are coefficients, specified in Table II.
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Fig. 6. (a) Simulated J-V curve. (b) 2D hole density distribution (cm™3) at
Vp =25V.

B. Electro-Thermal Simulations

To determine the electrostatic potential and carrier density dis-
tribution of the laser while accounting for self-heating effect, we
solve the drift-diffusion equations together with Poisson’s and
the heat transport equations over the laser’s cross-section. By im-
plementing a coupled electro-thermal simulation at steady-state,
we can estimate the thermal response to increasing bias voltage
and injected current. We use a two-dimensional finite-element
mesh window, with Neumann boundary conditions applied to
all simulation boundaries, except for the bottom border. At this
boundary, we apply the DC voltage V,,, while the top contact
(Layer 2 of Fig. 1) is grounded. We also enforce a constant
temperature of 300 K at the bottom boundary, acting as a heat
sink implying efficient heat dissipation. Given the similarity
between both optimized structures and their expected similar
electro-thermal responses, we only investigate Structure 2. The
electrical and thermal parameters of the materials used in the
simulation are taken from [14], [15], [26], [27].

Fig. 6(a) illustrates the current density vs. voltage curve (J-V),
where the current flows from the p region to the nregion, passing
through the intrinsic active layer. The J-V curve shows a turn-on
bias voltage of around 1.7 V. Fig. 6(b) shows the hole density dis-
tribution over the simulation window at V,, = 2.5'V. As shown,
the carrier density is laterally distributed in the active layer,
indicating lateral leakage current. This occurs because there is
no potential barrier in the lateral direction, allowing carriers
to transport across the device. Given that the optical mode is
confined solely under the ridge, this leakage suggests that only a
small portion of the generated current contributes to modal gain.
A conventional solution to create lateral carrier confinement is to
etch a mesa into the active region [28]. However, this approach
entails a more complex fabrication process and necessitates the
passivation of the aluminum-based QWs to prevent exposure
to air and subsequent oxidation. In this paper, we prioritize an
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Fig.7. (a)2Dtemperature profile of the laserat J = 3 A/mm. (b) Temperature
in the MQW region and average carrier density in QWs as a function of current
density.

etch-free III-V stack, and therefore avoid using a mesa in our
modeling.

The current in the diode increases because of the rising carrier
density in the QWs. This increase also leads to a higher built-in
electric field and elevated temperature due to recombination
heat and Ohmic losses. Fig. 7(a) illustrates the temperature
distribution over the diode cross-section at J = 3 A/mm. The
maximum temperature rise is observed at sharp corners of the
top metal contact due to significant electric field in those regions.
Moving away from the ridge in the x-direction, the electric field,
and consequently the temperature, decrease. The temperature
drops faster in the -z direction, because of the bottom boundary
condition. The optical mode is confined under the ridge, where it
interacts with the material gain. Therefore, the temperature rise
in that region needs to be considered when calculating the gain,
which will be discussed in the next sub-section. Fig. 7(b) shows
the average temperature under the ridge 7 and the average QW
carrier density Nqw as a function of current density.

Fig. 7(b) exhibits a linear rise of temperature with current
density, and a logarithmic variation of Nqw with J. The latter
is because as current increases, the number of injected carriers
increases, but the rate of increase in carrier density gradually
slows down due to factors like carrier recombination. At the
transparency carrier density N¢,, the gain of the semiconductor
material equals the optical losses. This is typically where the
carrier density starts to approach saturation. From the curve, we
can estimate the N;, to be around 3 x 10'8 cm™3.

C. MQOW Gain

Near-infrared diode lasers typically operate in the TE polar-
ization due to the higher achievable gain in III-V semiconductor
compounds for this polarization. However, the active region in
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our model features an InP-based laser diode with high TM gain,
essential for lasing in the targeted hybrid TM mode. Previous
research indicates that tensile-strained AlGalnAs quantum wells
yield greater TM gain compared to TE [29], [30]. Therefore,
we have designed our active layer utilizing tensile-strained
AlGalnAs MQWs.

AlGalnAs compounds exhibit optical gain within the O-band
and are commonly used in laser diodes with emission wave-
lengths around 1300 nm, hence our laser is designed to operate
near this wavelength. To select the appropriate composition for
wells and barriers, it is essential to consider wells with high
tensile strains to achieve higher TM gain. For a stable MQW
structure, the strain in the wells and barriers should approx-
imately balance each other. It is established that the product
of the strain and thickness of the well should approximately
equal the product of the strain and thickness of the barrier [31],
assuming the wells are under tensile strain and the barriers are
under compressive strain.

Another criterion is the tuning range of the peak gain wave-
length. The peak of the gain spectrum can blueshift or redshift as
a function of carrier density in the QWs. This shift is influenced
by the band filling effect and bandgap shrinkage. We aim to
achieve a high tuning range to ensure that our laser’s wavelength
is sensitive to the injected current. We have extensively dis-
cussed the material selection process for the MQW in previous
work [32]. Here we adopt the same material composition, i.e.,
Alp 04Gag 58Ing 38 As for wells and Alg 42Ing 58 As for barriers.
After extensive numerical modeling, we use 14 tensile-strained
wells and 15 compressive-strained barriers, with thicknesses of
6 and 18 nm, respectively, to maximize the material TM gain
and have a high peak gain shift as a function of injected carrier
density.

Based on the data plotted in Fig. 7(b), we proceed to calculate
the material gain of our system considering self-heating effects.
Fig. 8 illustrates the TM and TE material gain of the active
region as a function of wavelength for various average carrier
densities within the MQW region. This computation assumes a
zero-carrier density within the barriers and includes a thermal
bandgap reduction of 0.334 meV/K [33] within the wells and
barriers. The findings indicate a notably higher TM material
gain in this system. The dashed curve in Fig. §(a) traces the
gain peak as a function of carrier density. Band filling increases
linearly with carrier density, while bandgap shrinkage follows
a cube root relationship [17]. Therefore, at low densities, band
filling dominates, causing a blue shift. At higher densities, band
gap shrinkage and temperature rise effects cause a red shift.

IV. SENSITIVITY

In this section, we examine our optimized structures, focusing
on the sensitivity of the dominant mode and its impact on various
laser characteristics. We theoretically evaluate three specific
characteristics of the laser, demonstrating the extent to which
each characteristic varies with ng.

A. Laser Wavelength

To calculate the laser’s wavelength as a function of n;, we
start by finding the threshold gain required for compensating all
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Fig. 8. (a) TM and (b) TE material gain spectra for various QW carrier
densities. The dashed curve in (a) follows the gain peak.

losses within the laser. The threshold gain g, is:

gthr = Omirror ¥ Omode (6)
where Quiror 18 the loss from facets of the cavity:
1 1
Q'mirror = Z Inﬁ (7)

in which R is the reflectance of the facets. We consider that the
facets are cleaved and exposed to air, therefore the effect of n;
on R is negligible. Using (5b), we rewrite (6) in terms of ng:

1 1 2T
—_ =+ 2— +
L "R 2@t )
From Fig. 8(a), we identify the peak of the gain curves as
a function of wavelength Apeax. The gain peak is taken as the

threshold gain g¢p, and the dependence of giy on Apea is fit as:

Aveak = C1 Gin> + LoGin + $aGin + G ©)

where ¢; = —1.5833 x 1072% m*, &, = 2.4093 x 10~ m?3,
3= —9.4626 x 1071 m2, ¢, = 1.286 x 10°® m, and gy, is
defined by (8). The lasing wavelength Ajser corresponds to the
cavity mode closest to Apeak. We can find the cavity mode
number m using:

Gn = @®)

g g
2n.gL

peak

m = round (10)
in which m is an integer, L is the length of the cavity, and Negr
is given by (5a). Finally, one can write the laser’s wavelength
Alaser using (6) to (10):

2n.¢l

_— 11
- an
Fig. 9(a) shows A as a function of ng for a 1 mm long

laser cavity based on the optimized structures, with n, ranging

A laser =
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Fig. 9. (a) Laser wavelength as a function of n for the optimized structures.

(b) Simulated lasing spectra of Structure 1 (1 mm long) with a driving current
of 700 mA for different values of ne.

from 1.316 to 1.416. Two types of wavelength dependence on
n¢ can be observed. The first is continuous tuning, which occurs
when the lasing cavity mode shifts slightly with changes in
n¢. The second is mode hopping, which is observed when the
change in n¢ is large enough that the cavity mode closest to
the peak wavelength, changes. The slope of each line represents
the sensitivity of lasing wavelength A S to the change in n¢. As
shown in Fig. 9(a), the slope is steeper during mode hopping. In
practice, changes in n. are typically small, and for a 1 mm long
laser, mode hopping should not occur. If the laser cavity is long
enough, mode hopping can become predominant, resulting in
higher sensitivity. However, longer lasers significantly increase
the threshold current and cost. Therefore, we evaluate the sensi-
tivity based on the slope associated with a unique lasing mode
for 1-mm-long lasers based on Structures 1 and 2, yielding A S,
of 5.09 and 4.36 nm/RIU, respectively.

Fig. 9(b) shows the spectra of laser Structure 1 at a bias current
of 700 mA for three different values of ng, calculated using
Lumerical’s Interconnect. The lasing wavelength shift is evident
fora2 x 1073 RIU change in ng.

Animportant parameter to evaluate a wavelength-interrogated
biosensor, is its Figure of Merit (FOM), which can be calculated
from the ratio of the sensitivity to the full width at half maximum
(FWHM) of the lasing peak:

AS,

FOM =
OM= rWim

(12)
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in which the FWHM can be calculated using the Schawlow-
Townes estimation [34]:

m‘w(éu)2
Pout

where / is Planck’s constant, U is the resonant frequency, ou
is the cavity resonator’s FWHM, which is related to the photon
lifetime 7p, and therefore the loss of the cavity, by:

FWHM = (13)

1 = Vg (amirror + amode)

ov= 211, 2

(14)

Vg in the above is the group velocity, which can be obtained
via dispersive modal analysis. Py in (13) is the optical output
power. To estimate the FOM, we calculate Py at 100 mA above
threshold (as discussed in Section I'V-C relative to (17)).

Fora 1 mmlong Structure 1, the FWHM is ~11 pm, calculated
using Eqgs. 12-14. Such a narrow peak demonstrates a high po-
tential for accurate sensing. The resulting FOM is ~450 RIU™ !,
which is comparable to the performance of other biosensors [35],
[36].

The sensitivity A Sy does not depend on cavity length because
the mode number m increases with length, which keeps the L/m
ratio in (11) nearly constant. However, the FOM increases for
shorter cavity lengths. For instance, the FOM for lengths of 0.5
and 2 mm are ~850 and 250 RTU™ !, respectively, for Structure 1.
In comparison, Structure 2 exhibits FOM values of ~1300 and
370 RIU™! for the same lengths. Consequently, shorter lasers
demonstrate superior performance as biosensors when using
wavelength interrogation.

B. Threshold Current

We observed that the imaginary part of effective index, and
consequently the mode loss, is significantly affected by the
change in n¢. Therefore, the gt is influenced by change in ng,
as shown in (8). One of the measurable characteristics of a laser
which is directly related to gtp, is the threshold current /4. In
this sub-section, we investigate the dependence of /5 on n.. We
first estimate the threshold carrier density Nty [37]:

Nin = %—g‘” N

(15)

in which N, is the transparency carrier density and &g is a fitting
parameter. These parameters can be extracted from Fig. 8(a). /¢4
is given as [37]:

0 g
lin=" AN+ BN+ CNen® - -w tw L (16)

i
where fq is the thickness of the QWs and r; is the injected
current efficiency. 4, B and C represent the coefficients corre-
sponding to nonradiative Shockley-Read-Hall (SRH), radiative
bimolecular, and nonradiative Auger processes, respectively.
The primary nonradiative recombination mechanism is Auger
recombination. During this process, the excess energy from
an electron-hole recombination is transferred to a third carrier.
The rate of Auger recombination rises with increasing carrier
concentrations due to the energy exchange between charge
carriers. The Auger coefficient C'is set to 107%> m®(s™!, which
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Fig. 10.  (a) Threshold current as a function of n¢ for the optimized structures
(1 mm long). (b) Sensitivity A S; as a function of length for the optimized
structures.

is consistent with similar gain materials [33], [38]. The non-
radiative SRH coefficient 4 is set to 10% s™! [39], [40]. The
radiative recombination rate B is primarily determined by the
spontaneous recombination rate, which is derived by integrating
the spontaneous emission spectrum, andsetto 5 x 1077 m3 1§71,

Our simulations in Section III-B and Fig. 6(b) show that n;
is about 5%. This value is estimated from ratio of the current
passing through the optical mode area to the total current flowing
between the contacts. The weak carrier confinement, surpris-
ingly, works in favor of the sensitivity of /¢, to ng, as they are
inversely proportional. A laser with high r; (~100%) will be 20
times less sensitive to Ng than ours of 1; ~ 5%.

Fig. 10(a) shows /¢, as a function of n; for a 1 mm long
laser for the optimized structures. The slope of these curves
(A S)) represents the sensitivity of /¢, to ng, as labeled on the
curves. Fig. 10(b) shows A S; as a function of L. It is apparent
that increasing L works in favor of A S, but requires a higher
injected current. For a 1 mm long laser, /¢ is around 600 mA.
From Fig. 6(a), we can see that such a current can be achieved
by applying voltage bias of ~3 V.

C. Slope Efficiency

Another important characteristic of a laser is its output power
Pyu, i.e., the optical power emitted through one facet of the
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Fig. 11.  (a) Slope efficiency as a function of n¢ for the optimized structures
(1 mm long). (b) Sensitivity A Syp, 4/ as a function of length for the Structures
1 and 2 (blue and red curves, respectively).

laser cavity, assuming both facets have identical reflectivity. For
currents above threshold, Py, can be described by

hv

Pouw = 1o r]iT (I = 1I¢t)-05 (17)

where / is the bias current. The output coupling efficiency 1o is
the fraction of photons leaving the cavity from the end facets:
Mo =

18
Omirror ¥ Omode (18)
The slope efficiency above threshold, dP/dl , using (17), is:

.1
'70’7: 2q

Amirror

T 19)

Fig. 11(a) shows the slope efficiency as a function of n. for
a 1 mm long laser for the optimized structures. The sensitiv-
ity ASyp, 4 is the slope of dP/dl, indicated at the bottom.
Fig. 11(b) shows A Syp, 4 as a function of length. The sensitivity
decreases as the laser lengthens. This is because the mirror loss
approaches zero exponentially with increasing cavity length, as
indicated by (7). Consequently, dn,/ dn. decreases, leading to a
corresponding reduction in A Syp, g -

This interrogation scheme would require inexpensive inter-
rogation optics and electronics. A straightforward method to
experimentally monitor the slope efficiency is to superimpose an
AC modulation onto the DC bias current driving the laser and
monitor the corresponding amplitude modulation. The output
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power, using the Taylor expansion around the operating current
Ip ¢, can be described by:

dP .
Pout (I): Pout (IDC)+ W|/=/d¢ (/ACS“'WI) (20)

where / 4 ¢ is the amplitude of the AC current. This relationship
indicates that the amplitude of the AC component of the power-
current relation is directly proportional to the slope efficiency,
making this interrogation method straightforward to implement.

V. LIMIT OF DETECTION

So far, we have evaluated three distinct biosensing schemes. A
direct comparison of these schemes would be complicated due to
differences in read-out mechanisms and units of measurement.
A parameter commonly used to assess the performance of sensor
schemes across technologies is the smallest detectable change
in n¢ under ideal experimental conditions, known as the Limit
of Detection (LoD), expressed in RIU.

The detection of changes in n is fundamentally constrained
by the relative magnitude of the noise compared to the change in
signal. In an experimental setup, noise can arise from multiple
sources such as measurement equipment, physical or chemical
phenomena within the sensor, and environmental perturbations.
Here we estimate different noise contributions and incorporate it
into LoD calculations. However, it is emphasized that while the-
oretical estimates provide valuable insight, they must eventually
be validated experimentally. We define the LoD as [41], [42]:

LoD = E

NG 21)
in which o is the noise and A S the signal modulation as
discussed in the previous section.

One established approach to account for different sources
of noise involves Langevin methods, which essentially reduce
the problem to evaluating the spectral density of the fluctuating
variable. Langevin methods use differential equations to model
random fluctuations and determine the spectral density of the
noise. These methods are extensively discussed in literature,
e.g., in [43], and we adopt the same approach to determine the
influence of noise on the LoD for different sensing schemes
discussed in the previous section.

A. Laser Wavelength

When considering a wavelength-interrogated biosensor, as
discussed in Section IV-A, a spectrometer or an Optical Spec-
trum Analyzer (OSA) is employed to extract the wavelength
spectrum of the laser. For the latter, the limiting factor is the
minimum wavelength step that the OSA can measure, i.e., its
resolution. A typical resolution of an OSA is approximately
0), Res = 2.2 pm [44], [45].

It is also important to account for the noise arising from
the laser’s internal sources. A primary source of such noise
is the resonance wavelength drift 0, v induced by temperature
fluctuations &T. This effect can be described by [46]:

u \

an f
O\T = — Ne.Agup T — .OT

ng’ aT (22)
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where A is the resonant wavelength and ng is the group index
of the waveguide. The thermal expansion coefficient of the
substrate material, denoted as dgy,, i85 x 1078 K~ [47]. Given
that the thickness of the other layers is negligible in comparison
to that of the substrate, their contributions to thermal expansion
are disregarded. We assume that the thermo-optic coefficient
(TOC) of the III-V compound materials used in our system is
~107% K~ [48]. The TOC of tin oxide films is lower, in the
range of 107> K~! [49], which we assumed for our ITO layer
in simulations. For gold, the TOC is taken as 5 x 10"*K~" and
1% 103K ™" for the real and imaginary parts of its refractive
index, respectively [50]. Using these parameters, we calculated
(dneg)/ dT by mode-solving and considered these values in our
noise estimation.

A typical temperature fluctuation 6T of £ 0.02 K is common
for semiconductor lasers when using a thermoelectric cooler
[51]. Substituting this value in (22), it yields o), 7 = 0.8 pm of
instability in the lasing wavelength for both Structures 1 and 2
due to thermal fluctuations.

Other noise sources produce a negligible contribution to
instability of the laser’s wavelength, and mainly impact the
diode’s current and output optical power. These sources will
be addressed later in this section. Upon comparing 0y 7 and
0), Res, itis evident that gy g is predominant, and consequently,
it should be incorporated into the LoD calculation as described
by (21). This consideration yields LoD values of 3.1 x 10” % and
3.6 x 107% RIU for Structures 1 and 2, respectively. However,
measurement methods like heterodyne and self-heterodyne tech-
niques, as well as fitting approaches, can be utilized to improve
resolution [52], [53], [54], and thus, sensitivity. In Section IV-A,
we demonstrated that the signal A S, is independent of the laser’s
length. Additionally, the laser length has a negligible effect on
wavelength drift characteristics. As a result, the LoD of the
optimized structures remains constant regardless of the laser’s
length.

B. Threshold Current

Fluctuations in the drive current supplied to the laser diode
can introduce noise. According to the datasheet of a standard
source meter, e.g., [55], for a current of 1 A, the peak-to-peak
noise current is ~25 pA. Therefore, the corresponding root-
mean-square (RMS) noise current, 07 source, 1S ~8.8 UA.

We also examine two other sources of noise: shot noise and
thermal noise.

Shot noise is important in lasers and photodiodes, arising
from the inherent randomness of photon — electron hole pair
conversions, which occur at discrete times. This type of noise
becomes significant at large injected currents, which is relevant
in our case. The RMS shot noise current generated by discrete
random generation events is given by [43]:

O
O,q=

26l N F (23)

where A f is the detection bandwidth. Typically, a bandpass filter
is used to limit the range of measured frequencies, and therefore
noise. A multimeter is typically used for measuring DC current,
which has a narrow bandwidth of approximately 10 Hz [55]. For
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Fig. 12. LoD as a function of laser cavity length for the optimized structures,
based on the sensitivity of the threshold current to ne.

a 1 mm long laser, as in Section IV-B, the bias current is ~0.8 A,
which leads to shot noise of ~2 nA.

The random thermal motion of the carriers within the device,
including the junction region and Ohmic contacts, give rise to
a noise current. We model their aggregate effects as a noisy
resistance Rs. This resistance can be determined from the slope
of the VJ curve shown in Fig. 6(a), and through electrical
simulations across the ohmic contacts at the interfaces of layers
8/9 and 2/3, as depicted in Fig. 1. The spectral density of the
thermal noise current is given in [56], from which the RMS
value is calculated as %ollows:

2hu .. hu

ar= g-ooth ==

Af (24)
where, kg is the Boltzmann constant, and 7 is the temperature
at the bias current, shown in Fig. 7(b). For a I mm long laser
andaAf of 10 Hz, 0y 7 is ~3 nA. Comparing the noise current
sources, Oj source dominates and should be considered in LoD
calculations. Using (21) and the A S values derived in Fig. 10(b),
we determine the LoD for different laser lengths, as shown in
Fig. 12. In general, the LoD is in the range of 107> RIU, and
decreases with length.

C. Slope Efficiency

Random carrier recombination and photon generation pro-
duce instantaneous fluctuations in photon density. These fluctu-
ations lead to variations in the output power, i.e., intensity noise
(0P, ), described by:

U e—_
Op, IN = 2Ssp (W) Af (25)

The detection bandwidth of a typical filter in the O-band is
Af = 200 GHz [57]. The spectral density of the output power

Ssp (w) above threshold is given by [43]:
.

0J
MH_/ (w)|2 + 1

Sep (W) = hvP, e (26)
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Fig. 13. LoD as a function of laser cavity length of the optimized structures,

based on the sensitivity of the slope efficiency to ng.

in which P, is the power output from the laser’s facet, and

a O
8mA VP, 4 1+ 1
S — — -
as Va2 NoWR = 1 (27a)
_ 8mAvP, 2lap
&= — 2NouR a (270)

where ay and ap represent the derivative of the material gain
with respect to the carrier and photon densities, respectively.
Ta N 1s the differential carrier lifetime, A v is twice the FWHM
defined by (13), 1o is given by (18), and H (w) is the modulation
transfer function:

2

H(w)=—aR2—a)2+ja)y

(28)

where y is the damping factor, wg = - Cvgan ni(l = 1tn)/qV
is the relaxation resonance frequency, and ¥ denotes the volume
of the active region. The parameters required to estimate Op, |N
are derived partly from our calculations presented earlier in
the paper and partly from [43]. For a 1 mm long laser and
at bias current of 100 mA above /¢4, Op, N ~2.2uW is
approximately the same for both optimized structures. Thisnoise
is significantly higher than the noise of a typical optical power
meter (e.g., 100 pW from [58]), and should be considered in
LoD calculations.

To estimate the noise of the slope efficiency (in W/A) we
must combine noise contributions from output optical power
and the bias current, as both contribute to the noise of the slope
efficiency. We assume that the optical power and bias current
noise sources are uncorrelated and combine these sources using
the error propagation formula [59]:

g

T T
Hop N 2 Pyoi7 °
_ , + ,
Odp/d1 = I 12

29

For a 1 mm long laser operating just above the threshold,
Ogpy a1 18 ~0.4 UW/A for both optimized structures. This results
in LoDs of 3.8 x 10™* for Structure 1 and 2.1 x 10~ RIU for
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Structure 2. Fig. 13 shows the LoD as a function of laser cavity
length for the optimized structures, using the slope efficiency as
the sensing parameter.

VI. CONCLUSION

In summary, we proposed and investigated a novel electrically
driven Fabry-Perot biosensor laser operating in a plasmonic-
dielectric hybrid mode, with compelling sensing characteristics.
The laser uses an InP-based semiconductor gain medium to
overcome losses induced by plasmonic absorption. Through
optimization of the waveguide geometry, we achieve maximal
perturbation in both the real and imaginary parts of the mode
effective index in response to changes in sensing medium (n),
thereby enhancing the laser’s sensitivity. We analyzed the laser’s
characteristics in optimized geometries, focusing primarily on
their suitability for biosensing applications. Potential noise
sources were evaluated and utilized to estimate the limit of
detection of three different sensing schemes, namely monitoring
the emission wavelength, the threshold current and the slope effi-
ciency. Our findings indicate that tracking the threshold current
yields the most promising results for biosensing applications.
This study highlights the potential of using simple etch-free I11-
V Fabry-Perot lasers for high-performance biochemical sensing.
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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 (2™ and 3™ authors). Experimental measurements were conducted by me with the
assistance of L. Mayoral (4" 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 (5%
and 6 authors), who’s constructive feedback was very valuable.

5.2 Article
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We report a compact light-emitting diode (LED) on InP in
edge-emitting configuration for refractometric sensing.
The device features a p-i-n structure with active AlGalnAs
quantum wells, where the reflectance at the LED facets is
influenced by the refractive index of the surrounding
fluid. This index-dependent reflectance modulates the
output power, enabling refractive index sensing using a
standard photodetector operating in the O-band. We
developed a theoretical model for the sensor and assessed
experimentally the detection limit for two different
scenarios, namely using the LI curve slope and the output
power as the measurand.

Label-free refractometry has well-established applications in
biology, medicine, and the food and beverage industries [1-
3]. Refractometric sensors rely on the detection of refractive
index changes using light. Typically, such sensors involve a
photonic chip, where the output light is monitored for its
sensitivity to refractive index variations. Such chips are
commonly based on surface plasmons, which are valued for
their high sensitivity and strong molecular binding capability
[4, 5], or on silicon-on-insulator (SOI) platform, such as
Mach—Zehnder interferometers [6-8] and ring resonators [9-
11]. Regardless of the platform, these systems typically
require an external light source or a spectrometer for
detection. In this work, we present a compact, low-cost, and
easy-to-fabricate LED-based refractometer that circumvents
the need for bulky and expensive optical components.

The proposed LED features a broad cavity with one facet
cleaved for light emission and the other modified to form a
trench that holds the sensing fluid. Under electrical injection,
the output power is influenced by the reflectance of both
cavity facets. By monitoring this output power, refractive
index variations in the sensing fluid can be detected.

Our device is based on a multilayer p-doped InP substrate
incorporating AlGalnAs multiple quantum wells (MQWs),
selected for their high material gain and thermal stability [12].
Fig. 1(a) shows a 3D schematic of the epitaxial structure, in
which the MQW core is sandwiched between a p-doped lower

cladding and an n-doped upper cladding layer. The III-V
wafer was grown by metal-organic chemical vapor deposition
(MOCVD) [13]. The epitaxial layer structure is summarized
in Table 1. For the bottom electrical contact, a palladium/gold
(Pd/Au) stack was deposited as palladium forms a reliable
ohmic contact with p-type InP (30 nm of Pd deposited by e-
beam evaporation, followed by 100 nm of Au by thermal
evaporation). The top contact consists of a
titanium/gold/titanium (Ti/Au/Ti) trilayer: the bottom Ti layer
ensures adhesion and contact to the n-type upper cladding, the
Au layer ensures excellent electrical conductivity, and the top
Ti layer serves as a hard cap suitable for probing (3 nm of Ti
was deposited by electron-beam evaporation for the bottom
layer, followed by 100 nm of Au by thermal evaporation, and
50 nm of Ti by electron-beam evaporation). The wafer was
then cleaved into individual pieces using an automated wafer
cleaver. Three trenches were subsequently fabricated using
Zeiss Orion system equipped with focused ion beam (FIB) to
electrically and optically isolate the active region from the rest
of the sample and to define the LED cavity, with the cleaved
facet acting as the optical output interface. The FIB milling
was performed under optimized parameters, including an
acceleration voltage of 30 kV, a beam current of 300 pA, a
dwell time of 1 us per spot, and a dose of 1 nC/cm?. The
trenches have a depth and width of ~1 pm. Fig. 1(b) shows a
top-view SEM image of the edge-emitting LED, highlighting
the three isolation trenches and the cleaved front facet. The
cavity has a width of 75 pm and a length of 125 um (facet to
facet). These dimensions were chosen to facilitate electrical
probing.

Table 1. Layer structure on the InP wafer for the fabricated LED.

Layer Refractive index Thickness Dopi_r;lg
at 1300 nm (nm) (cm™)
p-InP Substrate 3.204 - 2x 108
p-Alg33Gag 1alngs3As 3.35 50 10%7
14x AlppsGay sslng 33As 3.57 6 i
15x Alo41GagoIng s7As 33 18 -
InP 3.204 7 -
n-IngoGao 1 As02Po.7s 327 30 2% 1018
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Lix)

Fig. 1. (a) 3D illustration of the proposed edge-emitting LED. (b) Top-view
SEM image of the fabricated device.

Fig. 2(a) shows the refractive index distribution of the device
layers (real part only), and Fig. 2(b) shows the simulated
fundamental transverse electric (TE) mode, obtained using an
in-house finite-difference mode solver (similar to the
approach discussed in [14]). Due to the large lateral width, the
waveguide supports multiple transverse modes, all with
similar effective indices and overlap with the active region
(approximately 11%). As a result, the output power represents
the combined contribution of all guided modes. The effective
index of the fundamental mode in the unbiased (passive) LED
structure was calculated to be 3.24 +1-0.00045. This value is
later used in our LED model to estimate the facet reflectance
and the external quantum efficiency. The non-negligible
imaginary component arises from absorption in the top metal
stack.

Fig. 2. (a) Refractive index distribution (real part) across the LED cross-
section, with the multilayer region corresponding to the MQW active core.
(b) Simulated intensity profile of the fundamental TE mode.

The reflection from the back facet is governed by thin-film
interference effect, where multiple reflections within the
trench lead to constructive or destructive interference
depending on the refractive index and thickness of the trench.
The facet reflectance, R, can be calculated using the transfer
matrix method (TMM) [15]. Denoting the refractive index of
the medium in the trench as nencn, the facet reflectance for
Nirench = 1 (air, no fluid) and nNgepen = 1.319
(corresponding to deionized water [16]) is calculated via the
TMM to be R, = 0.66 and 0.09, respectively, at Lo = 1250 nm,
where the material gain is highest.

To characterize the LED, we measured its light-current-
voltage (LIV) characteristics, as shown in Fig. 3. The output
optical power was monitored using a Ge photodiode sensor
with sensitivity in the O-band. A source-meter was used to
supply current and record the diode voltage. All
measurements were carried out under pulsed operation with
the chip mounted on a temperature-controlled stage to
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minimize heating effects. The device exhibits a turn-on
voltage of approximately 0.5 V and a dynamic resistance of
7 Q at an operating current of 100 mA. The light—current (LI)
curves are shown for two cases: for the trench filled with air
(Nrench = 1) and with deionized (DI) water (Nirench =
1.319). For the latter, a droplet of DI water was applied to the
device, affecting both facets. The LI measurements were
repeated multiple times, and the results were consistent across
trials, confirming the reproducibility of the device response.
The sensitivity of the LI curve to the surrounding fluid is
clearly observed.

3
I —— Voltage 10
2.5 | — Light -air
- [ —— Light — DI water 4 8 —
= 2 z
o 16 2
= £h
21t 143
0.5 12
0 1 1 I 1 L 1 I 0
0 20 40 60 80 100
Current (mA)

Fig. 3. Measured VI and LI curves for air-covered and DI water-covered
facets.

Before analyzing the sensitivity in more detail, we first
compare the results with theoretical expectations. The output
power of an LED as a function of current increases linearly
and is given by [17]:

h
P =11 €y

where 4 is Planck’s constant, v is the optical frequency, ¢ is
the electron charge, 7, is the external quantum efficiency,
and / is the injection current. The external quantum efficiency
is the product of three factors:

Nex = NiMlrNo @)

where 7; is the current injection efficiency, 7,. is the radiative
recombination efficiency, and 7, is the optical out-coupling
efficiency. Among these, only 7, depends on the front and
back facet reflectances as well as the cavity length. The
remaining parameters remain constant regardless of the
presence or absence of fluid in the trench. The optical out-
coupling efficiency is calculated using:

— _%m
Mo = o 3)
where a; is the internal cavity loss and a,, is the mirror loss.
Based on mode simulations, the internal loss a; is around
50 cm™'. The mirror loss a,, is given by:

1

1
U =Eln(

RiRy

) C))

where L is the cavity length (125 um), and R; and R are the
front and back facet reflectances, respectively. For the case
without fluid, R; = 0.28 and R, = 0.66. When deionized (DI)
water is present, R; and R>drop to 0.17 and 0.09, respectively,
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based on TMM calculations. The ratio of the slopes in the LI
curves is equal to the ratio of the out-coupling efficiencies:

dP/dl,ir _ No,air
dP/dIpi water

~ 1.3 5)
No,DI water

This theoretical value agrees well with the measured slope
ratio, which is ~1.3. From the measured LI data, the product
n;n, for our material system is determined as 2.5 X 107*.
Since the term hv/q is known, the model can be used to
predict the output power and slope for different cavity lengths
or surrounding fluids, enabling performance estimates for
alternative device designs.

As discussed earlier, two indicators can be used to quantify
the sensitivity, one is the slope of the LI curve, and the other
is the output power at a specific operating current. For the
latter, the power sensitivity increases with higher injection
currents, as observed from Fig. 3. However, we limited the
current to 100 mA to avoid saturation of the LI curve due to
thermal effects. Therefore, 100 mA was chosen as the
operating point for reference. Below, we evaluate both of
these measurands.

The slope sensitivity, Sgjope, to the medium’s refractive index
can be determined from Fig. 3 as:

_ dP/dl,ir—dP/dIp] water ~ uw
Sslope - ~ 95 (6)

Nair—NDI water ARIU

To assess this value, it is necessary to consider the noise in the
system and determine the limit of detection (LoD), which is
the smallest detectable change in refractive index for our
device. The noise in the slope measurement, dgope » 1S
estimated by calculating the standard deviation of the power
residuals (power deviations from the fitted LI line),
normalized by current [18]:

_ X(Pi—P)?
Tstope = \[v-2) 2012 @

where P; is the measured optical power at each current point
I;, B is the corresponding value on the fitted line, I is the
average of the current spanning the LI line, and N is the
number of data points. Using this method, the slope noise was
found to be approximately 0.4 pW/A. The LoD, defined as
twice the noise-to-signal ratio, is given by:

LoD =% (8)
s
This yields an LoD of approximately 8 x 10~ RIU when using
the slope as the measurand.

When considering the output power at 100 mA as the
measurand, the main contribution to the noise comes from the
photodetector. In our setup, the observed noise in the
measured power is approximately 0.01 pW. The
corresponding power sensitivity Sp is approximately
8.8 uW/RIU. According to Eq. 8, this results in an LoD of
approximately 2x107* RIU, which is four times lower than the
slope-based approach. This suggests that using output power
as the measurand provides improved sensitivity.
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Using the theoretical model with our experimentally
measured noise contributions, we evaluated the performance
of the same LED structure by varying the cavity length L. Fig.
4 shows the predicted LoD as a function of cavity length,
ranging from 30 to 200 um, for both measurands. A minimum
length of 30 um was chosen to ensure sufficient area for
probing using standard needle probes. In this analysis, the
noise contributions were assumed constant and independent
of cavity length.

The results clearly show that the LoD increases with cavity
length, indicating that longer devices degrade sensitivity.
Across all lengths, the power measurand consistently
outperforms the slope-based one. This suggests that shorter
cavities and higher operating currents are favorable for
achieving better detection limits. For example, if the device is
appropriately cooled, allowing the injection current to
increase without thermal saturation (e.g., up to 200 mA) and
using a cavity length of 30 pm, the predicted LoD could be
reduced to approximately 5 x 107#RIU. Furthermore, by
employing lower-noise measurement equipment or using
bandwidth-limited detection under AC modulation, the LoD
can be further decreased, likely by one order of magnitude,
improving the overall performance of the refractometric
system.

< 10

— LoD

14

=== Ll},

Lol {(RILY

Fi ] il '.:Hl I..". I:.II s .'l.r.l
L {pm}

Fig. 4. Modeled LoD when using the LI slope (solid line) or the output power
at 100 mA (dashed line) as the measurand.

In conclusion, we proposed, designed and experimentally
demonstrated a compact edge-emitting LED for liquid
refractometry. The prototype device was fabricated using InP
epitaxy, metal deposition and FIB milling, though it can be
readily adapted for wafer-scale production using standard
photolithography and etching techniques. We assessed
experimentally the detection limit of the device and suggested
avenues for further improvement through enhancements in
the experimental setup and device design.
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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.
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Strong and Short Bragg Waveguide Gratings With
Trapezoidal-Shaped Grooves

Shayan Saeidi

Abstract—In this study, we evaluate strong Bragg waveguide
gratings formed of trapezoidal-shaped grooves, as typically pro-
duced in surface-etched structures, and we propose optimal groove
shapes. We begin by validating our modelling approach, which
is based on the finite-difference time-domain method, through
comparisons with coupled mode theory applied to rectangular
gratings. We then compute the reflectance, transmittance and loss
of trapezoidal gratings as a function of Bragg order, and of the
top and bottom widths of the grooves. Simulations reveal that the
highest reflectance peaks are achieved for widths that are about A/8,
regardless of the Bragg order. We find that the characteristics of
trapezoidal-grooved gratings are strongly dependent on the bottom
width of the grooves, and that a very high reflectance can be
achieved by carefully tailoring this width. We also calculate the
coupling coefficients of infinitely long optimized structures, finding
that they decrease with increasing Bragg order. Our results are of
interest in the design of strong short gratings etched in the surface
of semiconductor waveguides.

Index Terms—Bragg gratings, finite-difference time-domain,
integrated optics, lasers, photonics, semiconductors, waveguide.

1. INTRODUCTION

HOTONIC integration is the dominant technology for
P optical networks and high bandwidth communications be-
cause of its low cost and high reliability [1],[2]. Indium Phos-
phide (InP) based photonic integration, offering the capabil-
ity of monolithic integration with lasers and amplifiers, has
consistently attracted significant attention, especially for ultra
high speed optical communications. Distributed feedback (DFB)
lasers and distributed Bragg-reflector (DBR) lasers, either as
edge or as surface emitters, are critical components in optical
communications [3]. Diffraction gratings embedded into a slab
waveguide, known as Bragg waveguide gratings, form the basis
of such lasers by providing the reflection or distributed feedback
required to form the cavity that sustains oscillation. A typical
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fabrication method consists of burying the grating layer into
the slab waveguide, which requires the interruption of epitaxial
growth to form the grating, then completing the upper layers via
epitaxial overgrowth [4].

Alternatively, surface grating lasers are generating interest as
they avoid epitaxial overgrowth. In such structures, the grating
is formed in the upper layer of the epitaxial system. Typically,
such surface-etched gratings provide strong coupling due to
the high index contrast between the grating grooves and the
upper layer, however radiation loss must be carefully managed.
There are two types of structures that are widely used: one type
has grating grooves formed along the top of the ridge (surface
etched), whereas the second type has grating grooves positioned
laterally alongside the ridge (laterally-coupled gratings) [5]—
[7]. The latter require a narrow ridge to improve the weak
overlap of the fundamental mode with the laterally-coupled
grating.

In this paper, we investigate first and higher-order (second
and third) surface-etched Bragg waveguide gratings. First-order
gratings typically offer the lowest radiation loss and highest re-
flection, but higher-order gratings are also of interest due to their
relaxed fabrication requirements. Specifically, high-resolution
lithography processes can be avoided by using higher-order
Bragg gratings, due to their larger period [8]. Furthermore,
higher-order gratings may be preferable in some applications.
For example, the radiation field in second and higher-order
gratings is used as a mechanism for mode selection, making
them suitable in out-couplers, edge- and surface- emitting lasers
[91-{12].

As the grooves are etched, depending on the etch process,
the sidewall angle could be positive, vertical, or negative, as
illustrated in Fig. 1(a). To design and optimize the perfor-
mance of surface-etched gratings, such trapezoidal grooves are
typically approximated as rectangular grooves of width equal
to the bottom width of the trapezoidal groove [13]. While
the effect of groove shape on grating performance has been
discussed previously [14]-[18], a systematic study of grat-
ings formed of trapezoidal-shaped grooves is missing from
the literature. In this paper, we focus on grating grooves
with inward and vertical sidewalls due to their prevalence in
manufacturing.

It is not trivial to investigate the effects of groove profile on
grating performance as the geometry is complex and radiation
loss must be carefully handled. For numerical and analytical
simulations of such structures, a variety of modelling approaches
based on entirely different principles exist.

0733-8724 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. (a) Schematics of the cross-section of a surface grating with outward,

inward-tapered and vertical sidewalls (From left to right). (b) Grating structure
and computational model of interest.

One of the well-established and widely-used methods for
modeling grating structures relies on coupled mode theory
(CMT). In this method, which was initially established by
Kogelnik et al. [19] then improved by Streifer et al. [20], the
mode field is expressed as infinite sums of partial waves in
Floquet form. The resulting modified coupled-mode equations
not only characterize the contra-directional propagating waves
interacting with a grating but also describe the radiated waves.
In this method, the permittivity perturbation directly dependent
on the grating profile is expanded in a Fourier series. Therefore,
accurate simulations can be done if sufficiently precise analytical
functions describe grating groove profiles.

Other methods are mainly based on the direct solution of
Maxwell’s equations. Among these, the finite-difference time-
domain (FDTD) method is well-known for the calculation of
electromagnetic fields in structures of high geometric com-
plexity. Good mutual agreement between the FDTD method
and other methods applied to model gratings (e.g., method of
lines, bi-directional mode expansion, propagation method) was
reported by Ctyroky et al. [21].

This paper is organized as follows. In Section II, the FDTD
simulation setup and the trapezoidal grating structures of interest
are introduced. In Section III, the reliability of our approach is
verified by comparing results for rectangular-grooved gratings
to those obtained via Streifer’s modified CMT. In Section IV,
we report results for rectangular-grooved gratings of the first,
second and third Bragg orders. Then we consider trapezoidal-
grooved gratings of the same orders and optimize their geometry.
We complete our study by calculating coupling coefficients for
infinitely-long optimized structures. Our results are summarized
and conclusion given in Section V.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 13, JULY 1, 2021

TABLE I
PROPERTIES OF STUDIED MULTILAYER GRATING STRUCTURE

o Thickness Refractive
Layer Description (nm) Index
1 Top Cladding 400 3.204
2 QW stack with SC 350 3.33
3 Bottom Cladding 2000 3.204

II. SIMULATION SETUP AND GRATING STRUCTURE

The parametrized grating structure, along with the simulation
setup, are sketched in Fig. 1(b). In this figure, W; and W,
represent the top and bottom widths of each groove, respectively,
g denotes the groove depth, and A denotes the grating pitch.
We only consider real refractive indices, neglecting gain or
absorption in the materials, in order to unambiguously account
for loss by coupling to radiation modes (scattering). The details
of each layer (thickness, refractive index) are given in Table I.
Layer 2 represents the active layer which consists of quantum
wells (QWSs), barriers, and separate confinement (SC) layers.

To reduce the computational effort, we treat the structure as
invariant in the y direction, thus simplifying to 2D. We used a
commercial implementation of the FDTD method (Lumerical)
to carry out the simulations, previously shown to be accurate in
modelling similar structures [22]. This FDTD implementation
is grid-based and the mesh step size strongly affects accuracy.
To save computational time while maintaining good accuracy,
a non-uniform mesh was used in the grating region with a
minimum step size of 0.2 nm. Perfectly matched layers (PMLs)
were used to line dielectric wall boundary conditions terminating
the computational domain to minimize reflections.

The fundamental TE mode of the slab waveguide is used
as the source and is launched in the z-direction in the input
slab waveguide towards the input of the grating. This mode
has only one electric field component in the y-direction. To
carry out the simulations, a short TE mode pulse (few fs) of
corresponding broad frequency content is launched. The time
evolution of the fields is calculated at each discrete spatial
grid point along with the Fourier transform of the resulting
time series. The TE mode reflectance (R) and transmittance
(T) of the grating are then computed on the input and output
sides, respectively. The reflectance and transmittance monitors
are located before the source and after the gratings, so they
do not catch any forward and backward propagating waves,
respectively. Fig. 1(b) illustrates the location of these ports.
Mode expansion at the reflectance and transmittance ports is
used to determine reflectance and transmittance specific to the
TE mode by taking the overlap integral of the local modal field
with the total field distribution calculated by FDTD. The loss of
the grating (L) is then obtained as:

L=1-R-T ey

The Bragg wavelength A g is intended to be around 1300 nm.
Using:

MAB:2neffA (2)

Authorized licensed use limited to: University of Ottawa. Downloaded on March 01,2023 at 19:57:13 UTC from IEEE Xplore. Restrictions apply.
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a5 TABLE II
i i w COMPARISON OF COUPLING COEFFICIENT CALCULATIONS USING TWO
- Y METHODS. DETAILS OF THE MODEL ARE GIVEN IN [20]
£ | '
<25 : lic| (1/cm) [ic| (1/cm)
27 Grating order Streifer et al. [20] FDTD
w
Sis 1 99.89 105
——Streifer - Perturbation
1 31.91 30
x Streifer - Iterative
L I, 16.43 15
0
05 1 15 2 25 3 35 4
n . . . .
’ propagating modes. Streifer et al. [20] carried out a perturbation
Fig. 2. Comparison of radiation loss as a function of n3 for the perturbative analysis to express the coupling coefficient for the TE mode.

and iterative solutions [23], and the FDTD method. The characteristics of the
rectangular-grooved grating, shown in inset, are: ny = 3.4, np = 3.6, g = 0.2
pm, t=1pm, A =0.21 pm, and w = 0.0525 pm.

leads to a period A of about 400 nm for a grating order M =
2, using an effective index (ng) for the TE mode that varies
between 3.230 for the thin slab where the whole period is etched
and 3.258 for the thick slab where the entire waveguide remains
un-etched. Therefore, for a fixed period, the Bragg wavelength
varies correspondingly between 1292 and 1304 nm in each
simulation. The total length of the grating is set to 30 pm during
the optimization procedure in order to reduce the simulation
time. Longer lengths will produce a stronger reflectance, but the
optimized groove widths are expected remain the same.

The simulated Bragg wavelength is slightly higher than ex-
pected due to numerical dispersion in the FDTD mesh (the speed
of light in the meshed medium departs slightly from that in the
physical medium). We implemented a non-uniform mesh across
the grating region to set a balance between minimizing numerical
dispersion and computational requirements.

III. VERIFICATION OF THE SIMULATION SETUP

We verify the reliability of our computational method by cal-
culating the radiation loss from a rectangular-grooved grating,
as studied by Streifer er al. [23], and shown in the inset of
Fig. 2. The operating mode is the fundamental TE mode of the
corresponding slab waveguide, and the free-space wavelength
is 880 nm which falls on the long-wavelength side of the Bragg
wavelength. At this wavelength, the grating reflection is negli-
gible, implying that the incident power is either transmitted or
lost due to radiation. The total radiation loss can be calculated
via (1), using the reflectance and transmittance associated with
the TE mode only.

Fig. 2 shows the radiated power as a function of the refrac-
tive index of the substrate ng, for the fundamental TE mode,
computed using three different methods. Despite the many
differences between the FDTD method and the CMT-based
perturbative and iterative solutions [23], the results are in very
good agreement. Interestingly, applying the CMT equations to
strong gratings (at the left tail of the curve) produces very similar
results to the FDTD.

Another coefficient useful to assess the performance of grat-
ings is the coupling coefficient, which describes the coupling
strength per unit of length between the forward and backward

In such an analysis, the perturbation in the refractive index of
the grating region is expanded in terms of Fourier coefficients
which depend on the geometry of the grooves. Therefore, this
method can be valid for any groove shape as long as analytical
functions can describe the groove profile.

This contra-directional coupling between two modes can
occur only over a narrow range of wavelengths, occurring in
the Bragg regime. This behaviour resembles the scattering of
electrons at the edge of Brillouin zones which leads to the
appearance of forbidden energy gaps. This bandgap can be
described by [24]:

2|kl e
Neff

where || is the coupling coefficient, n.g is the effective index
of the mode, c is the speed of light in free space, and (Aw)gqp
is the width of the energy gap with w = 2mwc/Ag (1o denotes
the wavelength of operation in vacuum). It is important to note
that (3) is only valid when the frequency dependence of n.p
is neglected. We analyzed a single period of gratings bounded
by Bloch boundary conditions to simulate an infinitely long
grating. Monitoring the electric field in the frequency domain
at the band edge (where the wavevector equals to 7/A) gives
information about the width of the bandgap and the mid-gap
frequency. By substituting (Aw) 4, into (3), we can calculate
the coupling coefficient for an infinitely long grating. Using this
approach, in combination with the FDTD method, a three-layer
slab waveguide with symmetric triangular gratings, as described
in detail at [20], is modelled. The resulting coupling coefficients
are calculated for first, second, and third-order gratings. Table II
shows a comparison between the calculations using the FDTD
method and CMT-based methods for the same problem. As can
be observed, the results are in excellent agreement.

(Aw)

3)

gap —

IV. RESULTS
A. Rectangular-Grooved Gratings

Initially, we compute the reflectance, transmittance, and radi-
ation loss responses of first to third order gratings for bench-
mark rectangular-shaped designs, and we discuss and inter-
pret the results. The gratings considered have the following
dimensions (Fig. 1(b)): W; = W, = 60 nm, g = 350nm, A =
200, 400, 600 nm for first, second and third order gratings, and
a length of 30 pm.

Authorized licensed use limited to: University of Ottawa. Downloaded on March 01,2023 at 19:57:13 UTC from IEEE Xplore. Restrictions apply.
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Fig. 3.  Comparison of reflectance, transmittance, and loss for first to third
order gratings with W; and W}, fixed at 60 nm. The characteristics of the groove
profiles are: W; = W}, = 60 nm, g = 350 nm, A = 200, 400, 600 nm for first,
second and third order gratings, and a length of 30 pm.

Fig. 3 shows the spectral characteristics of the three grating
designs for the fundamental TE mode. The Bragg wavelengths
show a good uniformity between the gratings with a slight
shift as the grating order increases. This shift is due to the
change in the effective index of each design. Another obser-
vation is that the gratings behave similarly at off-resonance
wavelengths regardless of their order. On the long wavelength
side of the Bragg wavelength, the curves exhibit an oscilla-
tory behaviour that may correspond to Fabry-Perot resonances
in a finite-length grating [21]. This oscillation will be more
pronounced when the grating length increases, as the reflec-
tion at the grating ends increases. Near the long-wavelength
edge of the bandgap, the gratings produce the lowest loss.
As the wavelength decreases, the loss increases through the
bandgap and keeps growing with roughly the same slope with
decreasing wavelength. This behaviour can also be observed in
transmittance curves, where the transmittance is lower on the
short wavelength side of the bandgap than on its longer wave-
length side. This is caused by the coupling of the propagating
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Fig. 4. Electrical field distribution over the second order grating structure,

at (a) Ap = 1260 nm, (b) Lo = 1305 nm (Bragg wavelength), and (c) A9 =
1370 nm. The grating design is the same as in Fig. 3.

fundamental mode into the radiative modes of the structure at
short wavelengths [25].

To better understand the behaviour of these gratings, we plot
in Fig. 4 the electric field distribution over the grating structure,
at three different wavelengths, for the case of the second order
grating. The excitation of fundamental TE mode occurs slightly
before z = 0 um. The bright areas above and below the grating
represent light scattered into the air and substrate, respectively.
‘We note that the power radiated into the substrate is much larger
than the power radiated in air because the substrate has a higher
refractive index. Comparing Fig. 4(a) to 4(c), which correspond
to the shorter- and longer-wavelength regions of the bandgap,
respectively, reveals that the scattered power is larger at shorter
wavelengths, in agreement with the loss curves of Fig. 3. Most
of the scattered light originates at the input of the grating, due
to mode mismatch between the input waveguide and the grating
region. Fig. 4(b) shows the electric field distribution near the
Bragg wavelength where strong reflectance occurs. The grating
experiences the lowest loss in this wavelength region.

B. Trapezoidal-Grooved Gratings

We investigated the performance of trapezoidal-grooved grat-
ings by sweeping over the parameters W, and W}, and computing

Authorized licensed use limited to: University of Ottawa. Downloaded on March 01,2023 at 19:57:13 UTC from IEEE Xplore. Restrictions apply.
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Fig. 5. Bragg wavelength, reflectance, transmittance and loss at the Bragg
wavelength for first order gratings as a function of the bottom width (Wy,) for
several top widths (W) as shown in the legend (nm). The other characteristics
of the groove profiles are: g = 350 nm, A = 200 nm.

the response of first, second and third order gratings. The loca-
tion of the bandgap stays roughly constant, varying by less than
10 nm throughout the simulations due to the dependence of the
mode effective index on the groove profile.

Fig. 5 summarizes the performance of first-order gratings
in terms of bandgap location (Bragg wavelength), reflectance,
transmittance, and loss, as a function of Wy, for different values of
W;. The performance was determined at the Bragg wavelength,
where the reflectance is highest and the transmittance is lowest.
Steps of 20 nm were used for W,;, and W), was made to vary
for each W; such that the groove shape changes from symmetric
triangular (W, = 0) to rectangular (W, = W;). We observe that
the loss increases with both widths, although more significantly
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with the bottom width. We also observe that the reflectance
and transmittance depend more strongly on the bottom width,
which is unsurprising as the bottom of the groove interacts more
strongly with the mode. This observation is instructive from a
fabrication standpoint because high-performance gratings can
be achieved at 50% duty cycle at the top by tailoring the bottom
width (masks of duty cycle close to 50% tend to be easiest to
fabricate). We also note, generally, that it is important for the
bottom width to be narrow. The gratings providing maximum
reflectance and minimum loss are clustered near W, = 40 nm,
irrespective of the grating top width. The highest reflectance and
lowest transmittance occur for W, = W; = 40 nm, so the best
grating is rectangular-grooved.

Figs. 6 and 7 summarize the performance of second and third
order gratings, respectively. The highest reflectance of the sec-
ond and third-order structures is achieved for approximately the
same widths as the first order gratings. As for the second-order
gratings, the largest loss occurs slightly beyond Wy/A = 0.5,
because as the grooves widen, the effective index in the grating
region decreases, as well as the penetration of the field into the
grating [23]. In the case of the third-order gratings, the losses are
much more sensitive to Wy, but the highest loss occurs near Wy/A
= 0.5 as in the second order structures. Another noticeable point
that emerges by comparison is the similar fabrication tolerance
that each grating order provides. Using the full-width at half
maximum (FWHM) of the reflectance curves as the tolerance
gauge, each grating order offers about 100 nm of tolerance in
dimensioning the bottom width.

The Bragg wavelength in all three grating orders decreases
as the widths increase. This can be explained by the fact that
negr of the fundamental TE mode decreases as the groove widths
increase, which leads to a reduction of the Bragg wavelength
according to (2).

The optimum geometry of the grooves is taken as the dimen-
sions that produce the strongest back-reflection, not necessarily
the lowest loss. The minimum loss occurs when the gratings tend
to vanish. Thus, the optimum geometries consist of rectangular
grooves of widths W, = W, = 40, 50 and 60 nm for first,
second and third order gratings, respectively. On average, setting
Wy, to A/8 (A denotes the wavelength in the medium) produces
the best performance for any value of W,. It is important to
emphasize that rectangular grooves are difficult to achieve in
practice. However, one can achieve similar performances with
trapezoidal grooves by setting only the bottom width around the
optimum value as selected from such plots.

The coupling coefficients of corresponding gratings of infinite
length can be calculated using Bloch boundary conditions, as
discussed in Section III. Table IIT summarizes the calculations
for optimized first, second and third order gratings. The values
obtained are high, which is mainly due to the high-index contrast
that exists in these gratings. As the grating order increases, the
number of radiating waves increases as well, and the coupling
coefficient x decreases. It should be noted that although in
practice the grating length is finite, approximating to infinite
length still provides accurate information about the width of the
bandgap and its location (simulations of long finite devices are
computationally intensive).
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TABLE III
VALUES OF COUPLING COEFFICIENT FOR FIRST THROUGH THIRD ORDER
BRAGG GRATINGS

Grating order W, (nm) W, (nm) i (1/cm)
1 40 40 416.67
50 50 369.22
60 60 3214
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V. CONCLUSION

Strong first, second and third order Bragg gratings formed
of (presumed etched) trapezoidal grooves in a semiconductor
waveguide were investigated and optimized using the 2D FDTD
method. Our modelling approach agrees very well with the mod-
ified CMT method described in the literature. The reflectance
and transmittance spectra of the gratings show increasing loss
by scattering on the short-wavelength side of the bandgap, but
comparatively lower and constant loss on the long-wavelength
side. The effects of varying the top and bottom widths of trape-
zoidal grooves was explored. We have shown that by simply
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adjusting the angle of the sidewalls in the grooves and controlling
the bottom width, one can achieve a performance close to
optimal. Calculations show that the best grating performance
is obtained for bottom widths near A/8, (e.g., ~50 nm). The
highest reflectance peaks are obtained for rectangular grooves
of width W, = W, = 40, 50 and 60 nm, for first to third order
gratings, respectively. It is also found that the radiation loss
increases monotonically with increasing groove width in first
order gratings. However, this is not the case for second and
third order gratings as the highest loss is produced for groove
widths that are slightly larger than half of the period. Strong
coupling coefficients were achieved for optimized and infinitely
long structures. Our results are of interest in the design of strong
short gratings etched into semiconductor waveguides.
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Abstract: We propose the concept of a Dirac grating, where periodic permittivity perturbations
approach a train of Dirac functions. We show that Dirac gratings can yield identical spectral
characteristics for higher-order gratings compared to first-order gratings of the same length. Using
an inverse Fourier transform technique, we design different types of Dirac gratings, including
structures operating at the exceptional point where parity-time symmetry breaks down, producing
unidirectional reflectance. We employ analytical and numerical techniques to validate our theory
by modelling practical examples of Dirac gratings implemented in dielectric stacks and silicon
nanophotonic waveguides.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Bragg gratings have been used extensively over many decades as photonic bandgap structures in
optical fibers or in photonic integrated circuits, as filtering elements, or in distributed-feedback
lasers [1-5]. They have been theoretically investigated using analytical methods such as coupled-
mode theory (CMT), which is accurate for weak gratings and simple perturbation profiles that can
be described by analytical functions [6]. In CMT a Fourier representation is used to describe the
permittivity perturbation along the grating. The non-uniform permittivity along the waveguide
generally consists of real and imaginary index perturbations, which induce coupling between
different modes. In Bragg gratings, such coupling is contra-directional, and the strength is
typically defined by coupling coefficients [7]. More recently, numerical techniques such as
finite-difference time-domain (FDTD) and eigenmode expansion (EME) methods were employed
to model complex Bragg gratings [8,9]. The common drawback of such numerical methods is
computational expense.

Electromagnetic inverse scattering techniques provide a wide range of design possibilities for
gratings. These mathematical methods allow the definition of a structure, such as its refractive
index or shape, by analyzing the scattering of waves. Multiple approaches are used to solve
inverse scattering problems, including layer-peeling and layer-adding [10-13], genetic algorithms
[14], simulated annealing [15,16], spectral techniques [17,18], and other optimization approaches.
These methods typically solve equations iteratively that link the computed scattering data to the
unknown properties of the medium or structure. The ultimate objective is to identify the design
that best corresponds to the measured scattering data.

In this paper we exploit the discrete Fourier transform (DFT) representation of a permittivity
perturbation and find a direct relationship between its Fourier coeflicients and the Bragg grating’s
reflectance spectrum. We then show that by applying the inverse discrete Fourier transform
(IDFT) to a desired or prescribed spectral response, the permittivity profile can be determined.

#494372 https://doi.org/10.1364/OE.494372
Journal © 2023 Received 27 Apr 2023; revised 17 Aug 2023; accepted 19 Aug 2023; published 6 Sep 2023
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This method offers a simple and efficient approach to Bragg grating design, provided that the
phase and amplitude of the grating’s spectral response are known.

Using the IDFT method, we then arrive at a novel type of grating, which we refer to as Dirac
gratings. These gratings are characterized by sharp periodic perturbations in the permittivity
along the propagation axis, and they have a near-zero duty cycle. Notably, Dirac gratings
may exhibit order-independent performance, meaning that the spectral response is identical
for higher-order gratings compared to first-order gratings of the same length. Other types of
Dirac gratings can be designed, including odd-equal Diracs where only odd order gratings
reflect light (inspired by quarter-wavelength gratings), and exceptional point Dirac gratings
with unidirectional reflectance. These findings have significant implications for the design and
fabrication of optical gratings for various applications.

This paper is structured as follows: In Section II, we derive analytically the coupling coefficients
of coupled-mode theory using the DFT amplitudes representing a spatial permittivity perturbation.
We introduce the concept of Dirac gratings by demonstrating that under specific conditions the
reflectivity is independent of the order of the grating. In Section III, we employ the IDFT to
arrive at perturbation profiles for various designs of Dirac gratings. In Section IV, we evaluate
the performance of these gratings through the analytical Transfer Matrix Method (TMM) and the
numerical Eigenmode Expansion (EME) method. Finally, we provide concluding remarks in
Section 5.

2. Fourier and coupling coefficients

A Bragg grating with a rectangular profile can be mathematically modeled as a rectangular pulse
train, where the relative permittivity changes between high and low values within each period.
The rectangular pulse train is described by (1) and sketched in Fig. 1.

&, 7<d-A
&(z) = &1, d-A<z<A (1
e(z+gN), q € Z (integers)

&1 and &, are the relative permittivities of each region within a period and Ae = | — &; is the
relative permittivity contrast, A is the period, d is the duty cycle defined as the fraction of a
period where the permittivity is high, and N is the number of periods. The relative permittivities
can be complex but are sketched here as real for simplicity. The direction of propagation is along
the z axis. Equation (1) may model a dielectric stack under plane wave excitation, or a structural
perturbation along a waveguide in which case €| and &, are effective relative permittivities of
waveguide sections.

(1-dA dA

& y
Ae
z

NA

€2

Fig. 1. Relative permittivity distribution described by (1).
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2.1. Spectral representation

Generally, we can apply the DFT to derive the spectral-domain representation of the discretized
form of Eq. (1) [19]:

o —27rjm—k é:
szzfme 5 k=—§,...,0,...,§—1 (2)

m=0

where F}, is the Fourier coefficient of the k-th spectral component, f;, is the m-th spatial sample of
&(z), & is the number of spatial samples (¢ > N), and j = V=1. Here fin and Fy, are dimensionless
coefficients. We re-write the Fourier coefficients (2) in terms of H = e~2™/¢ | then simplify the
resulting geometric series:

Fe=fo+fiH + ... +f§,11-1(é"—1)k

1

—_

d%-1)k £ £-1)k
:gl+ng"+...+slH(” ) +32H‘1N"+...+32H(”

£ £_ £ 28
+e HY 4+ elH((d“)’V 1)e + e HEIR ¢ 4 azH( 1)k ...
re H T 4 4 alH((‘”N*l)’%*l)k + e HEN-DRk oy o E=Dk
d&k
1- H'ﬁ' N-1)£k
() ) o
1 - Hf
1 H lfllék
—_ N d&k Ek
4| — (szH'ﬁ' +...+32H(d+N")7V)
1 — HF

& (1 —Hg#) —e (H%k —Hd'#) _—
- 1 - H* (1_H%)

The Fourier coefficients Fj which have the largest magnitude are denoted ¥, and they occur
for k = MN where M is an integer. They are identified directly from the last equality of Eq. (3),
after resubstituting H by e~ 27%/¢ "

(=M (g —gy) 1 —eWMN N(] — e M) (g — g,)

Fr = — —er = 3 @
1 _e—z—flMN 1 — e~2miM o ey

We can re-write (4) in terms of trigonometric functions:

1 ; M,
Fu = ENAS(] — ¢ 2miMd) (1 —jcot (ﬂ

d

(6)

or:
sin(rMd) e/nM(g—d)

Fum = NAe
sin (”—A‘;’N)
When the number of samples ¢ is sufficiently large to ensure & > mMN, the expression for

|Far| reduces to:

~ |88
|Far| = i sin(rMd) @)

It is observed that || is directly proportional to £. To remove this dependence, we normalize
|Fu| by dividing by &:

— |A
|Far| = ‘M—i sin(nMd)‘ 8)
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which retains the implied unit in the spectral domain representation as the inverse of the implied
unit of the original function [20] (here both are dimensionless). From the above we observe that
|Far| is periodic in M, but of amplitude that decreases as M increases.

2.2. Coupling coefficients
The expression for the coupling coeflicient, k., that results from coupled mode theory (CMT)
applied to a weak waveguide grating, is given by [21]:

o = Bo* [ Fu(x, )| U(x, y)|*dA
T2 UG, y)dA

(C))

where £ is the propagation constant of the waveguide mode, Sy is the free-space propagation
constant, U(x, y) is the spatial profile of the waveguide mode, and F..(x, y) represents the k-th
Fourier expansion functions of the permittivity perturbation along the waveguide. For a weakly
guided mode (plane-wave like), the field dependencies in the x-y plane are negligible, so k.
simplifies to:

= Bp (10)

+k P ,8 +k

where F.; are Fourier coefficients (Eq. (2)). It is evident that |k.x| will be strongest when |F .|
is largest, i.e., for the set |Fy|:

_ Bo* = _ Bo’

|lkm| = 25 [Fm| = 25

where the second equality arises by substituting Eq. (8), assuming & > 7MN. Introducing n

as the effective refractive index of the waveguide mode (7 = 8/8p) and Ay as the free-space
wavelength, Eq. (11) can be rewritten as:

Mnr

ﬁ sin(ﬂMd)' an

lkn| = ‘MA; sin(ﬂMd)' (12)

on

The strongest coupling coefficient also occurs at the Bragg wavelength Ap [22]. So, by
substituting g = Ap and using the Bragg equation, Az = 2nA/M, Eq. (12) becomes:

Ae
2i2A

|km.Bl = ' sin(nMd)‘ (13)

This expression for the coupling coefficient (Eq. (13)) is consistent with the literature [21-24],
indicating that the integer M, first introduced here in Eq. (4) to identify the largest Fourier
coeflicients, also corresponds to the grating order in the Bragg equation. We also note that 7 is
sometimes taken as the effective refractive index of the waveguide mode averaged over a period,
or for a dielectric stack as the refractive index averaged over a period.

To operate at the same Bragg wavelength at order M, it is necessary to increase the pitch by a
factor of M, resulting in a reduction of |ky| (Eq. (13)). The reflectance of an M-th order Bragg
grating following CMT is given by [21]:

Ry = |tanh(k_yL)|? (14)

Thus, conventionally, increasing M decreases the reflectance if the length of the grating, L,
remains constant.
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2.3.  Limit of small duty cycle: Dirac gratings

If the duty cycle, d, is small enough for tMd — 0, then Egs. (8), (11) and (12) simplify,
respectively, to:
ndAe

- 2
Torl = dAe| and Jiy| = %wm -

5s)

from which it is observed that |kys| and consequently Ry, (Eq. (14)) are independent of grating
order. We refer to these gratings as Dirac gratings because a Bragg grating with narrow-width
perturbations, or equivalently a small duty cycle d, resembles a series of Dirac delta functions.
An attribute of Dirac gratings is that higher order gratings can replace lower order ones while
maintaining the same performance for the same grating length.

Equation (15) shows that for the same material system, i.e., fixed Ag, Dirac gratings yield a
weaker |kys| compared to a conventional first order grating due to the small d. However, a high
reflectance can be maintained by increasing L to compensate for the small «_3s (Eq. (14)). For
example, for a first order quarter-wavelength grating, the coupling coefficient is |«;| = |Ag/Aon|
according to Eq. (12), which is 1/zd times larger than that of a Dirac grating (Eq. (15)). Thus,
for a Dirac grating to produce the same reflectance as the corresponding quarter-wavelength
grating, L should be 1/7d times longer.

We observed that the reflectance at A, given by Eq. (14), depends on «_j; and ?M, as revealed
by (11). Therefore, the behavior of Ry, is dependent on the Fourier amplitudes Fj;. The Fourier
amplitudes can thus be prescribed, and the IDFT applied to determine the required permittivity
modulation in the spatial domain. These observations motivate the development of a design
technique based on the IDFT. In the next section, we will use this technique to explore intricate
Dirac grating designs.

3. IDFT design and Dirac gratings

Initially we use the IDFT to verify that a Dirac grating has a reflectance response independent of
grating order, M = 1, 2, 3,...,. To verify this, we set the magnitude of the spectral components
|Fx| to the same arbitrary constant, e.g., unity, for k = MN, and zero elsewhere, as shown in
Fig. 2(a), and their phase to zero so that the incident and reflected waves are in phase at the Bragg
wavelength.

Fig. 2. (a) Desired distribution of |#%| in the spectral domain for order independent
reflectance. (b) Spatial permittivity profile of the corresponding Dirac grating over ten
periods.
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Fig. 3. Left panels: Desired distribution of |Fy| in the spectral domain. Right panels:
Spatial permittivity profile of the corresponding Dirac gratings over ten periods. (a) Odd
equal-order grating, and (b) exceptional point grating.

Applying the IDFT [19] to a discrete spectral distribution, Fy, leads to the required permittivity
perturbation in the spatial domain, described by the samples f,,,:

fu=3 D RSTE L m=01..6-1 (16)
k=—£/2

Note that the magnitude of the resulting samples (Eq. (16)) depends on the magnitude chosen
for |Fy| and on &.

The permittivity modulation resulting from the spectral distribution of Fig. 2(a) is shown in
Fig. 2(b), where the horizontal axis is normalized so that a period is equal to unity. We observe
that the real part of the permittivity modulation, Ag,,, required to implement the grating consists
of Dirac-like peaks, whereas the imaginary part of the permittivity modulation is zero (Ag;,, = 0),
which follows our definition of Dirac gratings and Eq. (15).

Other types of Dirac gratings can be envisioned and designed using the IDFT. The conventional
quarter-wavelength grating is of particular interest in semiconductor laser design because it can
act as an efficient and high-reflectance mirror while also being relatively easy to fabricate. For
the case of Bragg gratings formed as a quarter-wavelength stack (d = 0.5), from Eq. (8) it follows
that |?M| vanishes for d = 0.5 and even M, while for odd M:

— Ae
= |— 17
Tl = 15| an
This implies that the coupling coefficient (12) and the reflectance (14) are zero for even orders

and non-zero for odd orders. Inspired by the conventional quarter-wavelength stack, we set as an
alternative design in Fig. 3(a) (left panel) the odd spectral components |F,| to unity and the even
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ones to zero. We then find the permittivity profile by applying the IDFT, yielding a Dirac-like
profile involving sharp positive and negative perturbations occurring at specific points along
the grating length, as shown in Fig. 3(a) (right panel). We term this design an odd equal-order
grating.

In Fig. 3(b), a Dirac grating is designed to produce unidirectional reflection, which means that
light is reflected from one grating port but not from the other. This is achieved by ensuring that
the spectral representation of the permittivity perturbation has odd orders occurring at only one
spectral location such that the spectrum is single-sided, as shown in the left panel of Fig. 3(b).
Such gratings are known as exceptional point gratings where parity-time symmetry breaks down
[25-27]. The required permittivity modulation shown in the right panel of Fig. 3(b) exhibits
even and odd symmetries for the real and imaginary parts of the refractive index, respectively, in
agreement with the literature [28].

The IDFT approach can be extended to create gratings with arbitrary reflectance responses,
resulting in a complex permittivity profile. Our findings are consistent with the findings of
[29], which showed that the reflection spectrum of weak gratings is the Fourier transform of the
refractive index profile.

4. Modelling of Dirac gratings

Dirac gratings theoretically require infinitesimally narrow perturbations, which could be practically
implemented as thin layers in a dielectric stack, or as short discontinuities in waveguide geometry
along the propagation direction, such that the effective index perturbation resembles, e.g., the
profile of Fig. 2(b). In this section, we investigate analytically the limit up to which the length of
the perturbations can be increased while retaining the properties of a Dirac grating. Additionally,
we further validate the concept of Dirac gratings by modelling the performance of two example
structures using the TMM and EME method.

4.1.  Upper limit of duty cycle

As described in Section 2, a Dirac grating is formed when the duty cycle d is small, such that
the small-angle approximation for the sine function in Eq. (12) holds. This sine function can be
expressed using the Maclaurin series expansion as follows [30]:

(7er)3 (7er)5
3T s

It is evident from the above that the second and subsequent terms can be disregarded
for sufficiently small arguments. To obtain Fourier coefficients (coupling coefficients and a
reflectance) that are equal for all grating orders to within a specified error £, then using Eq. (18),
the upper limit for the duty cycle, d,,4y, should respect:

sin(mMd) = (nMd) - (18)

(ﬂMdmax)3

(ﬂMdmwc) - 3

+... =(1 _g)(ﬂ'Mdmax) (19)

which yields:

dpay = ﬂ (20)

max =~ ﬂ'M
It can be observed that d,,,, depends solely on ¢ and M. For instance, if the designer aims
to achieve order-independency for orders up to 100 with an error less than 2%, the maximum
allowed duty cycle is dyqx = 0.001. So, the designer faces a trade-off between the error ({) and
fabrication-related considerations including the grating period (M A) and the smallest feature size
(dmax\). The other grating parameters such as index contrast and grating length do not play a

defining role in realizing a Dirac grating.
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4.2. Dirac dielectric stack and TMM analysis

We employ the TMM to investigate a dielectric stack composed of Si/SiO, multilayers on a Si
substrate, as an order-independent Dirac grating (following Fig. 2). The simulation setup, along
with the multilayer stack considered, are illustrated in Fig. 4. In this figure, MA is the pitch and
Lp is the length of each perturbation approximating Dirac peaks (Dirac length). The duty cycle
d = Lp/MA is the ratio of the Dirac length to the pitch. The refractive indices of Si and SiO,
were taken as ng = 3.47 and n; = 1.44, respectively, [31] for operation near 1o = 1550 nm. To
ensure that the first order (M = 1) Bragg reflection occurs near 1550 nm, we set A to 225 nm.

Lp
Air| n, |n;| ... | ng |ny| Ny
Incident light
z
Reflected light
MA

Fig. 4. Schematic of the periodic multilayer stack of pitch M A, used in TMM calculations.
The grating is bounded by two semi-infinite layers - a Si substrate of index ng and air of
index 1.

The reflectance response R was computed for several grating orders and different values of
d while maintaining the total stack thickness fixed to 10.8 pm, which holds N =48 periods for
M =1. Figure 5(a) plots the reflectance at Az as a function of duty cycle d for four different
grating structures, corresponding to M = 1, 2, 4, and 8. We fixed d when comparing different
orders to verify the order independent performance predicted by (14) and (15). Figure 5(a) reveals
two key observations. First, the Dirac stack indeed exhibits order-independent performance,
as the reflectance response remains constant for different orders at the same d. Second, the
order-independent behavior is not significantly affected by Lp values up to 2.5% of the pitch.
Thus, in a dielectric stack, thin slabs of finite thickness are good approximations to a Dirac
function.

(@ 10 (®) 10

L]
° 0.8
0.8 1 ® 06
e
= L 0.4
0.6
Ist  ® 2nd 0.2
¢ edth e 8th
0.4 r T 0.0
0.0 0.01 0.02 0.03 1450 1500 1550 1600 1650
d

Wavelength (nm)

Fig. 5. (a) Reflectance near the Bragg wavelength as a function of d for several grating
orders. (b) Comparison of reflectance responses for several grating orders (shown in legend)
for d = 0.02, calculated via the TMM. The grating length is fixed to 10.8 um for all orders.
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Figure 5(b) compares the reflectance responses of different gratings for d = 0.02. For the case
where d = 0.02, the SiO, and Si thicknesses are 4.5 and 220.5 nm, respectively, for 1** order, and
36 and 1764nm, respectively for 8" order. Both designs produce the same reflectance for the
same total stack thickness (10.8 um). Furthermore, the reflectance responses of Fig. 5(b) exhibit
good agreement with one another, not only in terms of the reflectance values at A but also in
terms of the width of the reflection band. The TMM simulations thus provide confirmation of
the effectiveness of Dirac gratings.

The order-independence of the spectral responses can be explained phenomenologically as
follows. The Dirac-like perturbations have a short length Lp so they may be viewed as scatterers
as long as they remain shorter than the wavelength. As the grating pitch is increased from A to
MA, the perturbation length must also be increased from Lp to MLp in order to maintain the duty
cycle d constant. The M-times longer perturbation produces M-times stronger scattering, such
that for gratings of the same length but different orders, the reflectance response remains identical
even though the M-th order grating has M-times fewer scatterers compared to the first-order
grating. So, the integrated effect of the scatterers in both cases remains identical.

The fabrication of a Dirac grating as a dielectric stack requires precise control of the refractive
index and thickness of individual layers, which must also be uniform and of high quality (low
roughness, particles and defects). Semiconductor deposition tools readily offer the required
control and quality in material, via physical or chemical vapour deposition [32].

4.3. Dirac waveguide grating and EME analysis

The example waveguide assumed in this section is a Silicon-on-Insulator (SOI) strip-loaded
waveguide as shown in Fig. 6(a). The details of each layer (thickness, refractive index) are given
in Table 1. The refractive indices of Si and SiO, were extracted from [31]. The waveguide is
taken as lossless and passive, i.e., the imaginary parts of the refractive indices are zero. The top
view of the parameterized grating structure is shown in Fig. 6(b), where MA is the pitch and Lp
is the length of the Dirac peaks. A is assumed to be 280 nm such that the first order Az occurs
at ~1550nm. Figure 6(c) shows the electric field profile of the fundamental transverse-electric
(TE) mode for the two ridge widths used within each period.

Fig. 6. (a) 1D cross section of the assumed strip-loaded waveguide. (b) Schematic of the
Dirac waveguide grating. (c) Electric field profiles of the fundamental mode for the two
ridge widths used in (b).
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Table 1. Properties of the multilayer grating structure at 1550 nm

Layer Description Material Thickness (nm) Refractive Index
Core Si 300 3.47
Insulator SiO, 2000 1.44
Substrate Si 3.47

We now use the EME method to model the grating structure. The EME method is rigorous,
modelling the response of the 3D structure, including any scattering losses due to mode mismatch
along a grating. The simulations were carried out using the EME solver in Lumerical Mode [33].
The fundamental TE mode was selected as the input source.

Similarly to the previous section, we vary the parameter d = Lp/MA and the grating order M,
and we compute the reflectance response for a constant grating length set to L = 560 pm, i.e.,
N = 2000 for M = 1. Figure 7(a) plots the reflectance at Ap vs. d for four different orders. It is
apparent that for d>0.01, the performance is not independent of order as different reflectance
values are produced for the same grating length. This contrasts with Fig. 5(a), where a stronger
grating maintained order-independence for larger d. Additionally, the EME method considers
radiation loss, which means that the reflectance might diverge for duty cycles smaller than
expected based on Eq. (20). In this example, the upper limit for the duty cycle should be 0.013
according to Eq. (20) for = 10%, whereas the EME simulations show d<0.01. The structural
parameters for d = 0.005 for the 20" order grating are: MA = 5.6 um and Lp = 28 nm, whereas
the structural parameters for the first order grating are: MA = 0.28 um and Lp = 1.4 nm. The
former which has only 100 periods produces almost the same performance as the latter which has
2000 periods.

(@) 1 (b) o

Ist
0.8 4 . 5th d = 0.005
H 0.09 1 __ 1oth

0.6 1 s o o — 20th
o . o 0.06

0.4 4 '

02 Ist 5th 0.03

[ ] @ 10th e 20th
0.0 T T 0.00
0.0 0.01 0.02 0.03 1545 1546 1547 1548 1549 1550
d Wavelength (nm)

Fig. 7. (a) Reflectance near the Bragg wavelength as a function of d for several grating
orders. (b) Comparison of reflectance responses for several grating orders (shown in legend)
for d = 0.005, calculated via the EME method. The grating length is fixed to 560 um for all
cases.

Figure 7(b) shows the wavelength response of the reflectance R computed using the EME
of the four grating designs for the case d = 0.005. It is clear that despite very different orders,
the gratings share almost identical wavelength responses, thereby confirming order-independent
behavior for Dirac waveguide gratings.

The fabrication of a Dirac waveguide grating shares similar considerations as a dielectric
stack, in that precise control of material properties and quality are required. Additionally, high-
resolution lithography is required to define the waveguides and the Dirac perturbations of length
Lp, as well as an etching process that produces vertical and smooth sidewalls. High-resolution
features can be accessed via electron beam or helium ion beam lithography [34], and the latter by
reactive ion etching.
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5. Conclusion

We demonstrated theoretically that the reflectance of a grating, which depends on the coupling
coeflicient k_,y, is proportional to the Fourier coefficients of the largest magnitude in the discrete
spectral representation of a permittivity perturbation. Based on this observation, we introduced a
design technique whereby a desired spectral response is inverse Fourier transformed to produce
the corresponding permittivity perturbation in space. The approach is general and can be used to
design gratings of arbitrary reflectance response. The outcome is a complex permittivity profile
of the desired Bragg grating. This method provides an efficient way to design devices for a
variety of purposes, such as generating frequency combs, single-frequency lasers, unidirectional
lasers (e.g., exceptional point gratings), of arbitrary permittivity profile.

Using this technique, we arrived at the concept of a Dirac grating, where (strong or weak)
periodic perturbations of vanishing duty cycle approach a train of Dirac functions. Such gratings
produce interesting spectral responses, such as order-independent performance for the same
grating length. We provided practical design examples based on a dielectric stack and on an
SOI waveguide. The analytical TMM and numerical EME methods were used to verify the
performance on these examples and verify the concept of Dirac gratings. Apart from their
interesting behavior, Dirac gratings have practical significance in that higher order gratings can
be used in place of lower order gratings while maintaining the same performance for the same
grating length.

Funding. National Research Council Canada; Natural Sciences and Engineering Research Council of Canada.
Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.
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This study presents a semi-numerical algorithm based on the coupled-mode theory combined with finite differ-
encing to assess the performance of one-dimensional trapezoidal waveguide gratings, as well as arbitrarily shaped
ones. Our approach not only surpasses traditional finite-difference time-domain (FDTD) and finite-element
method (FEM) solvers in computational efficiency but also provides insightful information on DFB stack design by
including partially confined radiative waves. We apply this method to investigate fifth-order trapezoidal waveguide
gratings and optimize groove profiles in the context of a single-mode DFB laser, demonstrating its potential for

rapid design and analysis in photonics applications.
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1. INTRODUCTION

Since their introduction, waveguide Bragg gratings (WBGs)
have played a vital role in the development of active and passive
photonic devices. WBGs function by selectively reflecting
certain wavelengths of light in accordance with the grating’s
periodicity. Distributed-feedback (DFB) and distributed Bragg
reflector (DBR) cavity lasers, grating couplers, and filters are just
a few of their many applications in optical tele- and datacom,
sensing, microwave photonics, and more [1-3].

Conventionally, the coupled-mode theory (CMT) was
extensively employed to investigate the performance of WBGs
because it provides an effective way to model light interac-
tion in these gratings by emphasizing the coupling between
waves propagating in opposite directions. In this method, both
fundamental forward- and backward-propagating contra-
guided waves were considered in the calculation of the coupling
coefficient—an essential parameter for evaluating WBG effi-
ciency [4,5]. Streifer et al. significantly improved upon the
CMT by incorporating all interacting waves, including guided
modes, partially confined radiative modes (also termed partial
waves), and diffracted waves [6]. Streifer’s method was super-
seded by the numerical methods, which facilitate the modeling
of WBGs with arbitrary-shaped corrugations [7-9]. However,
the primary challenge associated with numerical methods is the

0740-3224/25/020438-08 Journal © 2025 Optica Publishing Group

long simulation time required, resulting in high computational
expense.

Here, we reporta newly developed semi-numerical algorithm
to calculate the coupling coefficient of any arbitrary grating,
resting on the CMT formulation introduced by Streifer ez 4l.
[6]. Our algorithm yields precise solutions for geometries
of greater complexity than those examined by Streifer while
requiring minimal computational resources, yielding results
in significantly reduced computational time compared to
mainstream numerical methods. The numerical algorithm is
implemented in Python and available in Ref. [10].

The remaining of the paper is organized as follows. In
Section 2, we present three methodologies for determining
the coupling coefficient of a WBG: (A) the approach proposed
and used in this paper, termed the finite-difference coupled-
mode theory (FD CMT); (B) a numerical scheme based on the
finite-element method (FEM); and (C) that using the finite-
difference time-domain (FDTD) method. Subsequently, a
comparative analysis of the results is reported in Section 3. In
Section 4, we analyze a fifth-order grating, explain the rationale
for this choice, and discuss the optimization of the WBG profile
for single-mode operation in a DFB laser (DFBL). Finally, a

conclusion is given in Section 5.



Chapter 8 — Finite-Difference Coupled-Mode Analysis of Waveguide Gratings And Their
Optimization for Single-Mode DFB Lasers

99

Vol. 42, No. 2/ February 2025 / Journal of the Optical Society of America B 439

Xmm{f
v

Fig.1. Single period of the studied grating structure.

2. METHODS

A. Finite-Difference Coupled-Mode Theory

1. Finite-Difference Solution for Fundamental and Partial
Waves

Figure 1 shows a three-layer slab waveguide featuring an embed-
ded grating at the interface between its core and cover layers.
In the real waveguide structure, it could be related to, the
embedded WBG would be formed by patterned etching and
blanket overgrowth, a standard process used in fabrication of the
DFBLs, allowing for a certain degree of flexibility in terms of the
grating pitch, shape, and depth.

Referring to the near-infrared spectral range, e.g., communi-
cation O- or C-band important for applications, the first-order
grating would require such a lithography with well below
100 nm resolution, which is not commonly available in the
photonic fabs. An alternative would be the higher-order grating,
typically third or fifth order (depending on the etching process),
implementable with a more accessible I-line stepper (365 nm
wavelength).

Following Streifer’s notation, the main transverse electric
field component of the fundamental TE mode &y(x) at the
Bragg wavelength A3 = 2n.fA is described by the Helmholtz
equation:

dzé‘o(x)
dx?

+ [ko*n*(x) — Bo*] £0(x) =0, (1)

where ky=2m/Ap is the free-space wavenumber, By =
27 negr/Ap is the propagation constant of the TE mode, and
nefr is its effective index. For the remainder of this paper, we will
follow the time-harmonic form exp(— jwt) and consider only
the TE mode.

The refractive index 7(x) equals 71, 73, and 73 in the cover
(x <0), core (g <x <b), and substrate (x > b) regions,
respectively. In the grating region (0 < x < g), the refractive
index varies with both x and z. However, due to its periodicity
in z, the z dependence can be expressed through a Fourier series,
reducing the refractive index to a function of x alone. The details
of this approach are provided in Ref. [6]. Therefore, in the

grating region, the refractive index 7(x) is represented as

2,2 _
ng (x) 2\/1@2 + (nl 72 ) [U[)\z(x) wl(x)] 7 (2)

where the groove’s profile is characterized by the functions
w1 (x) and w, (x), which are, in general, arbitrary. In this paper,
we assume these functions to be linear, resulting in a trapezoidal
profile. This choice allows for direct comparison with the results
reported by Streifer ez a/. [11] and better aligns with DFB laser
fabrication methods, as etching processes often produce grooves
with linearly sloped walls.

To calculate the effective index of the waveguide with grat-
ing, 7, we employ a method similar to that described in Ref.
[12]. We first discretize the grating region into a series of grids
along the x axis. Figure 2(a) illustrates the 1D refractive index
profile of the structure along the x axis (green lines), where
according to Eq. (2), ngz (x) varies linearly in the grating region
(0 <x <g). We discretize the refractive index distribution
ng*(x) into M + 1 (M is an integer) equally spaced grids. The
divisions between grids are identified by black dots in Fig. 2(a),
each located at x4, (v=1, 2, ..., M). At each division point,
two distinct slab waveguides are constructed. An example for
X = X}4y is shown in Fig. 2(a): the first waveguide (shown by
red lines) incorporates the cover layer extending into the grating
region with a thickness x;4,. Beyond this point, another layer
extends continuously to the core with the refractive index of
7(x4+y). The second waveguide (shown by blue lines) includes
the core layer extending into the grating region with a thickness
of ¢ — X44v. Another layer extends from x = x4, to the cover
at x = 0, with the refractive index of 7 (x4 ,).

It is straightforward to calculate the effective refractive
index of each slab waveguide, as described, e.g., in Ref. [13].
Figure 2(b) shows the effective index of these two waveguides
(red and blue curves) as a function of x4, for grating System
1, described in Table 1. The 7 of grating System 1 is taken
as the average of these values and is found to be 3.5797, which
shows excellent agreement with Ref. [11]. We used intervals of
Xptyv — Xp+y—1 = 10 nm in this calculation. Smaller intervals
yield more accurate results but increase computation time.
It is crucial to choose intervals small enough for #. to con-
verge, as inaccurate values can significantly impact subsequent
calculations.

After finding 7. and By, the mode functions are expressed
analytically within each layer. The first-order perturbation for

the partial wave ¢, (x) is defined by the solution of this equation
[6,11]:

2,.6)
T k) — 8,700 =~ A () )

3
where B, = Bo 4+ 2 m /A represents the propagation constant
of the partial wave of order m(m # i); A, (x) is the gth Fourier
coefficient of the grating; and 7 denotes the forward (i = 0)
or backward (i = p) propagation direction of the wave, with
p = — P, where P isthe grating order. A4, (x) is zero everywhere
except for the grating layer, where it equals

an - nfz I:e_jZHq;fz<X)

j2rq
Since Eq. (3) represents an inhomogeneous Helmholtz
equation, numerical methods are preferable for its solu-

tion, especially for arbitrarily shaped grating profiles. Using
our discretization of the structure along the x axis, we

Ay (o) =

j2mqwy (x)
— = )

4
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Fig. 2.  (a) Refractive index distribution over the x axis, shown by the green lines. The grating layer is discretized into M + 1 grids, where the
division of grids is identified by black dots at x;1, for v=1, ..., M. Two waveguides are generated at each dot, shown by the red and blue lines.
(b) Effective index of the waveguides depicted by the red and blue lines in (a), as a function of x44.

Table 1. Parameters of the Grating System 1

Parameter w d dy " ny n3 g b A Ap
Value 0 0.25 0.75 3.4 3.6 3.4 0.2 um 1 um 237.5nm 850 nm

rewrite the left-hand side of Eq. (3) using a central difference where k1 = ko’ 112 — By’ and by =/ ko132 — B,,% are the

approximation: transverse components of the plane waves’ wavenumbers.

@ D (x +h) — 26D (x) + D (x — h)
&,y ()= ,

(5) 2. Computing Streifer’s Coefficients

52
where Once the &%) are determined, the partial wave parameters
¢1,....4 introduced by Streifer ez a/. [6] can be readily calculated.
b= Kimax — Xmin ©) These parameters, extensively discussed in Refs. [6,11], are
N—1 summarized as follows:
Here, IV is the total number of grids used in the discretization, o= ZOO 77(0)7 , (9a)
and Xpin and X .y are the boundaries of the simulation win- Z:O_ j’: o
dow. Thus, we transform the differential equation given by
Eq. (3) into NVlinear equations of the form o= Z;_wn;{’zq , (9b)
e, —2eW) 4 g , 1707r
141 . ! L4 (k2 () — ) €2, .
h _ (2] 9
G=30 iy (%)
= —ko* Ay (x1) £0(x1) , Y] g
- e (0
where 1 </ < NV (x;s are shown in Fig. 1). There are NV equa- Gi= Zq:,w”w—q’ (9d)
tions with V4 2 unknowns, including 8:;)0 and 85,;) NeD which 9#0.p
can be eliminated by substituting appropriate boundary con-
.. . . . where
ditions to terminate the computational domain at X, and
Kinax- ) ko? ng, (x) &0 (x) €D (x) dx
Given our emphasis on modeling partial waves (radiative e = ﬁ [ 02 (x) dx ’ (9e)
modes), we apply radiative boundary conditions at Xy, and -
Xmax by defining plane waves propagating outward from the kot [SA4, (x) 0? (v) dx
domain in the £x directions at these locations. These condi- =0 F (9f)

PTB T e (o) dx

tions provide two additional equations, which allow us to relate
e® and e, 1 to the fields within the domain. The radiative

1 Here «, is the coupling coefficient. In general, including more
boundary conditions are defined as follows:

partial terms improves the accuracy of the results, though at the
(8a) cost of increased computational time. However, per our expe-
rience, the partial terms have negligible effect when |¢| > P
4 . 4 (g #0). The coupling coefficient of the higher-order grating,
852)1\,: 82)1\,_*_137]16”/7, (8b) incorporating contributions from partial terms ¢, 4, can be

(@) _ (&) ,—jkih
Sml_gmoejl’
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Fig. 3. Dominant orders of partial waves (legends show the order
m). The inset presents the geometry of System 1, rigorously discretized
by the FEM solver.

described using an effective coupling coefficient [14]:

Keff =/ (i, * + 82) (K6 + £4). (10)

B. Finite-Element Method

We use the commercial FEM software, COMSOL v6.1 [15], to
analyze an example triangular-profiled grating, labeled System 1
and described in Table 1. FEM solvers enable numerical calcu-
lations of 7, £9(x), and ') (x) through a multistep modeling
process.

First, a wave equation study using the RF module is imple-
mented to solve Eq. (1) numerically. The refractive indices
and geometrical parameters of a WBG aligned with System 1
are defined. The inset of Fig. 3 shows the 1D configuration of
the system as defined in the Geometry section of COMSOL.
The simulation box is large enough and surrounded by per-
fectly matched layer (PML) boundary conditions to prevent
reflections from the walls. Using the computed values of 7.
and gy(x), we implement a general type of partial differential
equation (PDE) from the Mathematics module,

V- (=cVel? (x)) +aeld (x) = f, (11)

to numerically calculate the partial waves. Equation (11) is

defined by

c==1/5(x), (12)
a= (- BL) S (). (13)
f=—kiAp_i (x)eq (x) S (x), (14)

where ¢, @, and [ are the diffusion coefficient, the absorp-
tion coefficient, and the source term, respectively. The PML
correction factor is

S(ry=1+4i—2& (15)
Nir-aey

where o (x) is the stretching factor [16].

Figure 3 shows the E-field distribution of the dominant
orders of partially radiative waves across the waveguide in the
forward setup (i = 0). The sudden drop of the fields at 15 pm is

due to enforcing PML boundaries. It is obvious that the partial
waves can constructively or destructively interact with guided
modes while decaying as they approach the modified absorber
walls. At the end of this step, one can recall Egs. (9) and (10) to
calculate the effective coupling coefficient of System 1.

C. Finite-Difference Time-Domain

Due to the periodic modulation in gratings, a range of wave-
lengths surrounding the Bragg wavelength Az will not be
transmitted at the output of the gratings. This range is termed
the stopband, and its width is referred to as the bandwidth. The
bandwidth of a grating can be theoretically obtained using the
CMTas[17]

A 52 L 2
An=—B 14 (—'K“fl) , (16)
T

Ngroup

where 720up represents the group index. According to Eq. (16),
we can calculate the coupling coefficient by knowing the band-
width.

One can utilize the FDTD technique to carry out this calcu-
lation. By modeling a finite-length grating bounded by PML
conditions and launching the fundamental mode of the unper-
turbed waveguide at the input of the grating, the reflectance
and transmittance of the waveguide mode can be computed.
This is achieved by implementing frequency-domain monitors
located at the input and output of the grating, respectively. Such
simulations have been elaborated [18,19].

However, simulations of finite-length gratings are compu-
tationally expensive and time-consuming. A more efficient
FDTD approach has been reported [20], wherein an infi-
nitely long grating is modeled by simulating only one unit cell
and applying Bloch boundary conditions along the propaga-
tion axis. We use this technique in the commercial software
Lumerical FDTD [21] to determine AA and subsequently
calculate |«.f| using Eq. (16). The fundamental mode of the slab
waveguide serves as the source for our simulations. A mode pulse
of a few femtoseconds (consecutively, with a broad spectrum) is
launched into the grating. This pulse propagates to the output
boundary, and due to the periodicity of the system, re-enters
from the input boundary. This process repeats until the simula-
tion time finishes or the energy within the simulation window
reaches a predefined threshold. A frequency-domain monitor,
positioned perpendicularly to the propagation direction within
the simulation window, captures the wave spectrum transmitted
through the system. The normalized square of the transmitted
field, or transmittance, is illustrated in Fig. 4 for the grating
System 1 for various simulation durations. It is evident that as
the simulation time increases, the width of the peaks narrows,
and the peaks become more distinguishable. Weak gratings have
narrow bandwidths, and their peaks are closer to each other,
therefore requiring more simulation time.

The bandwidth and the Bragg wavelength can be determined
from the positions of these two peaks. By reformulating Eq. (16)
with the length approaching infinity, the magnitude of the cou-
pling coefficient can be deduced from

AT Mgroup

e (17)

|Keff| =
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Fig. 4.  Transmittance for different simulation times (from

Lumerical FDTD). The inset shows calculated |k 4| as a function
of the simulation time.

The inset of Fig. 4 plots the variation of |k.f]| as a function of
the simulation time. For materials with the refractive indices
that are weakly dependent on the wavelength (such as III-V
semiconductors in the infrared), #g0up can be replaced by ncg
(as was done in this calculation). The convergence becomes
evident with increasing simulation time, suggesting that short
simulation times may yield inaccurate results.

3. COMPARISON OF METHODS

In this section, the coupling coefficients of the fundamental
mode obtained by FD CMT, FEM, and FDTD are compared
to each other and to the data reported in Ref. [13] for the grating
structure of System 1, as a function of &) (d, =1—4d,). In
FDTD simulations, we used 40,000 fs for the simulation time
with a time step of 0.015 fs and a uniform mesh size of 3 nm.
The FD CMT and FEM simulations were conducted with
—8 < ¢ <7 and a mesh size of 3 nm for discretization. This
mesh size was selected to ensure the convergence, as discussed
later in this section.

Figures 5(a) and 5(b) plot |k ¢ and Zk.f, respectively, as
functions of ;. Overall, good agreement exists between all three
methods. The |« | is minimum when the grating is symmetric
and reaches its maximum at 4; = 0.15 and 0.85. This triangled
grating exhibits a small phase regardless of &, suggesting min-
imal radiation loss. The highest phase is achieved where |« ]
is minimum. An important feature of a grating having a large
phase of k. is its ability to increase mode selectivity. This aspect
will be discussed further in Section 4.

Table 2 compares the computational times of the three
methods for the grating System 1. The computational power
remains consistent across all cases, on an Intel Core i7-10700
CPU at 2.9 GHz processor and 32 GB of RAM. The efficiency
of the FD CMT compared to other methods is remarkable.

(a) %
—FDCMT + FEM WEDTD X Sireifer
)
g 454
]
o ‘/\\./\
g-v 35
25

0 02 0.4 0.6

dy

08 1

Fig. 5.

=
—

LK (rad)

Table 2. Comparison of Computing Time of Different
Simulation Methods

Method FD CMT FEM FDTD
Computing time (s) ~10 ~900 ~600

The primary reason for the FD CMT’s superior efficiency over
the FEM lies in how each solver handles meshing. The FD
CMT applies boundary conditions primarily at the edges of
the overall problem domain to enforce physical constraints.
In contrast, the FEM discretizes problem by thousands of free
triangular elements, solving the solution within each element
and ensuring convergence via regular iterative refinement.
Meanwhile, the FDTD, being an inherently time-domain
solver, requires both spatial and temporal stepping, which
makes ita time-consuming method.

For the FEM, note that the actual simulation time is signifi-
cantly longer than the listed computational time due to the
need for identical data mapping between different modules in
COMSOL.

Figure 6(a) illustrates the convergence of |k .| for each
method as the mesh size is reduced from 45 nm. The FDTD
method decreases in steps of 3 nm, while the FEM method
is refined in steps of 10 nm. The FD CMT method is shown
with continuous lines refined in 1 nm steps. Other simulation
settings are as discussed above. In the smaller mesh size range
(down to 10 nm), all the methods converge to the same value.
However, as the mesh grid size increases, both the FDTD and
FD CMT methods yield similar results due to their identical
meshing principles along with a decrease in the simulation time.
In contrast, the FEM shows better overall convergence owing to
the higher accuracy of finite-element meshing, albeit at the cost
oflonger simulation times.

Figure 6(b) shows the convergence of |« .| as a function of the
number of partial modes included in the FD CMT simulation.
The partial modes, represented on the horizontal axis, are sym-
metrically distributed with respect to ¢ =0, excluding ¢ =0
itself. For example, including two modes corresponds to g rang-
ing from —1 to 1. A value of 0 on the horizontal axis indicates
that no partial mode is included. As discussed in Section 2.A.2,
|k ol converges when the summations in Eq. (9) incorporate
partial waves for |g| > P (here, P =2).

4. OPTIMIZATION OF THE WBG FOR A
SINGLE-MODE DFBL

In the DFBL design, commonly used first-order gratings have
the advantage that guided waves are decoupled from partial

0

-0.01

-0.02 4

-0.03

-0.04

-0.05 i
08 1

Comparison of the (a) amplitude and (b) phase of the effective coupling coefficient kg obtained using different methods.
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Fig. 6. (a) Coupling coefficient |k ] as a function of the mesh size

used in FD CMT, FEM, and FDTD. (b) |« | as a function of the
number of partial modes included in the FD CMT.

waves, so no radiation loss occurs in this case. This minimizes
the threshold current and maximizes the slope efficiency, but it
makes the laser susceptible to mode hopping due to the degen-
eracy of the longitudinal modes. In a DFBL with a higher-order
grating, the radiation loss associated with the resonant cou-
pling between guided and partial waves increases the threshold
current and reduces the slope efficiency, but it has the advan-
tage of breaking longitudinal mode degeneracy [22-25]. To
demonstrate the mode selectivity in higher-order gratings, we
optimize a fifth-order grating in this section for the single-mode
operation. We chose a fifth-order grating for three reasons: first,
while second- and third-order gratings have been extensively
studied [8,9,23,25,26] and fourth-order to some extent [27,28],
fifth-order gratings remain relatively unexplored. Second, in
the O-band, a fifth-order grating has a pitch of ~1 pm, which is
well-suited for fabrication using inexpensive photolithography
techniques, e.g., based on a mask aligner. Third, fifth-order
gratings inherently have many radiative modes, making them
good candidates to test the accuracy of our FD CMT scheme.

Table 3 describes the parameters of the model structure
depicted in Fig. 1 used for an illustration of how the WBG could
be optimized for a single-mode DFBL operation. It is repre-
sentative of an InP-based DFBL with the overgrown WBG. By
varying the values of w and d (= dy = 4,), the trapezoid grating
profile may be changed to rectangular or triangular. Varying ¢
adjusts the depth of the grating. The optimization procedure
is as follows: we vary w from 0 to 1 (in a step size 0of 0.02) and &
from 0 to (1 — w)/2 (inastep size of 0.02). Increasing & further
will make the groove profile resemble an outward trapezoid,
which is unlikely to occur in fabrication. Therefore, we excluded
such cases from our analysis.

We vary g from 0.25 to 0.75 pm in a step of 0.25 pm. The
optimization goal for such a structure is to achieve a single-mode
spectrum while maintaining a high coupling coefficient magni-
tude. The coupling strength of a grating is commonly assessed
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Table 3. Parameters of the Grating System 2
Parameter 1, ny ns P b Az
Value 3.2 3.3 3.2 5 1um 1300 nm

using the product of the coupling coefficient and the length,
denoted |k 4| L. A strong grating is characterized by |k .| L > 1,
indicating that for a typical laser length of 1 mm, the value of
x| should be at least 10 cm™!. Thus, in our optimization
algorithm, we assume a 1 mm long laser and only consider the
geometries that result in |« values greater than 10 cm™!.
We select the one with the largest phase from the resulting
geometries to achieve single-mode performance.

Figures 7(a) and 7(b) depict the amplitude and phase, respec-
tively, of the coupling coefficient at a wavelength of 1300 nm
computed using the algorithm discussed in Section 2.A. The
data points with |4 <10cm™" are omitted for clarity.
The simulation was conducted with the following settings:
Xmin = —3 pm, Xy =3 um, —7 < g <7, and a step size of
3 nm for the discretization.

Upon initial observation, it is evident that the amplitude
peaks coincide with minima in phase, and conversely, minimum
amplitudes correspond to larger phase values. Deeper gratings
generally exhibit higher amplitude and phase. It is important
to note that the selection of groove shapes should be tailored to
the specific application, as different applications may require
different characteristics. However, in our case, we prioritize
gratings with the largest phase.

Radiating waves interact with the contradirectional guided
waves in a grating structure, partially coupling back into the
laser waveguide. This interaction decreases or increases the
guided wave intensity, effectively inducing additional loss or
gain to the guided wave. From Fig. 7(b), we see that the sign of
the phase of the coupling coefficient depends on the grooves’
profile and can be either positive or negative, corresponding
to partial gain or loss coupling, respectively. To achieve natu-
ral single-mode behavior in DFBLs, it is desirable to have a
phase of large magnitude. According to Fig. 7(b), the largest
phase is achieved at w =0.04, 4 =0.32, and g =0.75 pm,
corresponding to our optimized design.

To evaluate the lasing condition of the WBGs, we need
to solve the coupled wave equations for the forward R and
backward S traveling waves [11]:

dR

d—z—(a+z'8+i§1)R=i(K;+§2) S, (18a)
ds o ‘

—Z—(a—l—zS—f—z{l)S:z(Kp—i—Q) R, (18b)

where 8 = B — B represents the Bragg detuning parameter and
« represents the sources of loss and gain, expressed as

a = Fgmat — Ogca — Qb (1 9)

where a,ps denotes the mode’s loss due to material absorp-
tion, here assumed to be 0. The term ., refers to the scattered
loss, represented by the normalized radiated power of partial
waves escaping from the cavity and dissipating in the cover and
substrate regions [6]:
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/(oo o).

For our optimized structure, o, is 8.14cm™!. The term
I'gmae represents the modal gain, where I" is the fraction of
mode power overlapping with the gain region and g, is the
material gain. The parameters o and § are inherently coupled
and typically solved numerically as pairs. We find these pairs
numerically, based on the formulation discussed in Ref. [29].
To do so, we first define our boundary conditions. In our DFB
structure, we assume that the facets at z=0 and z= L are
cleaved and have the reflectivity of 7, i.e., R(0") = »S(0") and
S(L™)=rR(L7), as illustrated in Fig. 8. Figure 9 presents the
paired eigenvalues, 8 and ¢, at L = 1 mm and » = 0.28 (which
is a typical value for an air/II[-V material interface). These
eigenvalue pairs determine the threshold characteristics of all
potential lasing modes.

From Fig. 9, the shorter wavelength side of A 5 (right side of
8 =0) exhibits the lowest threshold gain (g, = 1.23 cm™1),
indicating it is the lasing mode. This notable disparity in thresh-
old gain between this mode and its adjacent modes ensures a
pronounced single-mode behavior and effective suppression of
side modes. By substituting this value into Eq. (19), we find that
this laser requires a modal gain I"g . 0f 9.37 cm™! to reach the
threshold gain. g, depends on the material system of the active
region and the carrier injection level. For a typical ITII-V gain
medium with multiple quantum wells, g, can reach values
beyond 1000 cm™!. T is highly dependent on the waveguide
geometry and typically isaround 0.1 [30,31].

(20)

Fig. 9.  Threshold characteristics of all potential lasing modes of
System 2 fora cavity length of L = 1 mmand » = 0.28.

Fig. 10.  Subthreshold emission spectrum of the optimized DFB
structure with a groove profile defined by w =0.04, 4 =0.32, and
£=0.75pum.

Figure 10 presents the emission spectrum derived using the
analytic method described in Ref. [32], with & being just below
the oy, The spectrum reveals a pronounced natural single-mode
behaviorat§ L A 2, consistent with the observations in Fig. 9.

5. CONCLUSION

We developed a semi-numerical algorithm based on the previ-
ously established coupled-mode theory to investigate waveguide
gratings. We achieved excellent agreement with other numeri-
cal methods offered by commercial software packages. Our
approach exhibits significantly faster computational perform-
ance, making it suitable for optimizing devices with extensive
parameter sweeps. Leveraging this method, we investigated
a generic InP-based grating and optimized it for single-mode



Chapter 8 — Finite-Difference Coupled-Mode Analysis of Waveguide Gratings And Their
Optimization for Single-Mode DFB Lasers
Vol. 42, No. 2/ February 2025 / Journal of the Optical Society of America B

105

445

Research Article

DEFB operation, which is crucial for applications that demand
a stable and high-quality signal output. The optimization,
involving over 2000 different geometries using the FD CMT,
would have been impractical to complete within a comparable
timeframe using the FEM or FDTD.
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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 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 I[II-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
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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.

Waveguide ridge Sensing fluid Top contact

\

Bottom contact‘/ } —\

I1I-V wafer

Fig. A.1 3D schematic of the proposed hybrid biosensor laser.

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
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Fig. A.2 The mask layouts used throughout the fabrication process. The blue circle represents a 2-inch wafer.

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

Thickness

. . 3
No. Material (nm) Doping Level (cm™)
0 P-InP Substrate 2~8x10"
P-InP Buffer Layer 200 10!®

2 P-Alo33Ino53Gag 14As 50 10'7
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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.

Cytop Deposition Cytop Etch
Surface Preparation
Trilayer Contact Pad
Photolithography P-Contact Metal t

N-Contact Metal
ITO Sputter ‘ t
ITO Lift-off

Bkl . s

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
I-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/cm?. 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

(a) (b)

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.
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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 um 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
SPRO55 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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Fig. A.6 Image of the wafer at the end of Step A.1.5, showing the unpatterned Cytop layer covering the ITO
structures.

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/cm?. 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.
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(a) (b)

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.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/cm?, 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.
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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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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.

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/cm?. 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/T1i 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.



Appendix A — Fabrication and Testing of Hybrid Biosensor Laser 120
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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.

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

Sample ID = EHT = 5.00 kv Gun Vacuum = 1.27¢-08 mbar Sample ID = EHT = 500 kv Gun Vacuum = 1.31e-09 mbar &)
‘ 40 pm WD = 10.1 mm System Vacuum = 369e-06 mbar @ ‘ 1pm WD =10.0 mm System Vacuum = 1.94e-08 mbar ﬁ
CRPuO Mag= 250X Date: 25 Apr 2025 uOttawa CRPUO Mag= 1200 KX Date: 25 Apr 2025 uOitawa

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
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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 uW at 1A
injection.
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Fig. A.13 Emission spectrum of the device.



Appendix A — Fabrication and Testing of Hybrid Biosensor Laser 122

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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