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Abstract

The family of III-V semiconductors is of high significance in photonics for
two main reasons. First, not only they are the most practical material plat-
forms for active photonic devices but also they are suitable for monolithic
integration of passive and active photonic devices. Second, some III-V com-
pounds exhibit high values of second and third-order nonlinear coefficients
— the property useful in all-optical signal processing and wavelength conver-
sion. This Ph.D. thesis explores the above perspectives with two candidates
from the group III-V family, namely AlGaAs and InGaAsP. The dissertation
consists of two main parts. The first part is dedicated to the theoretical mod-
elling of nonlinear bianisotropic AlGaAs metasurfaces, while the second part
focuses on the experimental studies of the nonlinear optical performance of
InGaAsP waveguides.

Concerning the first part, due to the high confinement of light supported by
the Mie resonances, AlGaAs nanoantennas and metasurfaces with both high
refractive index and high nonlinear susceptibility have found a unique place
in planar nonlinear optics, where not only the presence of high intensity of
light is of significant matter, but also the optically thin thickness of the enti-
ties releases the device from phase matching. We first describe the linear op-
tical properties of AlGaAs meta-atoms and metasurfaces such as relatively
high scattering cross-sections and the bianisotropic effect. Also, we derive
and explain all required analytic formulas for this purpose. Bianisotropic
metasurfaces with magnetoelectric coupling and asymmetric optical proper-
ties have sparked considerable interest in linear meta-optics. However, fur-
ther in this thesis, we explore the nonlinear features of bianisotropic AlGaAs
metasurfaces. In particular, we explore a second-harmonic generation in a
bianisotropic AlGaAs metasurface based on the multipolar interference in-
side the meta-atoms and the nonlinear polarization current. We theoretically
demonstrate that it is possible to obtain several orders of magnitude second-
harmonic power differences for the forward and backward illuminations by

adjusting the geometrical parameters of the meta-atoms in such a way that
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quasi-bound states in the continuum (quasi-BICs) are achievable. This re-

search paves the way for the generation of directional higher-order waves.

Concerning the second part, the research is focused on exploring nonlinear
material platforms for monolithic integration of active and passive devices
on the same chip. In this regard, we explore InGaAsP/InP waveguides of
different geometries. First, we provide the theoretical background such as
the nonlinear Schrodinger equation and four-wave mixing (FWM) equations
in a nonlinear waveguide, then we solve the set of FWM equations using
MATLAB to observe the qualitative behavior of the signal, idler, and the
pump inside a nonlinear waveguide. Furthermore, we design and employ
two waveguide geometries i.e. half-core and nanowire waveguides. We first
design these waveguides so that achieving zero group velocity dispersion
is possible through a suitable material composition and certain geometri-
cal dimensions. However, for the rest of the work, we continued with the
waveguides of different dimensions compared to the designed ones (due
to some limitations in fabrication). We demonstrate self-phase modulation
(SPM) and FWM for the half-core waveguides. For the case of the nanowire
waveguides, we also demonstrate the FWM effect. We measured and ex-
tracted the effective value of the nonlinear refractive index of InGaAsP/InP
waveguides to be n; = 1.9 x 10713 cm? /W through the relation between the
idler and the pump power when the phase mismatch is negligible. Finally,
we experimentally observe the two-photon absorption effect in our waveg-
uides through the nonlinear characteristics of input and output powers of the
waveguides from which the two-photon absorption coefficient of 19 cm/GW

is calculated.
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Chapter 1

Introduction

Nonlinear optics plays a significant role in harmonic generation, ultrashort-
pulse lasers, ultrafast optical switching, optical signal processing, and other
applications [1]-[10]. To enhance the efficiency of nonlinear optical processes,
nonlinear photonic devices either in free space or integrated forms have been
developed based on different nonlinear optical materials [11]-[16]. Among
efficient nonlinear optical materials, III-V compounds are increasingly at-
tracting interest in photonics due to various reasons such as their suitabil-
ity for monolithic integration of active and passive devices and exhibiting
large nonlinear coefficients. These functionalities could be very helpful in
all-optical signal processing, wavelength conversions, supercontinuum and
frequency-comb generation. In this regard, here, we select two most com-
mon optical devices in free space and integrated photonics, namely meta-
surfaces and optical waveguides, respectively, to unlock potential nonlinear
capabilities of III-V semiconductor compounds. We further introduce optical
metasurfaces and waveguides in the following two sections.

1.1 Optical Metasurfaces

To introduce the concept of metasurfaces, it is helpful to start with the con-
cept of electromagnetic metamaterials. Metamaterials were first experimen-
tally realized in bulk (three-dimensional or 3D) form in the microwave regime
[17], [18]. They were introduced as artificial periodic unit cells (metallic split
ring resonators and wires as the building blocks or meta-atoms) with the pe-
riodicity much smaller than the incident wavelength. The artificial medium
comprised of the meta-atoms exhibits overall effective electromagnetic per-
mittivity and permeability that is controllable in sign and magnitude through
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the material selection and adjustment of the geometrical parameters of the
meta-atoms. In this regard, such artificial media enable electromagnetic-
wave manipulation and can exhibit peculiar optical properties not accessible
in natural materials, e.g. negative refractive index [19], optical invisibility

cloaking [20]-[22], hyperbolic dispersion characteristics [23], [24], and other.

Metasurfaces are the two-dimensional equivalent of bulk metamaterials that
can manipulate the amplitude, phase, and polarization of the incident light.
They are two-dimensional (2D) periodic or aperiodic arrangements of opti-
cally small scatterers (also known as meta-atoms) that are usually located on
a very thin substrate. The meta-atoms in metasurfaces are mainly made of
metals and dielectrics. The former and the latter are referred to plasmonic
and all-dielectric metasurface, respectively. Up to now a variety of applica-
tions such as wavefront shaping [25], [26], beam steering [27], [28], polar-
ization conversion [29], [30], directional scattering [31], [32], and other have

been reported in plasmonic and dielectric metasurfaces.

In plasmonic metasurfaces, metallic meta-atoms manipulate the incident light
through their resonant behavior. This resonant behavior originates from the
collective oscillation of electrons in the conduction band and occurs at the
boundary of metal and dielectric. Generally, these collective oscillations are
associated with two electromagnetic modes (depending on the geometry),
namely, surface plasmon resonance (SPR) [33] and localized surface plasmon
resonance (LSPR) [33]. The first mechanism is related to the guiding struc-
tures such as plasmonic waveguides, however, the second one (i.e. LSPR)
is associated with individual meta-atoms comprising a metasurface. For
instance, for a sphere-shaped metallic meta-atom, the polarizability of the
sphere («) can be expressed as [33]

3 Esphere — €host

o = 47ma ,
€sphere + 2enost

(1.1)

where €gphere and epst are the permittivity of the metallic sphere and the host
medium, respectively. The parameter a denotes the sphere radius. As can
be seen from Eq. (1.1), the resonant behavior occurs when €gppere = —2€nost
and consequently, high local electric field at the surface of a metallic sphere is
generated. In plasmonic metasurfaces, resonances with high quality factors
on the order of 10% (or narrow linewidth) are reported based on the con-
structive interference of in-plane scattered light from each meta-atom at the
far-tield, known as surface lattice resonance (SLR) [34], [35]. Another way
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to obtain resonances with high quality factors in this type of metasurfaces
is based on Fano resonances, which are sharp asymmetric resonances as a
result of the interference between a localized state and the continuum or a
broad resonance [36], [37].

Although the radiative loss can be reduced in plasmonic metasurfaces throu-
gh the above mentioned solutions, these devices still suffer from the Ohmic
loss. To this end, the idea of high-index dielectric meta-atoms was proposed
for metasurfaces [38]. Dielectric metasurfaces are usually made of Si, Al-
GaAs, GaAs, Ge, and other materials. (Note that semiconductors at a certain
frequency range can be considered as a dielectric material.) Dielectric mate-
rials exhibit negligible ohmic loss and support Mie resonances in meta-atoms
including both electric and magnetic multipoles [39]. They can also exhibit
Fano resonances [40], [41].

Recently, another mechanism known as quasi-bound-states in the continuum
(quasi-BIC) has been receiving increasing attention. This mechanism allows
one to obtain resonances with very high quality factors [42] (experimentally
around 1000 [43]). Quasi BICs can usually be obtained in metasurfaces as a
result of in-plane broken symmetry. These sharp resonances are suitable for

high nonlinear conversion efficiencies [44]-[47].

Another advantage of dielectric metasurfaces is the additive role of nonvan-
ishing electric field inside the dielectric meta-atom (in contrast to the metallic
meta-atom, where the electric field is nonvanishing only at the surface). As
a result of this voluminal contribution, more overall nonlinear interaction
compared to that obtainable with the metallic counterparts can be achieved
in dielectric metasurfaces [48].

Based on the above reasons, dielectric metasurfaces can provide very suitable

platforms for nonlinear applications such as harmonics generation.

1.2 Optical waveguides

In contrast to table-top nonlinear setups assembled of bulk optical compo-
nents, integrated nonlinear optical devices employ low-power incident light
to reach the high-intensity regime for the nonlinear optical processes through
extremely tight light confinement in ultra-compact integrated optical waveg-
uides [49]. The basic guiding mechanism for optical waveguides is the total
internal reflection (TIR) that implies the traveling of light inside the region
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(a) (b)

FIGURE 1.1: (a) Schematic of a slab waveguide exhibiting 1D

light confinement in vertical dimension. The guiding mecha-

nism is based on TIR. The refractive indices for the core (the

central layer) and claddings (the peripheral layers) are n; and

ny, respectively, where n1 > n,. (b) A cross-sectional view of a
rib waveguide for 2D light confinement, where 13 > ny4.

with the higher refractive index. For instance, for a very simple structure
like a slab waveguide (see Fig. 1.1 (a)), light can propagate in the central
layer with a higher refractive index called the core or guiding layer [50].
More practical weaveguiding structures feature 2D light confinement e.g. a
rib waveguide [50], see Fig. 1.1 (b). In this regard, the employment of di-
electric/semiconductor waveguides made it possible to achieve the area of
the eigenmodes occupied by the light in the structures on the order of sub-
um? [51], [52].

D. B. Anderson and ]. T. Boyd reported the first experiment on frequency
conversion in a planar waveguide in 1971, using a GaAs thin film as the
nonlinear medium [53]. Other nonlinear optical experiments were reported
in GaAs and AlGaAs waveguides [5], [16], [49], [52], [54]-[94], as well as
InP-based nonlinear waveguide platforms [95]-[101]. In this regard, III-V
semiconductors were the first waveguide platforms employed in nonlinear

optics.

The search for new nonlinear waveguide materials with optimized nonlin-
ear optical performances has been an active field of research since the early
nonlinear waveguide experiments. Despite the significance of the achieve-
ments demonstrated in other promising material platforms (e.g silicon), they
are not intrinsically suitable for monolithic integration of passive nonlinear
optical devices with light sources and detectors. In contrast, III-V semicon-
ductors like InP/InGaAsP can integrate all the necessary components on
a single chip. Such components include not only passive waveguides for
light guiding and nonlinear manipulation but also laser sources, modulators
and detectors. In particular, over the last few decades, InGaAs/GaAs and
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InGaAsP/InP quantum-well lasers operating at telecom wavelengths have
been widely used [102], [103]. Furthermore, GaAs/ AlGaAsP quantum-well

laser platforms are very common at room temperature [104], [105].

1.3 III-V semiconductor compounds

The III-V semiconductors are alloys of two (binary), three (ternary) or four
(quaternary) elements from the group III (e.g. Al (aluminium) and Ga (gal-
lium)) and group V (e.g. P (phosphorous) and As (arsenic)) of the periodic
elements table. These compounds exhibit flexibility in terms of bandgap en-
ergy and the lattice constant, and play a crucial role in optoelectronics. Gen-
erally, the ternary and quaternary compounds can be expressed as AB;_,C
and AxB1 xCyDy y, respectively, where A, B, C, and D are chemical elements
from the groups Ill and V, and 0 < {x, y} < 1. All the material parameters
such as the lattice constant, bandgap energy (E), refractive index and non-
linear optical coefficients, change with changing the material composition
through varying x and y [106].

III-V active photonics started in 1962 [107], when Redhiker et al. created the
first semiconductor laser based on GaAs. Since then III-V semiconductors
have served as the backbone of active photonic devices such as lasers, electro-
optic modulators, amplifiers, and photodetectors [108]. Although silicon is
at the heart of photonic integrated circuits, it has an indirect bandgap that
prevents it from functioning as a light source. However, most III-V com-
pounds have a direct bandgap, see Fig. 1.2. Figure 1.2 displays bandgap
energies versus the lattice constant for some binary, ternary, and quaternary
III-V compounds. In this figure, the dots represent binary III-V compounds,
which are made up of two different chemical elements. The lines that con-
nect the dots represent the corresponding ternary alloys, and the areas that
the lines occupy represent quaternary compounds based on the binaries at

the corners.

Various parameters (T apc(x)) of any compound in Fig. 1.2, namely the band-
gap energy or the lattice constant, can be calculated through Vegard’s law
which uses linear interpolation between the semiconductor AC and BC as:

Tapc (x) = xTac + (1 —x) Tpc. (1.2)

Importantly, when E < changes, the lattice constant varies as well, so, they are
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not independent. Moreover, in integrated circuits, controlling and manipu-
lating the guided light is very important. Typically, it is performed through
waveguides made of two- or three-layer platforms, known as heterostruc-
tures. III-V heterostructures (e.g. ternary and quaternary compounds) pro-
vide a sufficient refractive index contrast to confine the light using different
compositions of elements. To this end, the lattice-matching condition also
should be considered as well. For example, the binary compounds AlAs and
GaAs have very close lattice constants, see Fig. 1.2. Therefore AlGaAs lay-
ers with different compositions of x become lattice-matched to each other.
For other compounds, specific conditions should be met. For instance, in In-
GaAsP where the substrate is typically InP, the lattice-matching condition is
x = 0.47 — 0.47 x y [106].

The III-V semiconductors have the advantage of a short electron lifetime in
comparison with silicon that makes them suitable for switching purposes [94],
[109]. For instance, the recombination rate of GaAs is at least three orders of

magnitude larger in comparison with that in silicon.

Another advantage of III-V semiconductors is that they exhibit high values
of nonlinear optical coefficients [94], [110]. For instance, InGaAsP and Al-
GaAs have the third-order susceptibility (X(3)> of 42 x 10719 esu [111] and
4.1 x 10~ Hesu [79], respectively, which are all comparable with that of sili-
con. Additionally, most III-V semiconductors have crystalline structures of
Waurtzite or Zincblende which are noncentrosymmetric, a feature that does
not exist in silicon. This lack of inversion symmetry causes high values of
second-order susceptibility < )((2)) in ITI-V semiconductors [94].

In this thesis, we explore III-V semiconductor nonlinear photonic structures
of two different kinds. Specifically, we consider a nonlinear metasurface with
the metamolecules organized in a regular 2D array, featuring resonances that
enhance and manipulate nonlinear optical interactions. Further, we also look
at guided-wave devices such as simple passive nonlinear waveguides of var-
ious geometries and observe nonlinear optical interactions existing in such
structures.

In the first scenario (i.e. Chapters 2 and 3), we explore the potential of Al-
GaAs with a high value of X(Z) (and large linear refractive index (1)) for bian-
isotropic metasurfaces. The high value of n facilitates Mie resonances inside
the meta-atoms, which are required for efficient nonlinear light-matter inter-

actions. Finally, we theoretically prove a giant asymmetric second-harmonic
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generation for the proposed metasurfaces [112].

As the second scenario of this thesis (i.e. Chapters 4 and 5), we explore the
potential of a quaternary III-V semiconductor InGaAsP to serve as a non-
linear waveguide platform. In Chapter 4, we develop a MATLAB code for
the solution of the coupled nonlinear Schrodinger equations. By solving the
equations numerically, we explore the qualitative behavior of the nonlinear
waves inside the waveguide. As a specific example, looking at the four-wave
mixing nonlinear optical interaction, we explore the generation and propa-
gation of the signal, idler, and pump beams inside a nonlinear optical waveg-
uide. The developed method could be helpful for determining the optimum
length of the nonlinear optical interaction i.e. the maximum idler generation.
It will help in designing waveguides with optimized nonlinear optical inter-
actions. In chapter 5, we consider an InGaAsP three-layer heterostructure for
design, fabrication, and optical characterization of passive nonlinear waveg-
uides of two geometries: the half — core and nanowire waveguides. We ex-
perimentally demonstrate four-wave mixing effect in both kinds of waveg-
uides. Further, we measure an effective value of the nonlinear refractive in-
dex in InGaAsP waveguides. This information is still largely missing in liter-
ature because there have been very few experiments on the nonlinear optical
characterization of InGaAsP. Further, we observe self-phase modulation and
measure the two-photon absorption coefficient in InGaAsP waveguides. Fi-
nally, Chapter 6 is the concluding chapter that summarizes the achievements
of this Ph.D. research and outlines future perspectives.

1.4 Optical Properties of Al,Gaj_As

Aluminum gallium arsenide Al,Ga;_4As is a ternary compound, where the
fractions of Al and Ga are interchangeable and 0 < x < 1. AlGaAs has a
broad transparency window ranging from the near- to mid-infrared (MIR),
from 0.9 to 17 pm [113], [114]). Its bandgap energy can be changed by vary-
ing the composition of aluminum. For the Al concentration x < 0.45, the di-
rect bandgap is maintained, and its value is calculated from Eg(x) = 1.422 +
1.2475x, where all numerical coefficients have electron volt (eV) units [115].
At the telecom C-band wavelength range (from 1530 to 1565 nm), the refrac-
tive index of AlyGa;_As is high, ranging between 2.9 (for x = 1) and 3.4
(for x = 0). It has been shown in numerous experiments that AlGaAs ex-
hibits large second-order susceptibility x@ = 200 pm/V [116], [117] and
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FIGURE 1.2: Bandgap energy of several III-V semiconductor

compounds versus the lattice constant. The solid and dashed

lines represent compounds with direct and indirect bandgaps,
respectively.

nonlinear refractive index ny = 1.5 x 10713 cm? /W [118].

1.5 Optical properties of In; _,Ga,As; Py

Indium gallium arsenide phosphide (In; _xGaxAs; yPy) is a quaternary alloy
of InP, GaAs, GaP and InAs, where 0 < {x, y} < 1. The band diagram of
InGaAsP lattice matched to InP includes conduction band (CB), heavy- and
light-holes band as well as split-off band due to consideration of spin-orbit
coupling effect [119]. Figure 1.3 shows the band diagram around the I valley
(where the electron wavevector k is zero) for the InGaAsP compound lattice
matched to InP. The bandgap energy, E,, can be varied as a function of x and
y according to [106]

E¢(eV) = 0.75 + 0.46y + 0.14y>. (1.3)

The refractive index of InGaAsP changes from 3.2 (y = 0.9) to 3.6 (y = 0.1)

at the Telecom C-band. Any parameter of InGaAsP such as lattice constant
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FIGURE 1.3: The band diagram around the I" valley (where k =
0) for the InGaAsP compound lattice matched to InP. The band
diagram includes the conduction band (CB), heavy- and light-
hole bands, and the split-off band due to spin-orbit coupling
effect. The parameter E; represents the fundamental bandgap
energy. The figure is reproduced from Ref. [119].

and bandgap energy can be found through the following approximate equa-
tion [119]:

b(x,y) = (1 = x)ybimas + (1 = 2)y binp + X(1 — y) bgaas + Xy bgap.  (1.4)

The nonlinear coefficients in InGaAsP are not as well studied as those of Al-
GaAs. The InGaAsP compound has a high nonlinear refractive index on the
order of 10~ 13cm?2/W [101]. However, the value of X(Z) is not reported in
the literature, and some references [120], [121] only claim that it is “at least
four times larger than that of GaAs”. Exploring second-order nonlinearity of

InGaAsP could be another open field of research deserving exploration.
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Chapter 2

Fundamental principles of

nonlinear A1GaAs metasurfaces

In this chapter, we discuss all the theoretical concepts required for the study
and exploration of nonlinear bianisotropic AlGaAs metasurfaces, namely se-
cond-order nonlinear polarization of AlGaAs, scattering characteristics of an
AlGaAs meta-atoms, multipolar decomposition, bianisotropy of an AlGaAs
meta-atom as well as the BIC concept. These subjects will be exploited in the
following chapter where we demonstrate giant asymmetric second-harmonic

generation based on AlGaAs metasurfaces [112].

2.1 Second-order nonlinear optical properties of Al-
GaAs

Nonlinear optics describes how high-intensity coherent light interacts with a
nonlinear medium, inducing the contributions to the medium’s polarization
scaling as several powers of the light’s electric field strength. The induced

polarization (P) can be written in terms of the applied electric field (E) as

P =g [Xﬂ)E + x?EE + y®EEE + ] , 2.1)

where € is the permittivity of free space and x(! is a second-rank tensor
(38 x 3 matrix) describing the linear response of the material to the applied
optical field. The rest of the terms contribute to the nonlinear response of the
material to the applied optical field. The nonlinear coefficient (") known as

n-th order nonlinear susceptibility is a (n 4 1)-rank tensor. In the expanded
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form, Eq. (2.1) can be written as [122]
Pi = EOXZ']'E]' + ZSle‘]‘kE]'Ek + 4XijklEjEkEl + ..., (22)

where P; and E; represent the i component of the induced polarization and
the illuminating light, respectively, and (i,j,k,I) = (x,y,z). The nonlinear
parameter d is associated with X(z) as 2d;j = Xz(jzk)' For a lossless nonlinear
medium, since the permutation {i,,k, 1} is not important in Eq. (2.2), the
number of elements in the d matrix can be reduced. Therefore the second-

order polarization can be written in a contracted form as

Ex (w) Ex (w)

Py (2w) diy dip diz dig dis dis ? EZ; Eygji
Py (2w) | =20 | dy1 dyp dyz doy ds dog : :

P; (2w) d31 d3p d3z d3g dss dag 2By (@) Ez (w)

2E; (w) Ex (w)

2, (@) By (@)

(2.3)

The nonlinear polarization vector for AlGaAs crystal, with a zinc-blende

structure and symmetry 43m, can be obtained as

E*(w)
2
P (2w) 000do0 0 ;EZ;
Py2w) | =260 [0 00 0d 0| . (@)En(w) |7 (2.4)
P, (2w) 00000 d T
2Ey(w)E;(w)
| 2Ex(w)Ey(w) |

(2) _

where d14 = dy5 = d3s = d and the only nonvanishing elements are xy,, =
Xﬁ% = X_gi)y = X(z)' Thanks to the large second-order nonlinear suscepti-
bility of AlGaAs (X(z) = 200 pm/V) [116], [117], it has received much at-
tention in the field of harmonic generation based on nano-particles (nano-
antennas) [123]-[130]. In the following next sections of this chapter, we will
introduce the concept of dielectric nano-resonators. Next, we derive the mul-
tipolar decomposition of the induced current in the meta-atom made of Al-
GaAs. Following that, we introduce the concept of bianisotropy using a spe-

cific AlGaAs meta-atom and describe the fundamentals of the bound states
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in the continuum (BIC).

2.2 Dielectric nano-resonators

Subwavelength dielectric scatterers with high permittivity support electric
and magnetic resonances based on the Mie theory. When an electric field
is applied to a dielectric, it exerts forces on electrons and nuclei in opposite
directions. It causes the electron orbits to be extended, resulting in a small
electric dipole. This process generates a net charge movement known as dis-
placement current. In contrast to subwavelength metallic scatterers, in di-
electric nanoantennas, the resonances are attributed to the displacement cur-
rent produced by bound electrons, not the free electrons at the surface. This
displacement current is the origin of the magnetic response of the dielectric
scatterers. The magnetic resonance can be comparable or even stronger than
the electric one [131]. These strong magnetic resonances together with the
electric ones contribute crucially to the field of nano-optics where the main
functionality is the localization of light. Further, they come into play when
the light-matter interaction enters the nonlinear regime. Since the second-
and third-order nonlinear susceptibilities (x(?) and x(®, respectively) are very
small, the second- (P?*) and the third-order (P3*) nonlinear polarization be-

come noticeable only at high light intensities (see Egs. (2.1) and (2.2)):

P2 = &0) XD Ej (@) By (w), (2.5)
ik
P = eo%xg%fsj (@) Ex (@) Er (). (2.6)
]

Here E and ¢ represent the local electric field and vacuum permittivity, re-
spectively. Up to now, several studies have been reporting second-harmonic
[132]-[135] and third-harmonic generation from single dielectric scatterers
[136], [137], see Fig. 2.1.

Another application of dielectric scatterers is to construct a unidirectional
pattern of radiation. Based on the Kerker effect [138], it can be demonstrated
that a dielectric sphere with the same values of relative permittivity and per-
meability (¢ = u) shows no backscattering. The same concept, known as the
generalized Kerker condition can be achieved using the interference of elec-
tric and magnetic multipoles for a dielectric scatterer for which by modifying
the geometry or dimensions of the scatterer, the resonant wavelength can be
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FIGURE 2.1: Schematic of second- and third-harmonic genera-
tion from (a) an AlGaAs (the figure is reprinted from [133]) and
(b) a silicon scatterer (the figure is reprinted from [136])

readily changed. This concept can even be extended to higher orders of mul-
tipoles i.e. electric (EQ) and magnetic (MQ) quadrupoles [32]. These electric
and magnetic multipoles exhibit even and odd parities, respectively, in terms
of phases in radiation. These features can cause destructive interference and
unidirectional radiation patterns, see Fig. 2.2. The mentioned effects can even
become more significant if the collective effect of several scatterers to be con-
sidered. This situation arises when the scatterers are placed in arrays known
as optical metasurfaces. Optical metasurfaces are two-dimensional periodic
or non-periodic arrangements of optically small scatterers (known as meta-
atoms) that are usually located on a very thin substrate. Metasurfaces are
well-known for their abilities to manipulate the amplitude, phase, and po-
larization of reflected, transmitted, absorbed light as well as to convert the

wavelength of electromagnetic waves by nonlinear optical phenomena.

Regarding the resonant light-matter interaction, another recently emerged
concept known as bound states in the continuum (BIC) has attracted a great
deal of attention in the field of metasurfaces. BICs are photonic modes with
infinite quality factor (Q) [42], [139], and they facilitate high conversion effi-
ciency for harmonics generation. Several experimental and theoretical works
on the second- [44]-[46], [140], [141], third- [142]-[144] and higher-order [47],

[145] harmonic generation in dielectric metasurfaces have been published.

Another degree of freedom associated with metasurfaces can be provided
by the bianisotropy effect in which the induced electric and magnetic mo-
ments are not only dependent on the exciting electric and magnetic fields,
respectively, but also dependent on the combination of the exciting fields.
Using bianisotropic meta-atoms for a metasurface (i.e. bianisotropic meta-
surface), asymmetric behavior of the interacting light with the metasurface

becomes feasible via magnetoelectric coupling. On the basis of bianisotropic
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FIGURE 2.2: Radiation pattern for different multipole moments
up to quadrupoles and their interference. ED and EQ (MD and
MQ) represent electric (magnetic) dipole and quadrupole mo-
ments, respectively. The interference of the out-of-phase and
in-phase fields demonstrates unidirectional behavior. The in-
cident plane wave illuminates the nanostructure from the left
with an in-plane electric field. Purple and blue curves repre-
sent in-plane and out-of-plane scattering patterns, respectively.
Reprinted with permission from [32] © The Optical Society.

metasurfaces, asymmetric linear functionalities such as asymmetric reflec-
tion [146], [147] , asymmetric optical forces [148] , self-isolated Raman las-
ing [149], light trapping [150], asymmetric absorption [151]-[153] and nonre-
ciprocity [154], [155] have been demonstrated. However, the nonlinear po-
tential of bianisotropic metasurfaces based on bound states in the continuum

have remained unexplored.

In this thesis, we propose a dielectric metasurface, made of AlGaAs, that
combines nonlinearity, bianisotropy and the BIC concept to obtain very high
asymmetric nonlinear behavior [112], see Fig. 2.3. To this end, three condi-
tions must be met. First, it is important to choose an appropriate nonlinear
material. Second, one can tailor the electric and magnetic response of the
metasurface in terms of the induced multipoles. Third, one must understand
BIC and bianisotropy concepts and how to apply them to enhance nonlinear
optical interactions. In the next section, we consider AlGaAs as a suitable
nonlinear material for nonlinear scattering. Next, we derive the multipolar
decomposition of the induced current in the meta-atom. Following that, we
introduce the concept of bianisotropy using a specific dielectric meta-atom.

Finally, we explain the BIC concept.
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Nonlinear . .
siaiies + Bianisotropy + Quasi-BIC

Harmonic . .
. Asymmetric High
generation
in AlGaAs response Q-factor

FIGURE 2.3: Schematic representing the idea of our work to
enhance asymmetric nonlinear behavior.

2.3 Scattering process

Depending on the wavelength of the illuminating wave, the refractive in-
dex of the particle and the host medium, the particles can scatter or absorb
light (see Fig. 2.4). The underlying mechanism of scattering is the reradia-
tion (or secondary radiation) from the scatterer, where electric charges inside
the scatterer are derived by the illuminating wave and start oscillating (or
reradiating) [156]. In elastic scattering, the energy of the wave is conserved,
however, the direction of light may change. The total scattered electric field
(Escattered) can be calculated as

Escattered - Eexcitation + Ereradiation- (2-7)

Generally, due to the absorption caused by the imaginary part of the refrac-
tive index, some energy of light is removed and transferred into heat. The
total contributions caused by the scattering and absorption can be expressed
by the extinction parameter. Another important parameter in scattering is
the scattering cross-section which is defined as Cs = PS%(‘;M, where the nu-
merator and denominator denote the total scattered power and the power
per unit area of the incident wave, respectively. The scattering cross-section

describes how strong the light-matter interaction is.

2.3.1 Mie theory

The scattering process in a cute mathematical form was underpinned by Gus-
tav Mie in 1908 [157]. Mie theory is a powerful theoretical way to solve
Maxwell’s equations governing the scattering of an electromagnetic plane
wave by a homogeneous sphere, see Fig. 2.5. The radius of the particle, the
wavelength of the illuminating light, and the particle’s and host medium’s
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Eincident

arbitrary object

Escattered

FIGURE 2.4: Schematic of the scattering process for an arbitrary
scatterer.

refractive indices are all important parameters for Mie calculations. The par-
ticle’s radius is assumed to be a fraction of the wavelength of light in size,
ie. S = 2% ~ 1, where S is the so-called size parameter. The parameters a
and A denote the particle’s radius and the wavelength of the incident wave,
respectively.

Since the object is a sphere but the illuminating wave is a plane wave, the
basic strategy is to change the system of coordinates to the spherical one and
apply the boundary conditions for the inner and outer fields to obtain the
scattering coefficients, 4, and b,,. In order to expand the scattered field, vector
spherical harmonics (VSHs) i.e. the eigenfunctions of the Helmholtz equation
in spherical coordinates are used. The expansion coefficients can be obtained
in terms of the spherical Bessel (j,) and Henkel functions of the first kind
(1Y) as follows [156]:

0, = Hhost*jn (M) [Xjn (x)]/l — H1jn (%) [MXjn (x)]l , (2.8)
Hhost™?jn (M) [xh,(f) (x)] — uhi!) (x) [majy (mx)]
B (1) [t ()] = postn () Imxin (0]

puain m2) 132 ()]~ sl (2) s ()]
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7 €host) Rhost

plane wave

FIGURE 2.5: Schematic of the Mie scattering process for a

sphere illuminated by a plane wave. The sphere is embedded

in a medium with the permittivity and permeability of ej,5 and
Hhost, respectively.

2 .
ol and m = et The coefficients a, and b, are
Mparticle

related to electric and magnetic multipoles, respectively. Figure 2.6 shows

where x = ka =

the patterns of the electric and magnetic fields associated with the two first

electric and magnetic Mie coefficients for a spherical particle.

The scattering, extinction, and absorption cross-sections can be calculated as

the summation of the scattering coefficients as [156]

271 &
Coa = 17 2 (20 +1) (|an|2+ |bn|2>, 2.10)
n=1
271 &
Cext = 2 Z (2n+1) Re (an + by), (2.11)
n=1
Cabs = Cext — Csca- (2.12)

Also, the ratio of the above cross-sections to the geometrical cross-section
gives the scattering, extinction, and absorption efficiency factors of the scat-

terer: C
Qsca = ﬁ/ (2-13)

C
Qext = —, (214)

C
Qubs = 5 (2.15)

Figure 2.7 shows the individual contribution of the electric and magnetic
dipoles and quadrupoles to the scattering cross-section of a sphere with a
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FIGURE 2.6: The patterns of electric and magnetic fields corre-
sponding to the two first Mie coefficients [156], [157]

radius of 220 nm made of Alj13Gagg2As. We select the composition 18% of
Al to avoid the two-photon absorption effect in the meta-atom at the wave-
lengths of operation. As can be seen from the figure, the total spectrum ex-
hibits sharp resonances, especially for the magnetic quadrupole term (b,).
These sharp resonances are expected to enhance nonlinear optical interac-

tions.

2.4 Multipolar analysis

The analysis of the electric and magnetic fields produced by spatially local-
ized electric charges and currents can be effectively performed using mul-
tipole expansion [158], [159]. No matter how complicated the charge and
current distributions are, the fields that they generate may be envisaged as
the superposition of the fields produced by each multipole. Generally, the
light-matter interaction for small scatterers (here meta-atoms) depends on
two characteristics: first, the behavior of the individual scatterer illuminated
by light, and second, the collective interaction of meta-atoms. In both cases,
the analysis can be performed by a multipole decomposition.

The multipole moments of any given meta-atom can be calculated using one
of two fundamental methods namely the expansion of the scattered field and
the induced current. The outcomes from both strategies are the same. In this
thesis, we use the expansion of current to calculate the electric and magnetic

multipole moments. However, we also use some conclusions from the former
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10

_C.Zs(total)
st —C(a,)
C,(a,)
6F _Cs(b1)
—C(b,)

Normalized scattering
cross-section

1 1.2 1.4 1.6 1.8 2
A [pm]

FIGURE 2.7: The scattering cross-section spectrum and multi-
polar contributions based on Mie theory for an AlGaAs sphere
illuminated in z-direction. The radius of the sphere is 220 nm.
Cs (a1) and Cs (a2) (Cs (b1) and Cs (b2)) represent the contribu-
tions to the scattering cross-section due to the electric (mag-
netic) dipole and quadrupole moments, respectively.

method as well. That is why we briefly discuss the first approach and then
we explain the multipole expansion of current in more detail. Before going
turther, let us describe a simple picture of the scattering process in terms of
Maxwell’s equations. One can write Maxwell’s equations for the total electric

and magnetic fields as

{ V X E; = —iwat, (2 16)

V x Hy = —iweg (e, + De(r)) Ey,

in which E; and H; are the total electric and magnetic field, respectively, ¢,
represents the permittivity of the host medium, and Ae(r) = ¢5 —¢;,. In
the scattering process, the total electric field is considered as the sum of the

incident and scattered field, therefore, the above equations can be written as

V x (Einc + Esca) = _iw]/l (Hinc + Hsca) p 2.17)
V x ( '

Hinc + Hsca) — —iwso (8}1 + Ae (1’)) (Einc + Esca) ’

in which Ej,. and Egq, represent the incident field and scattered fields, respec-

tively. Note that for the incident fields, we can write

{ V X Einc = _iw,uHinc, (2 18)

V x Hinc = iw€0€hEinC.
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Therefore, the scattered fields and the induced current (J) can be obtained as

V X Esca = _iw,uHsca/
V X Hgca = iweq (e, + A€ (7)) Esca + iwegAe (1) Einge, (2.19)
V X Hgea = iwepe)Esca + iwegAe (1) (Eine + Esca) ,

where J is defined as
J = iwegAe (Eine + Egea) - (2.20)

Equations (2.19) and (2.20) show how the induced current contributes to the
scattered fields.

241 Multipole expansion of the scattered field

The scattered field can be expanded in terms of vector spherical harmonics
(VSH) as [156]

Esca (1, w) = K 2 2 Eum [anm N,(f,% (r,w) +ibyy (W) M,(,g% (r,w)] ,
n=1lm=-—n
(2.21)

in which a,,, and by, are the scattered field VSH coefficients corresponding
to the electric and magnetic multipole moments, respectively. N% and M,(f,'%
represent the vector spherical harmonics. VSH can be written in terms of
Bessel and Hankel functions. The coefficient E,;;; is calculated as

/2 1 —m)! m
Enm = |Einc| ril:[_ EZ+Z§' (=)™, (2.22)

the multipole coefficients can be calculated through the orthogonality of VSHs

as

f027r Jo Esca (r = 1,0, 9,w) [N% (r=a,0,9, w)} "sin6 do de
Bnm = 5 , (2.23)

k2E,, fozn I ‘N,(ﬁ;), (r=a,0, (p,a))‘ sinfd6 de

fozn fon Esca (r =14a,0,¢9,w) [ (r =a,0,p,w )rsin()d()dgo

2
isznmf I ‘M ) (r=a,0,¢,w )’ sinfd6 de

. (2.24)

bnm -

In this approach, to calculate a,,;, and by, the scattered field (Esc,) is required
to be calculated first numerically e.g. by COMSOL.
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2.4.2 Multipole expansion of current

A spatially localized electric current density (J (r, t)) in momentum space can
be written as [160]

(o]

1
27 Jot

10,0 = Re| L (1) do]

J-£2pime]

The orthonormal bases (multipolar functions) in momentum space are de-

—zwt

(2.25)

|k

tined as 1
m (P) j (] T 1) jm
m (P) = ip X Xjm (P), (2.27)
Win (P) = PYjm (P), (2.28)
where L = (r x V) represents the angular momentum operator. Yj,, and j;

denote the spherlcal harmonics and spherical Bessel functions, respectively.
Now, let us call the part of J satisfying the condition |p| = ¢ as J'. Then this

part can be written in terms of the basis as

), (2.29)

2oy

jm

where a;,, and by, correspond to the transversal electromagnetic wave radi-
ated by J. The coefficient ¢jm is related to the longitudinal part of the radiated
field which is zero (because the electromagnetic wave is transversal). There-
fore, the multipole decomposition can be performed by a;,, and b;;,,, known as
electric and magnetic multipole coefficients. These coefficients can be found

by projection as

m=<Zm|] >= /dp i3 (p), (2.30)

b =< Xjn || >= / dp Z1,J (p), (2.31)

where
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, 1
J(p) =
’ V (@)’

Therefore, equations (2.30) and (2.31) in the momentum and coordinate space

/ d3rJ, (r) e P, (2.32)

can be written as [159]

(27)° N + 3 ,
= L (=) [ b Z}, () Vi (B) [ r e ()Y, (8)jy (k).
: (2.33)
(27-[)3 T PRSI N 3 * AN s
et = E 0 [ 49X 0)Yin (8) [ e Lo (0 0 o).
(2.34)

The only nonvanishing terms in Egs. (2.33) and (2.34) are = j —1,j+ 1 and
I = j, respectively [160]. Note that j = 1 and j = 2 represent the dipole and
quadrupole terms, respectively.

In the next sections, we explain some exact formulations for the electric and
magnetic multipole moments in both spherical and Cartesian coordinates us-
ing Egs. (2.33) and (2.34). Here, the multipolar moments are derived up to the
quadrupolar terms. These multipolar moments will become crucial later in
determining the polarizabilities and the corresponding contributions to the
reflection coefficients.

Electric dipole moment

The electric dipole moment i.e. j = 1 or [ = {0, 2} can be written as [160]
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Now, let us represent the current and the position vectors in the spherical

basis as

J1 r1
J= Jo |, r= 0 . (2.36)
J-1 r_1

Note that these quantities are represented in Eq. (2.36) in spherical basis, not
in spherical-polar basis. A spherical basis is required for describing spherical
tensors in terms of complex numbers and standard bases (i.e. ey, e, and e,
see Appendix A for the relation between these two types of bases).

If we write the separate components of Eq. (2.35) explicitly, we obtain:

k2 3 2
73 /d r [371]_1 — 3ror1fo

27

1
ayy = ———= [ & Jyjo (kr) +
11 71\/3/ J1jo (kr)

k
+ (r% + r_1ro> ] ]Ek(r)rz), (2.37)

1 k2
a = ——— [ @ Jpio (kr) + /d3r 3r_1roJ7 + 3ror1/—
10 7(\/5/ Jojo (kr) 23 [3r_170]1 o011

—2J, (r% + r_1r0> ] ]zlfr’;rz) (2.38)

a1 = —%ﬁ/d% J—1jo (kr) + 27Ir<f/§/d3r []_1 (r%+r_1r0>

k
—3r_1rofo + 3]17‘2_1 ] ]zk(r)rz) . (2.39)

On the other hand, the induced electric (p) and magnetic dipole (m) mo-
ments in Cartesian coordinates can be determined in terms of a,,; and b,
as [158]

(a1-1—a11)

Px V2
p=|p | =Cf| =yt |, (2.40)

Pz ai1o
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therefore, the Cartesian components can be obtained as

— - 3 3 _ j2 (kr)
Px = {/d r Jxjo (kr) + /d 3(x))x—r ]x] (kr)2 }, (2.41)

Py = — { / dr Jyjo (kr) + / d3 — rzjy} j?k(rk)rz) } . (242)
_ = 3 3 2 j2 (kr)
p. = / &r Lujo (kr) + / Pr A ot | (2.43)
where C{ = ‘[’T

to the multlpole moments in the far field (when kr — o).

Magnetic dipole moment

The magnetic dipole moment i.e., j = 1 or [ = {1}, can be obtained as

b1y b1y
bio = | b
bia |, b1 J7,
V/3k 3 j1 (kr)
—?/d rrxJ (kr) s (2.44)

On the other hand, the induced magnetic dipole (m) moments can be deter-

mined in terms of a,;,, and b,;;;; as [158]

(b1—1—b11)

m_x \/i
m=|m | =C “’1—\%—;”10 . (2.45)
Mz b1o

i (k
by = 5= / &r (rx]), hl((—rr) (2.46)
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by = —2@’[’{ /d3r (rx]), 1 I(CI:T), (2.47)
by g = —2@’[’{ /d3r (rxJ)_, n IEI;”. (2.48)

The multipoles components in Cartesian coordinate can be obtained from
Eq. (2.45) as

N Ju (kr)

- 2/d (o), 200, (2.49)

_3 [ 3 j1 (kr)

_ 2/d e (ex]), 10, (2.50)

_3 [ 3 j1 (kr)

_ 2/d (o), 1, 2.51)
where C{' = _\k@ﬂ can be calculated by comparing the expanded scattered

tield to the formulations of the multipole moments in the far field (when
kr — o0).
Magnetic quadrupole moment

Equation (2.34) (for j = 2, or [ = j = 2) can be used to calculate the magnetic
quadrupole moment in spherical coordinates. It yields

by = \/(7’11_22 / dp sz Y2m /dSr Jw YZm ( )]2 (kr) .
(2.52)

Using the above equation, we get

b =\ 5z [ ot (iio — Jof) o (k7). 253)

by =1/ 4i712 /d3r [F1 (Jif -1 — J-1?1) + fo (Jifo — Jof1)] ja (kr),  (2.54)
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by =\ 3z [ e (b1 — T 471) o (kr), (2.55)
br1 = % /d3f 71 (-1 — JaP1) + Fo (JoP -1 — J-1P0)] j2 (kr) , (2.56)

5 )
b2 =157 /dgr?—l (JoP—1 — J-1f0) j2 (kr) . (2.57)

Next, we utilize the following transformation between the spherical and Carte-
sian coordinates to express the magnetic quadrupole moments in Cartesian
coordinates [158]:

=07 {% - %bzo , (2.58)
QY = Q. = Cy' :bz—zzibzz: , (2.59)
w=0n=C % , (2.60)
Q= Q% =C % , (2.61)

bzz+b2—2> 1

Qyy =C7' [— < > %bzol , (2.62)

in which CJ' = 6"1.]@. Note that Q™ is a symmetric and traceless tensor,
therefore the number of quadrupolar moments reduces to five independent
components. By substituting Egs. (2.53)-(2.57) into Egs. (2.58)—(2.63), the

magnetic quadrupolar moments in Cartesian coordinate can be obtained as

i (k
Qn = 15/d3r{x (£xJ), +x (xx]),} ]Ek(r)rz), (2.64)
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QY = 15/d3r{x (rx]J), +y(rx J)x} ]zlfr];rz) (2.65)
m 3 j2 (k?’)

Qn — 15/d r{x(rx]), +z(rx]),} i (2.66)

Q= 15/d3r {y (rx]), +y(rx ])y} ]Ek(rk)rz) (2.67)
m 3 j2 (k?’)

Q=15 [ @rfu(ex D). +2 (x0T (2.68)

Qm:15/d3r{z(r><]) +z(r><])}j2(kr) (2.69)
zz z z (kr)z : :

Electric quadrupole moment

Equation (2.33) (for j = 2 or I = {1,3}) can be used to calculate the electric

quadrupole moment in spherical coordinates. Therefore, we obtain

oy = 612711 + ag;f’ (270)
where
agzl ( Z /dP ZZm Ylm /d31' Ja) Ylm ( )]1 (k?’) 4
m— 1
(2.71)

I=3 3 .
= fz/dpzzm ) Yo (B) [ &t Jo (1) Vi (2) j (k)
( m=-1
(2.72)

Here, we show the process for [ =1,and we only mention the final result for
the case [ = 3. After some algebraic manipulation, we get

_:1 . 3kl / d3 1 1"1

(2.73)
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ahy! = ng—\Z—O%/dézr (Jiro + Jor1) I IEI;r)’ (2.74)

ahg! = nf%—o% /d3r (Jir—1 + J-1r1 + 2Joro) I I({Ircr)’ (2.75)
abh = ni%—()%/dgr (J—1ro + Jor—1) I IEI;r), (2.76)
ahh = ;ji—o / Br ()17 1)L ,E'f)- (2.77)

We utilize the following transformation between spherical and Cartesian co-
ordinates to get the electric quadrupole moments in Cartesian coordinates [158]:

=G [% - %020] , (2.78)

Q= Q=G % , (2.79)

QL =0Q% =G5 az‘lz—_an , (2.80)

Q= Q5 =G % , (2.81)

Qyy = G [_ (%) - %ﬂzo] , (2.82)

Q2 = —Qu — Qyy (2.83)

in which C§ = 62@. Note that Q° is a symmetric and traceless tensor,

therefore the number of quadrupolar moments reduces to five independent
components. The same approach can be used for [ = 3. By substituting
Egs. (2.73)- (2.77) into Eqs (2.78)- (2.83), the total electric quadrupolar mo-
ments (also adding the corresponding terms for [ = 3) in Cartesian coordi-
nates can be obtained in the general form as
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2y = Q,fg:l) + ng‘:s)’ (2.84)
where
i (k
Q,Xﬁ {/d3 (rgfa +1alp) —2(1) b4 ]}]lirr), (2.85)

Qig—g) = 6k2 {/ d3 5rarﬁ (x]) = (ralp +rpla) r* — > (1) (S,Xﬁ] } a(

inwhich a, B = {x, y, z}.

2.4.3 Scattering cross-section in terms of electric and mag-
netic multipoles

The total scattering cross-section of a scatterer in terms of multipolar decom-
position can be written as [159]

4
Csca(tOtal) = k—2|:2(|pa‘2+‘@

671€0 | Eipc|
sz

)
) e

where o« = {x, y, z}. Figure 2.8 shows the contribution of each multipole to

1 e
+@Z (!kQ 1+

the scattering cross-section of a disk-shaped scatterer made of Alj 13Gag gz As.
The scatterer is illuminated by an x-polarized light with the k vector directed
toward the z-direction. The multipoles are calculated numerically by COM-
SOL through Egs. (2.41)—(2.43), (2.49)—-(2.51), (2.64)—(2.69) and (2.85)—(2.86).

2.5 Bianisotropy

Dielectric materials in optics can be characterized by their polarizabilities.
Putting it in simple terms, the polarizability is the coefficient of proportion-
ality between the induced electric or magnetic multipoles and the exciting

electric or magnetic fields. For an isotropic scatterer, the relation between the
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FIGURE 2.8: (a) Schematic of the scatterer with a coaxial cylin-

drical hole and its cross-sectional view with the geometrical

dimensions. The geometrical dimensions are d = 150 nm,

D =300nm, h = 75 nm, H = 150 nm (b) Cs (ED) and Cs (EQ)

(Cs (MD) and C;s (MQ)) represent the contribution of the scat-

tering cross-section due to the electric (magnetic) dipole and
quadrupole moments, respectively.

induced electric and magnetic dipoles and the exciting fields can be written
as [161], [162]

P = €oee-Ejoc, (2.88)

m = Ky-Hioe, (2.89)

where &, a1, are scalar quantities representing electric-electric and magnetic-
magnetic polarizability. Ej,. and Hj,. represent the local Electric and mag-
netic fields. On the other hand, the above relations for an anisotropic scat-
terer are written in the same form but with tensor polarizabilities of Eee and
;mm which are 3x3 matrices. In contrast to isotropic and anisotropic scatter-
ers, the induced electric and magnetic multipoles in bianisotropic scatterers
are not only dependent on the exciting electric (E) and magnetic (H) fields
individually, but they are also affected by both E and H simultaneously. In
this regard, assuming a deeply subwavelength scatterer, the only induced
moments are electric and magnetic dipole moments, which can be expressed
as

p = eottee-Eioc + €07 &em-Hioe, (2.90)
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m = 7 e Ejoe + Lmm-Hioe, 2.91)

where &, and &, are electric-magnetic and magnetic-electric polarizability
tensors. The scatterer is called bianisotropic when the coefficients A e and
(e are nonzero. The parameter 7 represents the impedence of free space
and is equal to /10/€g = 376.73. The above equations can be expressed in a
matrix form as

o i OV, R A Ex

kL Y L A v A Ey

e R v A R A A ) E. 09
gmy || a5 we S alE, @l nHy | '
nmy ‘Xymx; “gr/nye “%e ‘Xynxm “ynym “jifm 77Hy

nmy “ﬁfe 9‘2]@ “'Zfe Xiim “1211ym “ﬁfm 77HZ

Note that the polarizability matrix is the characteristic of the scatterer, and it
is only dependent on the material and geometry of the scatterer.

To fundamentally understand how the joint contribution of the exciting elec-
tric and magnetic fields emerge in the induced electric and magnetic dipoles,
we consider the electromagnetic behavior of an (2-twisted (helix) scatterer
made of metal or dielectric, see Fig. 2.9.

Let us assume that a plane wave propagating in the z-direction illuminates
the scatterer. Based on Fig. 2.9, the electric field in the x-direction (Ey) in-
duces dipole moment of p, in the straight part of the scatterer. Also, a cur-
rent is generated due to py giving rise to the current flow in the loop-shape
part of the scatterer. This current induces a magnetic dipole moment in the
x-direction (my). These induced electric and magnetic dipole moments are
related to a}) and «aj;,, respectively. See the inset in Fig. 2.9 to understand
the meaning of each superscript and subscript for the polarizability. Other
components of the polarizability tensor can be obtained when different po-
larization of the electric field is applied. For a y-polarized electric field, the
magnetic component induces a magnetic dipole moment in the x-direction
(my). Due to the Lenz’s law, a current flows in the loop that generates an
electric dipole in the straight part of the scatterer. These induced magnetic
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Uy ——>X,Y,Z ; H
l{ ——, response field /%

[, —_ exciting field k

—

FIGURE 2.9: Schematic of a helical (Q)-twisted) scatterer made
of dielectric illuminated by (a) x-polarized and (b) y-polarized
light. The inset shows the notation for the polarizability. The
superscript and subscript represent the axes and the fields, re-

spectively.
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and electric dipole moments are related to a;;;,, and a7, respectively. Finally,

the total polarizability tensor can be expressed as

xx
0‘86

0
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For dielectric meta-atoms, by violating the inversion symmetry, a strong bian-
isotropic response can be obtained. Biasotropic metasurfaces have previ-
ously shown asymmetric linear optical functions. Further, Alaee, et al. demon-
strated how breaking an all-dielectric meta-atom’s symmetry causes bian-
isotropy, which allows a geometrically controllable magnetoelectric coupling,
see Fig. 2.10 [148]. An array of these meta-atoms produces different reflection
phases, see Fig. 2.11. Interestingly, this bianisotropic meta-atom can provide
a 27t phase change in the reflection spectrum for the forward and backward
illuminations.

2.5.1 Calculation of polarizability tensor

First, let us assume that an x-polarized plane wave directed in z-direction as
E; = Ege % illuminates the scatterer. It induces electric and magnetic mo-
ments p* and m™ inside the scatterer. Next, assuming an x-polarized plane
wave directed in (—z)-direction as Ex = Ege™*2%, we obtain the induced elec-
tric and magnetic moments p~ and m~ inside the scatterer, see blue triads
in Fig. 2.12. Note that there is a 7t phase shift between the magnetic fields
of the forward and backward illumination. Therefore, for the matrix equa-
tion (2.92), one can obtain [163]

X
pi = eoa}¥ Eo + eonag Ho

py = eoaze Eo + eonatin Ho
ps = eoazl Eo + eotjaem Ho
m = asEo + i Ho
my =1~ e Eo + i Ho
m;_ = W_la:ﬁierO + “%JmHO

(2.94)
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FIGURE 2.10: (a) Schematic of the scatterer (or the meta-atom)

with a coaxial cylindrical hole and its cross-sectional view with

the geometrical dimensions. The meta-atom is made of silicon.

The geometrical dimensions are d = 150 nm, D = 300 nm,

h = 75 nm, H = 150 nm. (b) Real and imaginary parts of

the magnetoelctric polarizability. The figure is reprinted from
[148].
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FIGURE 2.11: (a) Schematic of an array of meta-atoms (metasur-
face) made of the meta-atom shown in Fig 2.10. The metasur-
face is illuminated from +z (forward) and —z (backward) di-
rection. (b) The amplitude of reflection ( |r*| and |r~|) and the
transmission (|¢|) spectrum for opposite illumination directions
shown in (a). The forward and backward amplitudes are de-
noted by (+) and (—) superscripts. (c) The same plots as in (b),
but for the respective phases. The figure is reprinted from [148].
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FIGURE 2.12: Schematic of the scatterer and different excitation

directions to retrieve all the components of the polarizability

tensor («). Note that the coordinates with the same color have
magnetic fields in opposite directions.

— X

py = eoaiy Eo — eoagm Ho
_ X

py = €otge Eo — eonadin Ho

ps = eoaZXEq — eonein Ho (2.95)

. xy

m, =9 aeEo — aimHo
__1.yx
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Adding and subtracting each multipole component with its counterpart in

the opposite direction yields

+ — + —
. p; —|—p. ; p; —P;
Moo = e oy = ———— 50 (2.96)
. m.+—{—m.7 : mfr —m.
We = 1], Qi = ———-1], (2.97)

where i = x,y and z. Other components of the polarizability tensor can be
obtained by different propagation directions of the illuminating light, e.g. the
red and green triads in Fig. 2.12.
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Based on the above equations, the dipole moments can be calculated numer-
ically through COMSOL Multiphysics. We solve a scattered field problem in
the frequency domain with COMSOL using perfectly-matched layer (PML)
boundary conditions. We find the solution for two illumination scenarios by
a plane wave in the +z and —z direction. After that, the polarizabilities can
be obtained from Egs. (2.96) and (2.97). The absolute values of the electric
and magnetic fields of the illuminating light are assumed to be 1 and 1/7,
respectively. Figure 2.13 shows the retrieved polarizabilities for a meta-atom
made of Aly18GaggpAs illuminated by x-polarized light. The geometrical di-
mensions are H = 150 nm, D = 300 nm, # = 75 nm and d = 150 nm. As
can be seen from the figure, the magnetoelectric polarizability is nonzero and
comparable with the electric-electric and magnetic-magnetic polarizabilities.
Therefore, the meta-atom demonstrates the bianisotropy effect. The magne-
toelectric coupling can be adjusted by altering the meta-atom’s geometrical

properties, such as the height & or the diameter 4.

2.6 Bound states in the continuum (BICs)

The idea of bound state in the continuum (BIC) was first proposed by John
von Neumann and Eugene Wigner in 1929 [42], [139] in the context of quan-
tum mechanics. Although here we want to explain optical bound states in
the continuum (not quantum mechanical ones), it would be pedagogical to

start with a quantum mechanical example.

Let us start with the Schrodinger equation (in reduced units) [164]

(_%vz + v) o= Eg, (2.98)

in which ¢, E, and V represent the wave function, energy, and potential, re-
spectively. The solution ¢ to the Schrodinger equation describes the probabil-
ity of finding a particle with energy E in the presence of potential V. Eq. (2.98)

can be simply rewritten as

V=E+ % {v_zﬂ . (2.99)

A possible solution for Eq. (2.99) can be expressed as

o (r) = Sink(rkr), E=lg (2.100)
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FIGURE 2.13: (a) Schematic of the scatterer (or the meta-atom)
with a coaxial cylindrical hole and its cross-sectional view with
the geometrical dimensions. The meta-atom is made of Al-
GaAs. The geometrical dimensions are d = 150 nm, D =
300 nm, h = 75 nm, H = 150 nm. (b-d) show the real and
imaginary parts of the electric-electric, magnetic-magnetic and
electric-magnetic polarizabilities, respectively. As can be seen
from (c), the magnetoelectric coupling is nonzero and compa-
rable with the coefficients a® and a™".
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FIGURE 2.14: (a) The applied oscillating potential with the
maximum around unity. (b) The bounded wave function ob-
tained for the parameter values A = 30, k = V7, and E = 3.5.

where V = 0. However, this solution to the Schrodinger equation is not inte-
grable. In their seminal work, Neumann and Wigner demonstrated that the
solution in the form

¥ (r)=wo(r) f(r) (2.101)

which is the amplitude-modulated version of Eq. (2.100) can be introduced

as an integrable solution. Next, the function f () was defined as

f(r) = {A2 + [2kr — sin (2kr)]2}_1, (2.102)

in which A is a constant. The potential V' (r) can be expressed as

64k> A%sin* (kr)
2
[AZ + (2kr — sin (2kr))2}
+48kzsin4 (kr) — 8k? (2kr — sin (2kr)) sin (2kr)
A2 + (2kr — sin(2kr))? .

Vi) = —

(2.103)

Figure 2.14 shows the potential and the wave function for the parameter val-
ues A = 30, k = \/7, E = 3.5. As can be seen from part (b) of Fig. 2.14, the
bound state can be obtained for the values of E larger than the maximum of

the potential (~ 1), i.e., which represents a bound state in the continuum.
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Let us now have a comparison between the quantum mechanical picture and
optics. Let us assume a quantum well with some discrete bound energy
eigenstates. Above the maximum potential, the continuum of states exists,
see Fig. 2.15 (a). A similar case can be considered in optics using a three-
layer slab waveguide. To find the dispersion diagram, the Helmholtz equa-
tion with proper boundary conditions should be solved and three different
regions i.e. discrete guided mode, forbidden region, and continuum can be
defined, see Fig. 2.15 (b). The similarity between the quantum and optical
systems can further be understood through a comparison of the Schrodinger

equation
hZ
——V2p+V(x)p=Eyp (2.104)
2m
and Helmholtz equation
V2 + (Kn = ) ¢ = 0, (2.105)

where B is the propagation constant in the z-direction, and 7, m, and E are
the reduced Planck constant, the mass of the particle, and the energy eigen-
value, respectively. Equations (2.104) and (2.105) give rise to discrete energy
levels and discrete propagation constants, respectively. In the quantum well,
bound states exist when E < max {V}, while the guided mode in the waveg-
uide occurs when 7 jadding < Meffective < Mcore- Therefore, the bound state in
the continuum for a waveguide is defined as a mode that is above the light
line w = B (Where ¢, = ¢/ny and c is the speed of light in vacuum), how-
ever, it still remains localized (or bounded), see Fig. 2.15. Interestingly, for
the optical case, the bound state can be obtained for waveguides with spe-
cific geometry and dimensions. For example, it has been earlier obtained for
photonic crystal waveguides [165]-[167].

BICs are generally divided into two types, namely symmetry-protected and
resonance-trapped (Friedrich-Wintgen) BICs. These modes exhibit infinite
lifetime or equivalently an infinite quality factor. In the former, the normal
radiation to the free space is prohibited due to the symmetry incompatibility
between the discrete BIC mode and the continuum (a small breaking of the
meta-atom symmetry provides a leakage channel to the free space). This is
the reason why it is called symmetry-protected. In the latter, the radiation to

the free space is hindered by a destructive interference of out-of-plane waves.
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(b)

Continuum &

FIGURE 2.15: (a) The energy diagram for a quantum well with
a constant applied potential (Vp). It shows some discrete eigen-
states (red curves) and the continuum (the light green region).
(b) The dispersion diagram for a three-layer slab waveguide
showing discrete guided mode, forbidden region and the con-
tinuum. c; and ¢, represent c/n; and c/n,, where n; and n; are
the refractive indices of the core and claddings, respectively.
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FIGURE 2.16: (a)—(c) Schematic of different shapes (top view)

of meta-atoms exhibiting symmetry-protected quasi-BIC. (d)

Schematic showing how the asymmetry parameter (x) is de-

fined for the case (c). This parameter is important to demon-

strate the inverse quadratic relation with the Q-factor. This fig-
ure is partially reproduced from Ref. [168].

Although ideally, BICs imply an infinite Q-factor, a finite Q-factor can be ob-
served by breaking the symmetry of the meta-atoms, resulting in quasi-BICs.

For the case of symmetry-protected BICs, the BIC modes were well-studied
in the work by Koshelev, et al. [168]. They demonstrated symmetry-protected
quasi-BIC modes for the metasurfaces with different shapes of meta-atoms,
see Fig. 2.16. It can be proved that the quality factor (Q) is related to the in-
verse quadratic of the asymmetry parameter («) for the symmetry-protected
quasi-BIC modes [168].

Also, for the case of resonance-trapped BICs, M. Rybin, et al. demonstrated a
very high Q-factor for a dielectric nanoparticle based on the Mie resonance
and a continuous adjustment of the aspect ratio of the particle [169]. For
the specific dimensions of the particle, the destructive interference between
different leaky modes at the far field causes a high-Q mode.

In the next chapter, we use the concept of quasi-BIC for the AlGaAs metasur-
faces composed of meta-atoms shown in Fig. 2.13 to enhance the asymmetric

generation of second harmonics.
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Chapter 3

Nonlinear bianisotropic

metasurfaces

In this chapter, we investigate and explore the nonlinear response of bian-
isotropic dielectric metasurfaces. We theoretically demonstrate an extremely
asymmetric second harmonics generation based on the quasi-BICs modes.
The results of this effort have been published in ACS Photonics [112]. The
project has been performed by Ehsan Mobini (the Ph.D. candidate) in collab-
oration with Dr. Rasoul Alaee under supervision of Prof. Ksenia Dolgaleva.

Given the importance of the role of dielectric metasurfaces in the field of
nonlinear holography, exploring asymmetric nonlinear optical responses us-
ing bianisotropy along with quasi-BICs can become a suitable solution for
achieving a tunable asymmetric second-harmonic response with a high de-
gree of control over its strength that depends on the asymmetry parameter
(). We show that around four orders of magnitude second-harmonic power
difference for the forward and backward illuminations can be obtained by
altering the geometrical parameters corresponding to the quasi-bound states
in the continuum (quasi-BIC). The idea we propose here for obtaining asym-
metric nonlinear responses is not limited to second-harmonic generation; it
can be also used for the asymmetric third-harmonic generation, higher-order

harmonic generations, and other parametric nonlinear optical processes.

We provide deep insight into the physical origin of the asymmetric nonlinear
behavior of the bianisotropic matasurfaces based on the multipolar decom-
position, asymmetrical field enhancement, and different nonlinear polariza-

tion currents for the forward and backward illuminating light.
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3.1 Multipolar reflection coefficient

In this section, we explain how the reflection coefficient can be obtained in
terms of electric and magnetic multipoles decomposition. This result is use-
ful to understand the mechanism of light-matter interaction in metasurfaces.
One can obtain polarization in terms of electric and magnetic multipoles.

First, the polarization P can be expressed as [170]

/!

P(r) = / P(r)o(r—r)dr, (3.1)

where ¢ is the Dirac delta function around ry (at the center of mass of the

particle). The Dirac delta function can be expanded in a Taylor series as

S(r—1 — Ar) ~ 5(r— o) — (Ar.V) 5(r— o) + % (ALY 6(r—10) — .., (32)

in which Ar = r — ro. Then for an array of dielectric scatterers, the multipole
decomposition of polarization P up to quadrupole moments can be obtained
by applying Eq. (3.2) to (3.1) as

P(r) ~ Zl:{pé(r—rl)—i—é[VXmé(r—rl)]—%Qe Vé(r—r)

_t m _
— [VX Q" Vi (r rl)] } (3.3)
where 1; = A(lyey + Iyey), Iy and I, are integer numbers, J (r —1;) is the

Dirac delta function around the center of mass of each meta-atom, and A is

the periodicity of the array. The effective induced current can be calculated
P

using J = —iw4; as

. : 1
] ~ %;{pd(r—rl)—i—é[vxmé(r—rl)]—gQe Vé(r—r1)

9% Q" s (- } (3.4)
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Finally, the scattered electric field in terms of multipole moments can be cal-
culated as [171], [172]
iko 1

ES@(r) o~ 2eg /2 ([n X (pxn)|+ @ [m x n]

+ik?0 [n X <n>< Q° nﬂ + ;kT(; [n>< Q" HD , (3.5)

where ky , cp and n denote the wavevector in the host medium, the light
velocity in vacuum and the unit vector pointing in the direction of r, respec-
tively. If a normal incidence plane wave E = Ege’*oZe, (where n = e;) illumi-

nates the metasurface, the reflection coefficient can be calculated as [171]

B ik 1 ko ko o
r= EO — ZEOAZEO (px amy—'_ ? Xz 6_COQyZ . (36)

3.2 Nonlinear bianisotropic metasurfaces

Let us begin with an Alj138Gag gxAs bianisotropic metasurface composed of
cylindrical meta-atoms with a coaxial cylindrical hole with height 1, as shown
Fig. 3.1 (a). We select the composition 18% of Al to avoid the two-photon ab-
sorption effect in the metasurface at the wavelengths of operation. The meta-
surface is illuminated by a linearly polarized light in £z directions (kpy /sw =
+koe,, where + and — denote forward and backward illuminations, respec-
tively). Such a meta-atom design with magnetoelectric coupling exhibits an
asymmetric linear response for the forward and backward illuminations [148],
[173]. In particular, this asymmetry for lossless reciprocal meta-atoms mani-
fests itself as different phases of the reflection coefficients for the forward and
backward illuminations [148], [173], [174] while the reflection amplitudes are
identical for the forward and backward illuminations. The reflection coeffi-
cient is given in terms of the induced multipoles up to the quadrupole orders

by [171]
iko my Zk_o e iko ernz

(2e0EoA2) |P* 700 TT6 T 6 ¢ |

where ko, ¢9 and Ej denote the wave vector in free space, the permittivity

(3.7)

of the vacuum and the amplitude of the incident electric field, respectively,
while A is the periodicity in x and y directions. The parameters py (Q%,),
my (Qyz) represent the effective electric and magnetic dipole (quadrupole)
moments, respectively [159].
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FIGURE 3.1: Linear and nonlinear responses of the bian-
isotropic metasurface. (a) Schematic of the bianisotropic meta-
surface with a coaxial cylindrical hole and its cross-sectional
view with the geometrical dimensions. The metasurface is il-
luminated by a linearly polarized light with the wave vector
krw/sw = *koe;, where + and — indicate forward and back-
ward illuminations, respectively. (b)-(c) The reflection spec-
trum and multipolar contributions for the forward and back-
ward illumination directions, respectively. The semi-analytic
reflection is obtained using Eq. (3.7). The insets show the nor-
malized electric field |E| / |Eg| in the middle of the meta-atom
(xy-plane), where |Eg| is the amplitude of the incident field.
The grey shaded bar shows the frequency at which the SH con-
version efficiency is investigated. ED (MD) and EQ (MQ) in-
dicate the contributions of the electric (magnetic) dipole and
quadrupole moments, respectively. (d) The second-harmonic
conversion efficiencies 7 = Psyg/Ppump for the forward and
backward illumination directions. The geometrical parameters
of the bianisotropic metasurface are d = 420nm, D = 760 nm,
h = 360nm, H = 720nm and A = 1260nm, where A is the
periodicity of the metasurface in x and y directions.
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Figure 3.1 (b)-(c) depicts the reflection obtained through numerical simu-
lation and semi-analytical method for the forward and backward illumina-
tion directions, respectively. We solve a full field problem in the frequency
domain with COMSOL Multiphysics using perfectly-matched layer (PML)
boundary conditions, periodic boundary conditions, and two exciting ports
to simulate the reflection spectrum, the ratio of nonlinear polarisation cur-
rents, and the induced multipoles. Then, to calculate the conversion efficien-
cies, we solve a scattering problem with the nonlinear polarisation current
as the source of second harmonics at frequency 2w. Finally, the nonlinear
simulation is followed by the calculation of the second-harmonic power by
integrating the Poynting vector on two virtual planes located at the top and
bottom of the unit cell, surrounding the meta-atom. The semi-analytic ap-
proach is based on the multipolar decomposition of the polarization current
using Eq. (3.7). The agreement between the simulation and semi-analytic
method is shown in Figure 3.1 (b)—(c). Although the forward and backward
reflections are identical, the multipolar contributions for the opposite illumi-
nation directions (i.e., kpw,/gw) are quite different. In particular, in the case
of backward illumination, the magnetic dipole contribution becomes com-
parable to the electric dipole contribution. In fact, different field distribu-
tions in the meta-atom (or different polarization currents) produce different
induced multipoles [see the insets of Fig. 3.1 (b)—(c)]. Note that the metasur-
face is reciprocal as we have identical transmission spectra for the forward
and backward illuminations and also the permittivity of the meta-atoms is

time-invariant here [175].

We use COMSOL Multiphysics based on finite element methods to perform
numerical simulations in two steps to obtain the second-harmonic gener-
ation. First, Maxwell’s equations are solved to calculate the bianisotropic
structure’s field distributions and linear response. Second, the previously
obtained nonlinear polarization current is used as a source of 2w in a scatter-

ing problem to generate second harmonics.

All three components of the nonlinear polarization vector for AlGaAs crys-
tal, with a zinc-blende structure and symmetry 43m can be obtained through
Eq. (2.4). Because the periodicity of the lattice is greater than the radiated
wavelength at 2w, the second-harmonic radiation generated by the bian-

isotropic metasurface is governed by diffraction. The vectorial components
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FIGURE 3.2: Linear response of the bianisotropic metasurface
based on bound states in the continuum. (a) Schematic of the
bianisotropic metasurface (and its cross-sectional view) with a
broken symmetry characterized by the asymmetry parameter
« = 2L /D, where L is the shift distance between the axis of the
cylinder and the hole. (b)—(c) The reflection spectrum with the
x- and y-polarization of the illuminating light for three differ-
ent values of the asymmetry parameter: « = 0, 0.1, 0.2. (d) The
Q-factor as a function of the asymmetry parameter « for the x-
and y-polarization of the illuminating light obtained from the
eigenmode analysis and Eq. (3.9). The inverse quadratic de-
pendence of the Q-factor on the asymmetry parameter Q o« a2
shows that our proposed metasurface (schematically shown in
(a)) exhibits the symmetry-protected quasi-BICs [168].
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FIGURE 3.3: Second harmonic (SH) conversion efficiencies of
the bianisotropic metasurface based on bound states in the con-
tinuum. (a)—(b) The calculated SH conversion efficiencies for
two different values of the asymmetry parameter, i.e., « = 0.05
and 0.1 and x—polarization of illuminating light. The blue and
red curves denote forward and backward conversion efficien-
cies, respectively. (c)—(d) Same as (a)—(b) for y-polarization.

of the nonlinear polarisation current can be calculated in the frequency do-

main as

Jx = —i(2w)eox P Ey (w) E: (w),
Jy = —i(2w)eox P E; (w) Ex (w), (3.8)
I, = —i(2w)so)((2)Ex (w)Ey (w).

The insets of Fig. 3.1 (b)—(c) show that the generated electric fields inside
the bianisotropic meta-atoms for the backward and forward illumination di-
rections are different, resulting in different nonlinear polarization currents.
As a result, we expect to achieve different conversion efficiencies of second-
harmonic generation 17 = Psyg/ Ppump, Where Psyg and Ppump are the radi-
ated power at 2w and the pump power at w, respectively. The calculated
conversion efficiency for backward illumination is nearly two times greater
than that for the forward illumination, as shown in Fig. 3.1 (d). It should be
noted that we assumed a pump intensity of 1 MW /cm?.
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3.3 Nonlinear bianisotropic metasurfaces based on

bound states in the continuum

In this section, we propose a robust method for enhancing and controlling
the conversion efficiency of second-harmonic generation for opposite illumi-
nations in bianisotropic metasurfaces. Optical BICs with sharp resonances
are a powerful concept for fortifying asymmetric features of bianisotropic
metasurfaces in the nonlinear regime. In the same vein, we apply in-plane
asymmetry to the bianisotropic meta-atom to obtain quasi-BIC modes and

calculate the corresponding second-harmonic conversion efficiencies.

Let us assume a bianisotropic meta-atom with geometrical dimension d =
270nm, D = 900nm, h = 360nm, H = 720nm, and A = 1260nm, see
Fig. 3.2 (a). The asymmetry parameter is defined as « = 2L/D, where L
represents the shift distance between the axis of the cylinder and the hole.
We have optimized the structure dimensions so that it exhibits maximum
bianisotropic response as well as the BIC effect. Furthermore, the dimensions
are chosen to have appropriate resonances, avoiding two-photon absorption
in Alo.lgGao.ngS.

Figures 3.2 (b) and (c) show the reflection coefficients for three different val-
ues of the asymmetry parameter and two polarizations of the illuminating
light. It can be seen from the figure that the resonance linewidth increases
as the asymmetry parameter increases, facilitating the coupling channel of
light to the free space. Furthermore, the Q-factor can be calculated using the

metasurface’s eigenmode analysis as

0- Re (wy)

where w; is the complex eigenvalue. Figure 3.2 (d) depicts the Q-factor
versus the asymmetry parameter for both x- and y-polarization, where the
inverse quadratic dependence of the Q-factor on the asymmetry parameter
Q « a~? identifies the prominent resonances as symmetry-protected quasi-
BICs [168]. According to the multipolar decomposition, the BIC modes for
the forward- and backward-illuminating light are caused by the interference
of electric and magnetic dipole and quadrupole moments, see Fig. 3.4.

To investigate the asymmetric nonlinear response of our metasurface with

quasi BICs, we calculated the second-harmonic conversion efficiencies for
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ume [see Eq. (3.10)]. (b) Maximum ratio of conversion effi-
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FIGURE 3.6: (a) The normalized electric field in the middle of

the meta-atom in xy-plane (shown in Fig. 3.2 (a)) for two differ-

ent values of the asymmetry parameter, i.e., « = 0.05 and 0.1

for x— polarization. The normalized electric field distributions

in the middle of the meta-atom are illustrated for forward and

backward illumination direction at the resonance frequency. (b)
Same as (a) for y—polarization.
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the opposite illumination directions and two different values of the asym-
metry parameter (i.e., « = 0.05 and 0.1) and polarizations [see Fig. 3.3]. For
the opposite directions of illumination at the frequency of quasi-BIC modes,
our results show a high conversion efficiency and a giant ratio of imbalanced
second harmonics. The second-harmonic conversion efficiency decreases as
the asymmetry parameter increases for both polarizations, which is caused
by an increase in the resonance linewidth [e.g., compare Fig. 3.3 (a) and
(b)]. We get a giant ratio of forward to backward second-harmonic inten-
sities, 7rw/npw =~ 10* for x-polarization. For illuminating light with y-
polarization, this ratio drops by at least two orders of magnitude. Interest-
ingly, being dual quasi-BICs in terms of illuminating light polarisation adds
one more degree of freedom to the proposed design of the meta-atom for
manipulation and control of the ratio #rw /7pw.

To comprehend the underlying physical mechanism of the asymmetric second-
harmonic generation in our bianisotropic metasurface, we investigate the
nonlinear polarization current as the source of second harmonics for oppo-
site illumination directions. The average nonlinear polarization current at
frequency 2w is related to the electric field components at the fundamental

frequency as

Y 2weox?
Il = =

g

where j = {BW, FW} and the average in the volume of the meta-atom (V)

Ex, (@) By, )] +|Es (@) Eg (@) + |Ey, (@) E (@) av
(3.10)

is indicated by the bar above the current. Although the right-hand side of
Eq. (3.10) can be fully characterized in terms of electric field components ob-
tained through the linear simulation, it provides an insight into the nonlinear
optical response of the structure via its relationship to the nonlinear polariza-

tion current components (i.e., Jx, [y, J2)-

Figures 3.5 (a) and (c) depict the factor [Jgw|/|Jsw] for three different val-
ues of the asymmetry parameter and x— and y— polarizations, respectively.
For different polarizations, the factor |Jrw|/[Jpw| resonates at the frequency
of the quasi-BIC modes. As the asymmetry parameter is increased, the res-
onances become weaker. Furthermore, it can be seen from the calculations

above that for certain moderate values of the asymmetry parameter, i.e.,
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«, it can be realized that the ratio of second-harmonic power for the for-
ward and backward directions rises when the factor [Jrw|/[Jaw| increases
(or equivalently when the asymmetry parameter decreases) [see Fig. 3.5 (b)
and Fig. 3.5 (d)]. Note that the maximum ratio of the conversion efficiencies,
i.e. max(yrw/1pw) cannot be fitted to the ratio of the nonlinear polarization
currents for the forward and backward directions (UF—WV |]B—W\)2. This is be-
cause the conversion efficiency is also affected by the spatial and spectral

characteristics of the second-harmonic mode [176].

Importantly, we find that the maximum induced nonlinear polarisation cur-
rents inside meta-atoms at quasi-BIC resonances coincide with the maximum
asymmetry of second-harmonic generation. It basically means that there is
a big difference in the field strength inside the meta-atoms for the forward
and backward illuminations. To investigate this, the normalised field distri-
butions in the xy-plane (in the middle of the meta-atom) are shown in Fig. 3.6
(a) and Fig. 3.6 (b), with significantly different field enhancement factors for
two opposite illumination directions. For the x-polarization (y-polarization),
the field enhancement of 140 (60) and 70 (35) can be obtained with « = 0.05
and 0.1, respectively, for the forward-illuminating light. These values fall to
13 (14) and 8 (7) for the backward-illuminating light [compare Fig. 3.6 (a)
and Fig. 3.6 (b)]. Fundamentally, it confirms the collaborative role of bian-
isotropy and the quasi-BIC modes in the highly asymmetric SHG in the pro-

posed metasurface.

3.3.1 The effect of bianisotropy on the directional SH gener-

ation

In this subsection, we explore another effect of bianisotropy on the direc-
tional SH generation through simulations and compare the results with those
for the anisotropic metasurface, see the different meta-atoms in Fig. 3.7 (a-
left). Here, the directionality is defined as the ratio of the second-harmonic
power (PSH) at the upper and lower virtual planes, see Fig. 3.7 (a-right). It
can be seen from Fig. 3.7 (b) that the largest value of directionality for the
anisotropic metasurface is around 6. This value can be increased to 70 when

using the bianisotropic metasurface.
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( d ) Theoretical calculations: ( b ) Experimental measurements:
Si/SiN, metasurface
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FIGURE 3.8: (a)—(b) The simulated and experimental transmis-
sion spectra, respectively, for the bilayer metasurface made of
silicon and silicon nitride. The solid line and dashed line show
forward and backward illuminations, respectively. (c)—(d) The
simulated and experimental results for the third-harmonic gen-
eration. Reprinted by permission from Nature [177], ©2022.

3.3.2 Recent demonstration of the effect of bianisotropy on

the asymmetric third-harmonic generation

Recently, Sergey S. Kruk, et al. demonstrated experimentally the effect of
bianisotropy on the third-harmonic generation in dielectric metasurfaces us-
ing two different materials [177], see Fig. 3.8 (a). They used a bilayer metasur-
face made of silicon and silicon nitride. Therefore the out-of-plane symmetry
is broken by the difference in the materials for the forward and backward il-
luminations. Experimentally, they obtained the ratio of 25 for the backward
to forward THG, see Fig. 3.8 (b)-(d).

3.4 Fabrication development of the designed Al-

GaAs metasurface in our group

To follow the idea of asymmetric second-harmonic generation based on bian-
isotropic Alg 18Gag g2 As metasurfaces, Kaustubh Vyas (another Ph.D. student

in our group at uOttawa) made an initial attempt to fabricate Aly13Gagg2As
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FIGURE 3.9: SEM image of Alj13Gagg2As pillars fabricated by
Kaustubh Vyas in our group at Ottawa [179].

pillars. An optimized wet etching using 5% HF was used to remove the top
cladding leaving the higher concentration core layer untouched. The stan-
dard top-down fabrication was then used to fabricate the cylindrical pillars
(this process is described later in Chapter 5, Section 5.3). The inverse of the
holes was patterned using a positive-tone resist ZEP520a, which left stand-
ing pillars after the development. An optimized Cl,- and BCl3-based plasma
etching recipe was used to etch the cylindrical pillars, as shown in Fig. 3.9.
The next step is to make use of RIE lag to create holes inside the pillars using
a single-step plasma etching.

Our theoretical analysis was performed for the metasurface suspended in
the air. However, in reality, to mount the device, the metasurface is placed
on a substrate. Therefore, the future plan for the fabrication is to embed the
metasurface in a homogeneous surrounding medium e.g. silica. To this end,
the wafer bonding technique [178] can be used to bond AlGaAs and silica.
Then the process is followed by E-beam writing for patterning the array of
meta-atoms and etching. Finally, silicon oxide is deposited on the top of the
metasurface. Prior to that, simulation for the realistic structure should be
performed because it is necessary to design a finite-size metasurface along
with investigating the effect of using limited numbers of meta-atoms on the
Q-factor [35].

3.5 Conclusions

We theoretically demonstrated a giant asymmetric second-harmonic gener-
ation produced by bianisotropy and quasi-BIC modes in nonlinear metasur-
faces with broken in-plane symmetry. We analyzed our findings using the in-

duced multipole moments and nonlinear polarization currents as the source
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of nonlinearity. We discovered that the sharp resonances of the quasi-BIC
modes can be used to boost the nonlinear polarization currents, which coin-
cides with a very asymmetric field enhancement inside the meta-atoms due
to bianisotropy. Our approach to achieving asymmetric nonlinear response
is not limited to the second-harmonic generation; it can also be extended to
the third- and higher-order harmonic generations, as well as other paramet-
ric nonlinear optical processes [180], [181]. Our findings have the potential

to be applied to nonlinear holography.



60

Chapter 4

Generation and propagation of
nonlinear optical waves in optical

waveguides

Nonlinear optics describes how high-intensity coherent light interacts with a
nonlinear medium, inducing the contributions to the medium’s polarization
scaling as several powers of the light’s electric field strength. The first man-
ifestation of nonlinear optical interactions was reported in 1961 by Franken
et al. [182], where they demonstrated the generation of second harmonics
from a quartz crystal illuminated by a pulsed ruby laser (694 nm). Since then,
the realm of nonlinear optics has expanded to include numerous nonlinear
media and phenomena, targeting the realization of highly efficient and scal-

able nonlinear optical devices with engineered nonlinear optical responses.

The goal of this theoretical work in this chapter is to develop means for
modeling the nonlinear propagation of light in optical waveguides with the
accompanying phenomena such as self-phase modulation (SPM) and four-
wave mixing (FWM). For this reason, we first provide the theoretical back-
ground and derive some of the relevant equations i.e. nonlinear Schrodinger
equations (NLSE) from the first principle, and then rely on numerical tools
(MATLAB) to solve them.

4.1 Propagation of electromagnetic waves in a non-

linear medium

Let us start with Maxwell’s equations in a source-free medium in the form [183]



Chapter 4. Generation and propagation of nonlinear optical waves in

61
optical waveguides
oB
oD
V-D=0, (4.3)
V-B =0, (4.4)

where E, H, D and B denote electric field vector, magnetic field vector, elec-
tric flux density, and magnetic flux density, respectively. The vectors D and
B are defined as

D =¢E+P, (4.5)

B = joH, (4.6)

where P and ¢, represent induced electric polarization and vacuum permit-

tivity, respectively. The wave equation can be obtained as

’E 9P
VXxVXE= _VOEOW — VOW’ (47)

where jo represents vacuum permeability. Assuming

P(I‘, t) = PL(I', t) + PNL(r/ t), (4.8)

(where Py, and Py are the linear and nonlinear contributions to the polar-

ization vector), the wave equation can be written as

0°E 9’P 9?Pn1
o Mgp THTGE (4.9)

VZE — Hoéo
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4.2 Dispersion

A key parameter in the propagation of electromagnetic waves is dispersion.
Here, we merely consider two kinds of dispersion i.e. material dispersion and
waveguide dispersion. The material dispersion (chromatic dispersion) is the
change of the refractive index as a result of the change in wavelength. On the
other hand, the waveguide dispersion is related to the change in the ef fective
index of the waveguide (1.¢) when the wavelength changes (1.4 = B/ko and
B and ko represent the propagation constant of the waveguide and the wave
number in free space, respectively). This dispersion depends on the waveg-
uide cross-section geometry and the core and cladding refractive index con-
trast, and its impact becomes significant for the waveguides with narrower
widths. Due to dispersion, different spectral components experience differ-
ent speeds of propagation leading to group-velocity dispersion (GVD). This
characteristic restricts the nonlinear interaction length in the waveguide due
to the temporal walk-off between the interacting wavelengths (as the spec-
tral difference between the interacting wavelengths increases, the temporal
overlap between the pulses decreases).

Mathematically, GVD is defined as the second derivative of the propagation
constant B with respect to the angular frequency. In this thesis, the parameter
GVD is calculated through the dispersion parameter (D) as

)L2
GVD = ———D, 4.10
27tc ( )
where the parameter D is defined as
D= 9% (4.11)
oA '

in which 7, = dB/dw is the group delay. The parameter D is extracted from

a numerical solver e.g. Lumerical.

4.3 Propagation of electromagnetic waves inside a

x° nonlinear waveguide

In order to understand the x(®) effects in a waveguide, it is necessary to em-
ploy the mathematical equation of propagating waves, namely, the nonlinear
Schrodinger equation (NLSE). Let us start with the Helmholtz equation in the
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form ) ) )
1 0“E o0-P o0“P
VxVXxE+ 5 + o L= al

g L 412
T T T #.12)

where ¢y and Py are the nonlinear part of the polarization and the speed
of light in vacuum, respectively. Using the slowly varying envelope approx-
imation (SVEA) and taking the Fourier transform of the above equation, it

can be written as [183]
2

V2E + ¢ (w) (;)—ZE =0, (4.13)
where ¢ = €1 + enL-

Next, we employ the method of separation of variables as
E(r,w—wy) = F(x,y) A (z,w — wy) eP?, (4.14)

where A is a slowly varying function and By is the propagation constant in
the medium. The above equation gives rise to two equations for the variables
Fand A:

0’F  9°F 2
AT b [g(w)(j—z—ﬁ(w)}P:Q (4.15)
21'50%—‘3 +(p2-p3)A=0, (4.16)

where ¢ (w) = (n+ An)? The change in the refractive index (An) is at-
tributed to the nonlinearity and loss in the waveguide, which can be ex-

pressed as

o

An~ny|E* +i
n >~ ny |E| +12k0

(4.17)

Now, assuming An as a small perturbation and using the first-order pertur-

bation, its effect on the propagation constant () can be calculated as

9T An |F(x,y) | dxdy

A - .
F T T v axdy (4.18)

In fact, the parameter AB is the response to the perturbation of Py, in the
Helmholz equation.

Substituting Eq. (4.18) into (4.17) gives rise to
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wnz‘ |2 [T |F (x,y)|* dxdy
. I3 IF ( y)|* dedy

The term (B*> — B3) can be approximated as 2B (B — o), where B can be

written in the form of a Taylor series expansion as

AB = z% (4.19)

B(w) = Po+ (w—wo)p1+ % (w—wp)? Ba + % (w—wp)’ Bs+ ... (4.20)

Here B1, B2 and B3 are dispersion parameters that can be obtained as

Pr=q," 2 (4.21)
_EB_d (1Y _Gyp (4.22)
‘Bz_dw2_dw vg) ’ '
and d3ﬁ
Bs = 33 = TOD, (4.23)

in which v, represents the group velocity i.e. the velocity at which the pulse
envelope propagates. The parameters 3, and pB3 are the group-velocity dis-
persion (GVD) and the third-order dispersion (TOD), respectively. Substitut-
ing the first three terms of Eq. (4.20) into Eq. (4.16), and taking the inverse

Fourier transform, we get

aA aA 92A
- —l—,51 at ﬁz YY) + A ’)f|A| A, (4.24)
where
naWo
— 4.25
CAeff (*1.20)

is the nonlinear coefficient. A.g denotes the effective mode area and is de-

fined as

[ F () Pdady]

° . (4.26)
J72|E (x,y)|* dxdy

Aetf =
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This effective mode area can be calculated using the transversal distribution
of the electric field in a waveguide by a numerical solver e.g. COMSOL and
Lumerical. Equation (4.24) can be simplified further if one uses a retarded

frame of solvingas T =t — z/vy:

0A i A  «w a2

E—FE,BzW—FEA —l’)’|A| A. (4.27)
The above equation is called the nonlinear Schrodinger equation (NLSE) that
describes many x®) effects such as self-phase modulation (SPM) and four-

wave mixing (FWM).

4.4 Kerr effect

A light with a strong intensity can change the refractive index of a material.
This nonlinear optical phenomenon is called the optical Kerr effect. The real
part of the intensity-dependent refractive index n can be calculated as

n=mng+nyl, (4.28)

in which ng, n, denote the linear refractive index and the nonlinear refrac-
tive index, respectively. The parameter I = 2ngegc |E|2 represents the light
intensity. The nonlinear refractive index can be calculated as

3Re <X(3))

4.29
4ndeoc (429)

npy =

4.5 Self-phase modulation

Self-phase modulation (SPM) describes the spectrum variation of a propagat-
ing pulse in a Kerr medium as a result of its own intensity. In the temporal
frame, it manifests itself just as a phase shift which is dependent on the in-
tensity of the pulse. This phenomenon is essential for optical switching and
super-continuum generation (SCG) [67], [184], [185].

To see the pure effect of SPM on a propagating pulse in a waveguide, let us
ignore the effect of GVD and the linear loss in the NLSE. In this case, Eq. (4.27)

can be written as
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FIGURE 4.1: (a)-(f). The spectrum modification through the
SPM phenomena for different values of the nonlinear phase
shift: 0.57, 7r, 1.57t, 2.57t, 3.57t and 4.57t. The parameter f rep-
resents optical frequency.
0A 2
— =iy |A|"A. 4.30
5, = irlAl (4.30)
The solution to the above equation can be written in the form
. 2
Az, t) = A(0,1)e71A0NIz, (4.31)

As can be seen from Eq. (4.31), the temporal shape of the pulse during the
propagation remains intact and only some nonlinear phase shift is gained.
The power of the exponential term is called the nonlinear phase shift (¢nr).

Figure 4.1 shows the pulse spectrum for different values of the nonlinear
phase shift.

Note that the effect of the linear loss can be readily added to the NLSE's
solution by assuming the solution in the form

Az t) = A0, t)e(%az)eiv\A(O,t)|ZZ.

In general, the nonlinear phase shift for a varying intensity in a waveguide
can be calculated as
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FIGURE 4.2: Schematic of the two-photon absorption effect. E.

and E, represent the energy level of the conduction and the va-

lence band, respectively. The dashed lines show the virtual en-
ergy levels.

L
q)NL = konz/o I (Z) dZ,

where [ (z) is the light intensity.

4.6 Two-photon absorption

Two-photon absorption (TPA) is a nonlinear absorption that occurs when the
energy of incident photons is smaller than the bandgap but higher than or
comparable to half-the-bandgap. As a result, some electrons in the valence
band can transit to the conduction band (as free carriers) by a simultaneous
two-photon excitation, see Fig. 4.2. Furthermore, other effects such as free-
carrier absorption (FCA) and free-carrier dispersion (FCD) can occur conse-
quently. The TPA is an intensity-dependent loss and can be calculated as

atpa = Brral, (4.32)

where Brpa represent the two-photon absorption coefficient. Therefore, the
intensity of light propagating inside the waveguide can be calculated as the

solution of the following equation:

dI
& (a0 + arpa) I = aol + Preal®. (4.33)

For InyGa;_xAs;_yPy (on the InP substrate), the energy for the fundamental
absorption edge (Eg) at the temperature 300 K can be calculated as [106]
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FIGURE 4.3: The energy diagrams representing (a) degenerate
FWM (DFWM) and (b) non-degenerate FWM (NDFWM). The
dashed lines show virtual energy states.

E¢(eV) = 0.75 + 0.46y + 0.14y>. (4.34)

Based on the above equation, for instance for y = 0.7, InGaAsP has the band-
gap energy of E¢ = 1.1406 (eV). As a result, the TPA effect is expected at the
wavelength 1550 nm (~0.7999 eV).

4.7 Four-wave mixing (FWM)

Another nonlinear effect based on x®) is four-wave mixing (FWM) in which
an additional spectral component can be generated, see Figure 4.3. In the
quantum picture, the frequency w; of the idler is related to the pump (w))
and signal frequencies (ws) according to w; = 2wy — ws (i.e. the case of de-
generate four-wave mixing (DFWM), see Figure 4.3 (a)) and w; = wyp, +
wp, — ws (i.e. the case of non-degenerate four-wave mixing (NDFWM), see
Figure 4.3 (b)). The two initial waves (in the case of degenerate FWM) are
called pump and signal, and the new frequency component is known as an
idler. This phenomenon is essential for all-optical wavelength conversion
and frequency combs.

The mathematical description of FWM in a waveguide can be performed us-
ing NLSE in the following form (tailored to a degenerate FWM): [183], [186]

0A, iBh %A, —1 : . BpA
ke = — 4.
5 > I > apAp +i <'yp -l-zerff) (4.35)

X <|Ap’2 + 242 +2 |Ai|2> Ap _}_Zi:)/pAsAiA;eiAﬁz,
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0As 0As | ip30*A, -1 . . Brra
o Tl Ty ar = ATt (436

X (1467 + 2452 +2 | A7) A+ ins A3 A2,

04; . 9A; iBha*A; -1 . . Brra
> i T ZoclAlJrz %+12Aeff (4.37)

X (|A1‘|2+ ‘ZAP‘2+2|AS|2) Ai-i—i’yl'A%,A;‘eiAﬁz,

where Brpa is the TPA coefficient. The three equations describe the nonlinear
propagation of the pump, signal, and idler waves, respectively. The param-
eters d; s show the walk-off parameter defined as d; ;=15 — B1,. It can be
understood from the above equations that the conversion efficiency of the
FWM process is dependent on the pump intensity, the nonlinearity of the
waveguide, phase mismatch, overall losses in the waveguide, and the inter-

action length of the waveguide.

The dependency of the output power of the generated idler on the pump and
signal powers can be described as [187]-[189]

PO = Py (yPyLegt)” e L, (4.38)
2 —aL o; 2(A§L>
o 4e sin
S — | 4.

where PP", P; (Py), and ¢ represent the idler power at the output of the
waveguide, the signal (pump) power at the input of the waveguide, and
the phase matching parameter, respectively. The parameter Ap denotes the
phase mismatch between the idler, signal, and pump. This parameter is cal-
culated as AB = Ay, + 27Pp, in which the first and the second term rep-
resent the linear and nonlinear phase mismatch, respectively. The linear part
can be obtained as AByi, = 28, — Bs — B
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4.8 Numerical solutions for the four-wave mixing

equations

Since the nonlinear Schrodinger equation (NLSE) is a nonlinear partial differ-
ential equation that is not simply solvable analytically, a numerical method
is essentially needed to find its solution. One of the most commonly used
computational methods to analyze the pulse propagation in nonlinear dis-
persive media is the split-step Fourier transform. The assumption here is that
over a short segment (from z to z + h) of our waveguide the dispersion and
nonlinear effects behave independently. Therefore, we divide the nonlinear
Schrodinger equations into the dispersion part and the nonlinear part. Be-
sides, each segment of length / is divided again into two equal lengths. The
linear operator acts over each subsegment in the frequency domain, while
the nonlinear operator acts just locally at the central point of our calculation.
The nonlinear and linear terms (dispersion) are solved using Runge-Kutta

forth-order method and Fourier transform, respectively.

Based on the above method, we solved Egs. (4.36), (4.37), and (4.38) using
MATLAB for some representative parameters of the waveguide i.e. Ae =
0.5 ymz, n, = 1.9 x 107 7m?2 /W, B2 = 10724 s2/m (we assumed almost the
same GVD for the signal, idler and pump), Btpa = 1 cm/GW (case one) and
Brra = 10 cm/GW (case two). We assume the pump and the signal pulses

as sech pulses

t
Asignal = V Ps sech (—) (4.40)
To

t
Apump = 4/ Ppsech (FO) (4.41)

in which the initial width (Tj) is 20 ps and the powers Ps and P, are 0.1 and
1 W, respectively. Figures 4.4 and 4.5 show the evolution of the signal, idler,
and the pump pulse for two different values of two-photon absorption coef-
ficient i.e. Brpa = 1 cm/GW (case one) and Brpa = 10 cm/GW (case two),
respectively. The linear loss was assumed as 5 dB/cm for both cases. The pa-
rameters here were chosen to be similar to those of an InGaAsP waveguide
[190]. As can be seen from Fig. 4.5, the idler amplitude drops substantially
due to an increase in the TPA coefficient compared to Fig. 4.4.

The method that we have developed can be used to investigate the effect of
each parameter e.g. A.rr, GVD, Brpa, and other parameters in the coupled
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FIGURE 4.4: Simulation of FWM and nonlinear wave propa-

gation in an optical waveguide. (a)—(c) Evolution of a sech

pulse signal, idler, and a sech pulse pump, respectively, in a

waveguide with 1, = 1.9 x 107 Vm2 /W, Brra = 1 cm/GW,
A = 0.5 ymz , B2 = 107%* s2/mand « = 5 dB/cm.
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FIGURE 4.5: Simulation of FWM and nonlinear wave propa-

gation in an optical waveguide. (a)—(c) Evolution of a sech

pulse signal, idler, and a sech pulse pump, respectively, in a

waveguide with n, = 1.9 x 107 m2/W, Brra = 10 cm/GW,
A = 0.5 ymz , B2 = 107* s2/mand « = 5 dB/cm.
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equations on the FWM process in a nonlinear waveguide. Furthermore, it
is also helpful to find the optimum length of a nonlinear waveguide to have

maximum conversion efficiency.
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Chapter 5

Nonlinear optical characterization
of Iny_,GaxAs;_yPy waveguides

Material selection

Indium Phosphide (InP) is an important alloy in active integrated photonics.
InP/InGaAsP active devices such as lasers and optical detectors are com-
monly used in integrated photonics, for instance, InP/InGaAsP laser [103],
[191], [192] and integrated InGaAsP/InP single-photon detectors [193], [194].
Therefore, it has been very encouraging to integrate passive nonlinear de-
vices capable of extending the operation range of the existing InGaAsP laser
sources and all-optical signal processing in InP-based transceivers to aug-

ment the functionalities of these existing InGaAsP devices.

In this chapter, we explore how InGaAsP /InP can be exploited to realize non-
linear passive waveguides on a chip. The optimal wavelength range of op-
eration for InGaAsP passive nonlinear optical devices is at 2 ym or longer
wavelengths which is dictated by the bandgap energy range [106]. The pho-
ton energy at these wavelengths falls below half-the-bandgap, and the in-
fluence of two-photon absorption is expected to be negligible. However,
the experiments reported in this chapter were carried out in the wavelength
range of 1480 nm to 1560 nm. This wavelength range was selected due to the
availability of the laboratory equipment for the nonlinear optical characteri-
zation. Further, it is instructive to quantify optical nonlinearity of InP-based
platforms in this wavelength range because this is the wavelength range of
operation of optical communication networks where InP-based large-scale
photonic integration is implemented [195]-[197]. In particular, incorporat-

ing passive InP nonlinear waveguides for all-optical signal processing and
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wavelength conversion could be potentially a paradigm shift to the function-
ality of the existing transmitters and receivers by extending the operation

wavelength of integrated optical lasers to longer wavelengths.

In this regard, In; _ GaxAs; Py with different compositions of phosphorous
can provide good confinement of light with a small refractive index contrast
with InP (from 0.1 for y = 0.7 to 0.4 for y = 0.2) at the wavelenght 1550 nm.
InGaAsP can be grown on the native substrate of InP if the lattice-matching
condition of x = 0.47 — 0.47y is met [106]. Figure 5.1 shows the refractive
index dispersion of InGaAsP for different compositions of phosphorous (P).
It can be seen from this figure that the refractive index decreases when the

concentration of P increases.

On the other hand, InGaAsP exhibits a large nonlinear refractive index (on
the order of 10713 cm?/W) [190] which is comparable with that of AlGaAs
(1.5 x 10713 cm?/W) [79]. However, there have been very few demonstra-
tions of integrated nonlinear optical devices based on InGaAsP [190]. Fur-
ther, there is lack of precise measurement of n; in InGaAsP waveguides. All
these arguments serve as sufficient motivation for us to explore the nonlinear
capabilities of InGaAsP for integration with InP active devices e.g. lasers and
amplifiers on the same chip. To this end, in this chapter, we explore two
different waveguide geometries based on a three-layer InGaAsP/InP het-
erostructure platform i.e. the half-core waveguide and nanowire. All devices
we characterize here were fabricated by Kaustubh Vyas, another Ph.D. stu-
dent in our group at uOttawa. The measurements were carried out jointly
by Ehsan Mobini in collaboration with Dr. Daniel Espinosa, a postdoctoral
researcher in our group at uOttawa. In the following section, we describe the
waveguide geometries that we have been working with and compare them
to the InGaAsP strip-loaded waveguides studied earlier in our group [190].

5.1 Different geometries of InGaAsP waveguides

Here, we describe three geometries of InGaAsP waveguides namely strip-
loaded, half-core, and nanowire (see Fig. 5.2). However, for the rest of this
thesis, we continue merely with the nonlinearity in the half-core and nanowi-
re waveguides. The nonlinearity of strip-loaded waveguides has already
been demonstrated by S. Saeidi etal. in a previous work of our group [190].
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FIGURE 5.1: The refractive index dispersion for

In; GaxAs; Py with different concentrations of P. This
tigure is reproduced from Ref. [106].

5.1.1 Strip-loaded waveguides

InGaAsP Strip-loaded waveguides are composed of three epitaxial layers in
which the InGaAsP layer is sandwiched between two InP layers with a lower
refractive index, see Fig. 5.2 (a). Therefore, the InGaAsP layer and the two
InP layers act as the guiding layer and claddings, respectively. This configu-
ration provides vertical confinement of light inside the core. The horizontal
confinement is ensured by a ridge part on the top of the upper cladding.
Strip-loaded waveguides exhibit low propagation loss coefficients because
the waveguide core is not affected by the etching process [190]. However,
for the strip-loaded waveguides, the dispersion engineering is challenging
because the waveguide dispersion in such structures is very small compared
to the material dispersion [92]. Further, strip-loaded waveguides have rela-
tively large dimensions due to the moderate refractive index contrasts expe-
rienced by the guided modes in vertical and horizontal directions, and the
resulting effective-mode areas are relatively large, which prevents achieving

high intensities at small input power in the waveguides.

5.1.2 Nanowires

To address some of the issues of strip-loaded waveguides, Meier et al. [51]
proposed a different waveguide geometry known as nanowire (see Fig. 5.2
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FIGURE 5.2: Different waveguide geometries for three-layer

heterostructure waveguides: (a) strip-loaded waveguides, (b)

nanowires, (c) half-core waveguides. The InGaAsP layer and

the InP layers in all three types of waveguides act as the core
and claddings, respectively.

(b)), in which the width of the waveguide ridge is relatively small (less than
11m) and the etch depth typically goes down deeply into the lower cladding.
Therefore, this type of waveguides allows one to achieve a smaller effective
mode area (< 0.5 pm?) or a higher nonlinear coefficient. Another advantage
of this waveguide geometry is that it offers flexibility in dispersion engineer-
ing because the waveguide dispersion becomes significant in such compact
structures. Zero-GVD points have been demonstrated in this waveguide ge-
ometry in the Telecom C-band [51], [93]. However, due to the deep etch-
ing process and sharp refractive index contrast of the sidewalls with the sur-

rounding air, this waveguide geometry can exhibit high propagationloss [93].

5.1.3 Half-Core Waveguides

By etching the nanowire’s core half-way, a waveguide geometry can be ob-
tained that is a trade-off between the strip-loaded and nanowire geometries,
see Fig. 5.2 (c). Such a design exhibits a reduced propagation loss com-
pared to the nanowire waveguides and a smaller effective mode area com-
pared to the strip-loaded waveguides [93], thereby representing a compro-
mise solution between the two aforementioned waveguide geometries. This
waveguide geometry is known as half-core; it has been recently proposed
and demonstrated by our research group in AlGaAs waveguides [189]. It
typically exhibits the effective mode area of less than 2 pm? [189].
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5.2 Design strategies: zero GVD and composition

selection

In this section, we describe how we performed our initial design of two types
of waveguides. It is remarkable that the original plan was to work with
strip-loaded and nanowire waveguide geometries. It was not until recently
that our group has proposed the half-core waveguide geometry, and the de-
sign was originally performed for the other two geometries. However, in
the process of nanofabrication, we ran into a technical issue that forced us
to etch our originally designed strip-loaded waveguides deeply, so that we
ended up with half-core waveguides in practice. That is why we present the
waveguide design for the strip-loaded and nanowire geometries, but the

experimental results for the half-core and nanowires.

Our goal in designing the nanowire and strip-loaded waveguides was to
minimize the GVD effect. Generally, waveguide design depends on three
factors, namely waveguide geometry, dimensions, and the material com-
position. The nanowire design can exhibit zero GVD (ZGVD), however, in
the case of strip-loaded waveguides, due to the lack of flexibility in disper-
sion engineering, it is not possible to achieve ZGVD. Another concern for
these designs is the composition selection. We examined different composi-
tions of phosphorous (y) in the waveguide core material (In; _xGaxAs; _yPy)
to achieve ZGVD at 1550 nm through several simulations. Note that, as
mentioned earlier, the composition x can be obtained through the lattice-
matching condition i.e. x = 0.47 — 0.47y. Our simulations were performed
using Lumerical mode solution. For this purpose, the first step is to find the
effective refractive index in a certain wavelength interval, then the dispersion
parameter (D) can be obtained from Lumerical. Finally, the GVD is calculated
from Eq. (4.10) using MATLAB. For all the simulations, we used perfectly
matched layers (PML) as the boundary conditions. Our results demonstrate
that ZGVD and small GVD become achievable for the nanowire and strip-
loaded geometry, respectively, for the material composition y = 0.7, x = 0.14
and certain geometrical dimensions, as described in Table 5.1 and Fig. 5.3.

From performing several simulations for the case of nanowire with different
widths (w), it can be realized that the ZGVD wavelength can be controlled
well by changing the width of the nanowire waveguide, see Fig. 5.4 (a). Our
simulation results have demonstrated that a blue-shift of ZGVD wavelength

occurs with the reduction of the waveguide width, see Fig. 5.4 (a). It can be
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| Nanowire dimensions [pm] | Strip-loaded dimensions [pm] |
height of the core = 0.8 height of the core = 0.5
width of the core = 0.5 upper cladding height = 0.1
upper cladding height = 0.3 ridge height = 0.9
lower cladding height = 0.6 ridge width = 1.5
TABLE 5.1: The geometrical dimensions of the
Ing 86Gap.14Asp 3P0z nanowire and strip-loaded waveguides for
achieving ZGVD and small GVD, respectively (in the case of
the strip-loaded waveguide, the main effective factor on GVD
is the material composition, not the geometrical dimensions).
W=05
(2) b (b)
0.3 [um] W= 15
—>
.I h =0.8 [um] 1 h3=0.9 [um]
I h,=0.1 [um]
IO.G [um] _ I hcore: O.S [um]

InP InP

FIGURE 5.3: (a) The nanowire waveguide dimensions that al-

low one to achieve ZGVD around 1550 nm; (b) The strip-loaded

waveguide dimensions that allow one to get small GVD. The

material composition of In;_yGaxAs; yPy isy = 0.7 and x =
0.14.

seen that for the width w = 0.5 ym and heore = 0.8 ym the ZGVD around
1550 nm is achievable. For the strip-loaded waveguides, the GVD does not
exhibit a significant change for different dimensions of the core and the ridge,
see Fig. 5.4 (b). Note that for the case of the strip-loaded waveguide, the
material composition has the main effect on the GVD, not the geometrical

dimensions.

To obtain a better understanding concerning the role of the material compo-
sition in GVD engineering, we present the GVD variation as a function of
wavelength for the composition y = 0.5 and x = 0.23. It can be seen from
Fig. 5.5 (a) that for this composition, the ZGVD at A = 1550 nm can be ob-
tained at the expense of a narrower waveguide width (w = 0.4 ym for the
case of nanowire), which is challenging from the fabrication point of view.
For the case of strip-loaded waveguides, the GVD values for the composition
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FIGURE 5.4: The group velocity dispersion diagrams

(In;_xGaxAs;_yPy with the composition y = 0.7 and x = 0.14)

with different widths and core heights for (a) nanowires, (b)

strip-loaded waveguides. For the nanowire, ZGVD at 1.5 ym
can be achieved for the waveguide width of 0.5 pm.
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FIGURE 5.5: The group velocity dispersion diagrams

(In;_xGaxAs;yPy with composition y = 0.5 and x = 0.23) for

(a) nanowires (b) strip-loaded waveguides. As can be seen from

(a), the ZGVD at 1550 nm can be obtained for w < 0.45, which
is challenging from the fabrication point of view.
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FIGURE 5.6: The fundamental TE mode profile (the electric field

intensity) for (a) the nanowire and (b) strip-loaded waveguides.

The effective mode areas are 0.39 yum? and 2.75 um?, respec-
tively.

y = 0.5 become bigger than those for the composition y = 0.7, see Fig. 5.5 (b).

Based on the above reasons, we select the composition y = 0.7 and x = 0.14

in In;_yGaxAs; Py for our waveguide design.

Figure 5.6 (a)—(b) shows the electric field intensity (the fundamental mode
profile) for the nanowire and strip-loaded waveguides, respectively, for the
TE polarization. These modes exhibit the effective mode area of A = 0.39
m? and 2.75 um?, respectively. As can be seen from this figure, a good light
confinement can be obtained with the refractive index contrast of An = 0.1
between the Ing gsGag 14As0 3P0 7 (core) and InP (cladding) at 1550 nm.

In practice, to couple light into and out of a nanowire waveguide, it is re-
quired to use tapered waveguides with the adiabatic change of the width,
see Fig. 5.7 (a). Consequently, for the calculation of linear propagation loss
in the waveguide, we need two extra waveguides known as taper-to-taper
waveguide, see Fig. 5.7 (b), and reference waveguide with the width of the
coupling regions, see Fig. 5.7 (c). These extra waveguides are useful for the
characterization of the principal waveguides. In our chip, the width for the
reference waveguide and all input/output coupling waveguides is 2 ym.

Figures 5.8 and 5.9 show the schematic representation of the designed waveg-
uide chips with waveguides of different widths for the nanowire and the

half-core waveguides, respectively.
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FIGURE 5.7: Schematic of (a) the nanowire waveguide struc-

ture, showing coupling-in and coupling-out 2-pm-wide re-

gions, tapers, and the nanosection region with the dimensions

corresponding to the design; (b) taper-to-taper structures that

are used to evaluate the impact of the tapers, and (c) the ref-

erence waveguide with the width equal to that of the coupling
regions (2 um).
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FIGURE 5.8: Schematic of the designed nanowire waveguide
chip. The chip includes a set of reference waveguides with
the widths matching the width of the coupling regions, a set of
taper-to-taper waveguides, and a set of nanowire waveguides
with different widths using coupling regions for coupling the
light into and out of the waveguide and tapered sections for
mode size conversion. A copy of all devices is repeated again

on the bottom of the chip, which is not shown here.
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FIGURE 5.9: Schematic of the designed strip-loaded waveguide

chip. The chip includes a set of reference waveguides with dif-

ferent widths ranging from 2 ym down to 1.5 pm, and a set of

waveguides with narrower widths using tapered sections for

coupling. A copy of all devices is repeated again on the bottom
of the chip, which is not shown here.
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FIGURE 5.10: Process flow used for fabrication of InP waveg-
uides. The image was created by Kaustubh Vyas [179].

5.3 Fabrication

The first step in fabricating any integrated photonic structure is finalizing the
epitaxial stack. Based on the design considerations introduced in Section 5.2,
the epitaxial stacks were grown using Metal Organic Chemical Vapor De-
position (MOCVD) process. The growth was performed at Sandia National
Laboratories in the USA as part of the collaborative program ran by the Cen-
ter for Integrated Nanotechnologies (CINT). The epitaxially grown wafers
were cleaved into 1 cm x 1 cm pieces. The fabrication process followed a
standard top-down approach, as described further.

Wafer cleaning is a key process before starting any fabrication run. The
pieces were cleaned in warm acetone and Isopropyl alcohol (IPA) followed
by blow drying with nitrogen. Since the etch depth requirements for the de-
signed waveguides were rather large, it would have been impossible to have
reached the required etch depth with a soft mask or an E-beam resist only.
Therefore, we decided to use a silica hard mask for transferring the pattern
into the underlying InP/InGaAsP layers.

Fig. 5.10 shows the process flow used to fabricate the waveguides. Silica
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FIGURE 5.11: Plasma etching results for InP etching: (a) InOy
formation leading to poor surface roughness; (b) Optimized
etching recipe with improved surface roughness

mask of the thickness 320 nm was deposited on top of the clean wafers us-
ing an optimized LPCVD process. Positive-tone E-beam resist ZEP520a was
then spin-coated on top of the deposited silica at a spin speed of 2000 rpm,
which resulted in a 500-nm-thick resist layer. The waveguide patterns were
then written using E-beam lithography. Two E-beam systems were used in
this process. The nanowire sample was written using the 100 kV E-beam
system at the University of British Columbia by our collaborator Dr. Kashif
Awan. The half-core waveguides and the etch-test samples were written by
Kaustubh Vyas using the 30 kV E-beam lithography system at uOttawa.

The patterned structures were further cleaved into smaller 3 mmx 3 mm
pieces which were used as etch-test samples. The pattern transfer was per-
formed by an ICP-RIE plasma etcher and a two-step etch process: first, to
etch the silica mask using ZEP, and second, to etch InP using the silica mask.
Plasma etching of Indium phosphide is not extensively studied, and is known
to be relatively tough due to the high chamber temperature requirements [198],
[199].

Another common occurrence while etching InP is Indium Oxide (InOy) for-
mation as shown in Fig. 5.11 (a). This leads to needle-like formation which
therefore leads to optical losses due to intolerable surface roughness. In or-
der to optimize the etching recipe to obtain the minimum surface roughness,
we had to compromise the sidewall verticality. However, based on the re-
vised simulations, we were still able to obtain light guiding even when the
sidewalls were slightly angled and therefore we decided to proceed to the
fabrication using the non-vertical sidewalls. Fig. 5.11 (b) shows the final fab-
ricated device for the half-core etched waveguide. By comparing Fig. 5.11 (a)
and Fig. 5.11 (b), the improvement in the surface roughness is very evident.
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The detailed study of plasma etching of silica using ZEP and etching InP
using silica mask has been carried out by Kaustubh Vyas in his PhD thesis
[179].

5.3.1 Fabricated waveguides for the experimental characteri-

zation

There exist two types of E-beam resists used for patterning the devices: a
positive-tone and a negative-tone resist. The role of each type of resist in the
fabrication process is shown in Fig. 5.12. The negative-tone resist is hard-
ened by the E-beam exposure process. In the process of development, the
unexposed resist regions get washed away by the developer while the ex-
posed resist remains, serving as a mask for the etching process. In contrast,
the positive-tone resist becomes weakened by E-beam, so that the exposed
regions are washed out by the developer and the unexposed regions stay,

serving as a mask for etching.

The waveguides of the kind described in the section 5.1 are usually fabricated
using negative resists in order to minimize the E-beam writing time. The
preferred kind of negative-tone resists is HSQ which turns into silica glass
under the E-beam exposure. It serves as a good alternative to silica hard
mask in the etching process. However, HSQ has a disadvantage of a very
short shelf life, long commercial lead times and high price. As a result, at
the time of sample fabrications, for the interest of time, we decided to use
the positive-tone resist ZEP that was readily available in the cleanroom at

uOttawa.

In Fig. 5.13, we demonstrate how the E-beam exposure needs to occur in or-
der to obtain the desired waveguide structures in the end. The top part of the
tigure demonstrates the E-beam exposure of the waveguide structure for the
case when the negative-tone resist is used. The region that must be exposed
by the E-beam is the waveguide itself, while the surrounding unexposed re-
gions will be washed away by the developer. The bottom part of Fig. 5.13
shows the E-beam process for the case where a positive-tone resist is used.
In this situation, the regions that will be exposed are the trenches surround-
ing the waveguide structure as it is those regions that need to be removed
by the developer. In order to reduce the E-beam writing time, the trenches
should be as narrow as possible. On the other hand, if the trenches are too
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FIGURE 5.12: Schematic that shows the principle of E-beam
writing with a positive (left) and negative (right) resist. The
arrows on the top show the E-beam exposure.

narrow, it will be difficult to excite the waveguide mode without exciting the
surrounding slab mode, and the coupling efficiency will be very small.

In our study, as we mentioned earlier, we had to rely on the positive-tone
resist ZEP because it was readily available in the cleanroom. As a result, the
E-beam exposure was performed in line with the description on the bottom
part of Fig. 5.13. As a result, at the end of the fabrication process, there were
lateral slabs remaining in addition to the designed waveguides, see Fig. 5.14.
These slabs complicated the process of light coupling to the right waveguide
mode, posing difficulty in discriminating between the real guided mode and
the slab modes.

The coupling objective lens in our experiment is expected to focus the beam
to the spot diameter around 2 ym. However, in reality, the focused spot
size is larger due to the following reasons: first, the beam is not an ideal
Gaussian beam, and second, there is some scattering from the sidewalls of
the waveguide, and the radiation partially scatters into the slab mode. For
the case of strip-loaded waveguide, to increase the discrimination between

the waveguide mode and the slab modes, we etched the waveguide further
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FIGURE 5.13: The top view of the waveguide for the E-beam

and etching process with negative (top of the picture) and pos-

itive (bottom of the picture) resist. In order to minimize the

E-beam writing time, narrow trenches surrounding the waveg-
uide structures were written (see the bottom part).

to end up with half-core waveguides with a smaller effective mode area in-
stead of the originally designed strip-loaded waveguides. Etching deeper
facilitated the coupling of light to the desired waveguide mode without a
lot of cross-talk with the slab modes. However, only 2-pm-wide waveguides
worked for the fabricated half-core chip. Also, for the case of the nanowire,
the coupling only into the reference waveguides was possible (only 2-m-wide
deeply etched nanowires exhibited light guidance, there were no narrow de-
vices that worked). For the rest of this thesis, we will focus on describing
the experimental results that we have obtained with the 2-m-wide half-core
and nanowire waveguides that permitted a reliable light coupling and fun-
damental mode excitation.

Once the waveguide samples were fabricated and SEM images of the waveg-
uides were recorded, we were able to gather the real waveguide parame-
ters for our experimental studies. Since the sample characteristics deviated
largely from the targeted design, we found it important to repeat the mode
analysis to obtain the realistic mode profiles of as-made structures together
with the effective mode area, effective refractive indices and dispersion char-
acteristics. As previously, we used Lumerical Mode Solutions for the modal
analysis of the as-fabricated structures.
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FIGURE 5.14: The schematic showing the side-view of the fab-

ricated waveguides used in our experiment: (a) nanowire, (b)

half-core waveguides. The circle shows the region where the
slab modes appear.

Figure 5.15 shows the field distribution for the nanowire and half-core waveg-
uides for the TE and TM polarizations. The strip-loaded waveguide exhibits
fundamental TE and TM modes, while the nanowire becomes multimode
(for the 2-pm waveguide widths that exhibit light guidance). The simulation
reveals that the 2-pm-wide nanowire waveguides support two lowest-order
modes with close effective refractive indices, see Fig. 5.15. (c)-(d). However,
for the case of the half-core waveguide, we are still able to work in the single-

mode regime, see Fig. 5.15 (e)—(f).

Table 5.2 shows the effective refractive indices and effective mode areas for
the modes supported by the fabricated waveguides. For the nanowires, two
values of each parameter are reported, corresponding to the fundamental
(TEgo, TMqp) and the first-order (TEy;, TMp;) modes, respectively. In Fig. 5.16,
we show GVD diagrams obtained from the repeated simulations for the fab-
ricated nanowire and half-core waveguides (both TE and TM polarizations).
As can be seen from Fig. 5.16 (a), the ZGVD around the wavelength 1550 nm

cannot be obtained for the as-fabricated waveguides width the width of 2 pm.
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@ 1550 nm

0

FIGURE 5.15: The mode profiles (electric field intensity distri-
butions) of (a)-(d) nanowire and (e)—(f) half-core waveguide for
different polarizations at 1550 nm.

| Waveguide type | Refractive index (TE/TM) | Effective mode area (TE/TM) |

Nanowire 3.20,3.13 / 3.24,3.14 1.39,1.42/ 1.46,1.54 ymz
Half-core 3.19/ 3.19 1.67/ 1.75 uym?

TABLE 5.2: The effective refractive indices and effective mode

areas for the fabricated waveguides. Two values of the parame-

ters for the nanowires correspond to the fundamental (TEqg and
TMq) and the higher-order (TEy; and TMy;) modes.
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FIGURE 5.16: The GVD as a function of wavelength for as-

fabricated waveguides: (a) for the fundamental TE and TM

modes of the nanowires, (b) for the TEy; and TMy; modes of

the nanowires, (c) for the fundamental TE and TM modes of
the half-core waveguides.

5.4 Measuring the propagation loss of the waveg-
uides

To measure the propagation losses of our waveguides, we use the Fabry-
Perot method based on the successive reflections from the waveguide facets
[200], see Fig. 5.17. Let us denote the reflection and the transmission coeffi-
cients as R and ¢, respectively. The optical waves undergo a reflection at each
interface and an attenuation at each roundtrip, and the total transmission
coefficient (T) can be obtained through the superposition of all transmitted

waves as [201]

_ (1—R)?
T= 4R sin? (BL) + (e22L — R)?’ 6.1)
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Ein

Waveguide core

FIGURE 5.17: Schematic that shows the top view of a waveg-

uide core. The arrows represent successive reflections from the

waveguide facets known as Fabry-Perot reflections. The pa-

rameters {, R, &, and L denote the transmission coefficient, re-

flection coefficient, linear loss coefficient, and the length of the
waveguide, respectively.

where B is the propagation constant of the waveguide, and « is an attenu-
ation coefficient. The transmission T oscillates as a function of wavelength
based on the phase of the amplitude reflection and transmission coefficients,
thereby exhibiting Fabry-Perot spectral fringes. The ratio of maximum and

minimum transmission can be found from the above equation as

Toin (1 — e 2LR)?

= . 5.2
From the above equation, the linear loss coefficient can be obtained as
T, :
IR
p=—In | R—2mx | (53)
L 1 _ Timin
Tmax

note that the value of Tiin/ Tmax can be determined from the measurements.
The linear loss coefficient of an optical waveguide is conventionally expressed
in the units of dB/cm and can be related to the loss coefficient in the units of

1/cm as
« [dB/cm] ~ 434« [cm—l] . (5.4)

In our experiment, the loss is measured by coupling a laser beam from a

tunable continuous-wave (cw) laser into the waveguide and measuring the
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FIGURE 5.18: Schematic of the linear characterization setup.
“BS” stands for beam splitter.

output power variation as a function of wavelength. Figure 5.18 shows the
schematic of the experimental setup for the loss measurement. The tunable
laser Santec TSL-710 was employed in the experiment. Two microscopic ob-
jectives were used to couple the laser beam in and out of the waveguide. The
measurement is performed at the wavelength range around 1550 nm. The
laser beam was coupled into the waveguide via a microscopic objective, and
the output power was measured as a function of wavelength using a wave-

length sweep in the wavelength interval 0.6 nm.

Figure 5.19 shows the output power of the half-core waveguide as a function
of wavelength for the TE and TM polarizations. The length of the waveg-
uide was 0.2 cm. The linear propagation loss for the TE and TM fundamen-
tal modes has been determined from the measurements as 13.7 dB/cm and
13.8 dB/cm, respectively. Table 5.3 shows the summary of the loss measure-

ment results for the half-core and nanowire waveguides.
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FIGURE 5.19: Experimentally measured output power as a

function of wavelength used for the calculation of the linear

propagation loss («). (a) The data for the TE polarization. The

linear loss coefficient extracted from this data is 13.7 dB/cm.

(b) The data for the TM polarization. The extracted propaga-
tion loss coefficient is 13.8 dB/cm.

| Waveguide (polarization) | Propagation loss («) |

Half-core (TE) 13.7 dB/cm
Half-core (TM) 13.8 dB/cm
Nanowire (TE) 27.6 dB/cm
Nanowire (TM) 23.2dB/cm

TABLE 5.3: The results of the linear propagation loss measure-
ments in the half-core and nanowire waveguides for the TE
and TM polarizations. The loss measurements reported for the
nanowires are for the superposition of the fundamental and
first-order spatial modes for each polarization.

5.5 Calculation of the coupling factor

Once the linear propagation loss is measured, it is possuble to determine
the fraction of the optical power coupled into the waveguide. The coupling
factor (K) can be calculated from the linear propagation loss coefficient («)
and the reflection coefficient of the waveguide facets (R) as

Pin (0) = K (1 = R) Pine, (5.5)

where P, and P, represent the incident optical power and the coupled-in
power right at the input inside the waveguide, respectively, see Fig. 5.20. The
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Pout

FIGURE 5.20: Schematic that represents the process of transmis-

sion and shows how coupling factor K is related to the incident

and transmitted optical power. The parameter R denotes the
power reflection coefficient at the waveguides’ facets.

parameter R denotes the reflection coefficient for the power at the waveg-
uides’ facets. Therefore, the portion of the light that enters the waveguide is
K(1 — R). The portion due to coupling factor K can be associated with the
coupling loss (Lcoupling €Xpressed in dB) as

Lcoupling = Liotal = 2Lyef — Lpr0p L, (5.6)

where Ligtal, Lyef, and Lprop represent the total loss, reflection loss in dB per
facet and the propagation loss per unit length in dB/cm. The parameter L
denotes the length of the waveguide in cm. The optical power after prop-
agating the length L inside the waveguide with the linear propagation loss
coefficient & (P (L)) can be expressed as

Py (L) = K (1 — R) Ppee L, (5.7)
while the output power (Poyt) can be expressed as

Pout = Pn (L) (1 —R). (5.8)
Therefore, we can express K as

K = Pout . (5.9)
PpceL (1 — R)

For instance, the coupling factor for the half-core waveguide (TM polariza-
tion) is obtained as 0.2, (which is associated with the coupling loss of 6.9 dB)
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FIGURE 5.21: Schematic of the nonlinear characterization setup
used for the FWM and SPM measurements. The SPM experi-
ment is performed without the mixing arm.

while the P, and Pyt are obtained from the measurement, and the waveg-
uide length is 2 mm. The value of the coupling factor for the TE fundamental

mode is close to 0.2.

5.6 Nonlinear characterization of the waveguides

The experimental setup that we employed for the nonlinear characteriza-
tion i.e., FWM and SPM measurements is shown in Figure 5.21. The pump
source in our setup is a Coherent optical parametric oscillator (OPO) which is
pumped by a Ti:Sapphire laser (Mira, made by Coherenc Inc.) emitting light
at the wavelength 800 nm. The OPO generates optical pulses with a 3-ps
FWHM duration and a repetition rate of 76.6 MHz (in the wavelength range
of 1420 nm to 1560 nm for our experiments). Regarding the signal source,
we employed the Santec TSL-710 cw tunable laser which is then amplified
by an erbium-doped fiber amplifier (EDFA- made by Amonics) up to 2 W.
The operation wavelength range of EDFA is between 1535 and 1565 nm. The
output of the EDFA is coupled to the free space from a fiber-connected col-
limator. Then, this light is combined with the OPO pump output through
a non-polarizing 50% beam splitter. A polarising beam splitter (PBS) and a

e e e e e e EE TR R Em e TR e =
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half-wave plate (HWP), placed in each arm of the setup, adjust the polarisa-
tion of signal and pump beams. The pump and signal beams were simulta-
neously coupled into the fabricated chip placed in the coupling stage. The
coupling into (from) the desired waveguide is performed using a 40x ob-
jective lens with a numerical aperture of 0.65 (20x objective lens with a nu-
merical aperture of 0.4). Also, a reference photodetector is used to measure
the power of the input beam before the coupling stage. The amount of power
for the pump and signal is manually adjusted by rotating each corresponding
half-wave plate (HWP). Based on this control, a maximum output of 130 mW
(average power) can be obtained from the OPO. Finally, the output spectra
can be measured and observed using an optical spectrum analyzer (OSA)
(model AQ6315E). The light exiting from the optical waveguide is coupled
to the OSA through a fiber-connected collimator.

5.6.1 Self-phase modulation (SPM)

Since InGaAsP exhibits the TPA effect in the operating wavelength of our
experiment, it is necessary to consider the effect of TPA on the SPM. To this
end, we briefly explain this effect here before describing the results of SPM

obtained in our experiment.

Effect of two-photon absorption on the SPM

As it was mentioned earlier, the solution of NLSE (without TPA effect) in
terms of the nonlinear phase shift can be written as

A(zt) = A(0,t) e i, (5.10)

where | A|* represents the power and @i, = YLeg | A (0,1)|*. For a Gaussian
pulse of the amplitude A, we have

*(HO)Z

A(0,t) = Age 22, (5.11)

where T is FWHM of the pulse. Therefore, for a Gaussian pulse, Eq. (5.10)

can be written as

(itg)® ~(i-1)®

A(z, t) = Age 22 e Zexp(ipnr (max)e z ), (5.12)
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where @ni (max) = yLeg | Ao|>. However, this solution cannot describe the
effect of TPA on the self-phase modulation. To this end, the NLSE with the
TPA effect should be solved, which is expressed as follows [202]:

04 B FA _ e
dz 2 o2 2

A+iy|APA - Prea |A* A, (5.13)
2 Aeff

in which the free-carrier effect is neglected and Brpa is the TPA coefficient.
Let us assume that B, in Eq. (5.13) is small. Then Eq. (5.13) has a solution in

the form

A = /Pelit—42/2) (5.14)

Inserting this solution into Eq. (5.13) and solving for P and ¢ yields

—aL
P(Lt) = 1;(0' t)e (5.15)
14+ 5P (0,1) Legs
and
Brea ) Brra
¢ (L 1) = <—) In (1 + PTPAD (1) Leff) . (5.16)
v Aetf eff
Further, the phase ¢ in terms of ¢ni(max) can be written as
¢ (L,t) = (2r) 'In (1 + 2rone (max)), (5.17)
where the parameter r is defined as
r = Pmea (5.18)

N 2k01’12.
As can be seen from Egs. (5.15) and (5.16), both the power and phase are
dependent on the TPA effect. It can be deduced from the above analysis that
the TPA has a detrimental effect on the self-phase modulation, and it can
decrease the SPM-induced nonlinear phase shift. This effect becomes more
pronounced at higher input intensities due to a logarithmic increase with
intensity [202].
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Calculation of the nonlinear phase shift

In order to deduce the nonlinear phase shift from the SPM experiment, SPM-
broadened spectra have been recorded at the output of the half-core waveg-
uides at different levels of the incident optical power (see Fig. 5.22). Part (a)
of the figure displays the incident spectrum recorded at a very low incident
power, while part (b) shows SPM evolution for different incident pump pow-
ers. As can be seen from the figure, some spectral broadening can be ob-
served in the output spectrum from a half-core waveguide with increasing

the pump power.

As can be seen from Fig. 5.22 (b), e.g. for the average incident power of
60 mW, another peak (on the right-side of the pulse) appears in the output
spectrum which is due to the SPM effect. This broadening is asymmetric due
to the asymmetric effect of TPA and other effects such as FCA and FCD [202].

To calculate the nonlinear phase shift, we use the Fourier transform of Eq.
(5.14) as well as the curve fitting with MATLAB. Figure 5.23 shows the fitting
of the Fourier transform to the output spectrum. The fitting was performed
while assigning the following initial values to the free parameters used in the
fit: ¥ = 0.09 and the maximum nonlinear phase shift ¢ni (max) = 27t. Based
on the nonlinear phase shift 277, the nonlinear refractive index on the order of
10~ m? /W can be estimated, which is in agreement with the value reported
in Ref. [190]. We perform a more precise measurement of n; using the FWM
method in Section 5.6.3.

Unfortunately, we lost the SPM effect after continuing our experiments with
the waveguide for some time. It could occur due to the use of high input
power at the beginning of the experiment that caused some damage at the
waveguide entrance. It might have damaged the waveguide facet such that
the coupling factor might have reduced and SPM was no longer observable.

5.6.2 Nonlinear absorption

As it was mentioned earlier in Chapter 4, InGaAsP exhibits the TPA effect
in the wavelength range used in the nonlinear optical characterization. It is
thus important to quantify the effect of TPA at the power levels used for the
FWM experiment to be able to determine a power range where TPA has least

impact on the useful results.
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FIGURE 5.22: (a) The input spectrum for the average incident

power of 4.3 mW. (b) The output spectra for different average

incident pump powers. As can be seen, e.g. for the average

incident power of 60 mW, another peak (on the right-side of the

pulse) appears in the output spectrum. All spectra are plotted
for the TM polarization.
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FIGURE 5.23: Calculation of the nonlinear phase shift from the
SPM spectrum. The figure shows the output spectrum inside
the half-core waveguide fitted with the absolute square of the
Fourier transform of the pulse introduced in Eq. (5.14). The
average incident power is 60 mW with TM polarization.

In order to experimentally determine the impact of TPA, we measure the
power transmitted by a waveguide as a function of the average incident op-
tical power (see Figure 5.24). The figure displays the power characteristics
for the half-core (part (a)) and nanowire (part (b)) waveguides for the TE and
TM polarizations. As can be seen from the figure, the power transmitted by
both half-core and nanowire waveguides exhibits a nonlinear behavior with
an increase in the pump power, which is the signature of nonlinear loss ef-
fects such as TPA, FCA, and FCD in our waveguides. It can be concluded
that for the case of the half-core and the nanowire waveguide, the average
incident powers of 17 mW and 4 mW, respectively, are relatively safe for the
FWM experiment due to lower nonlinear saturation effect observable in the

transmission diagrams at these power levels.

To calculate the TPA coefficient (Bpa), we use the inverse transmission meth-
od [79], in which the slope of the inverse transmission as a function of the
incident peak power is associated with the Brpa as

1 e”‘LL ff
1 —)=m=—-——" 1
Slope (T) m At (1 — R Brea, (5.19)
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FIGURE 5.24: The power transmitted by (a) the half-core and (b)
the nanowire waveguides as a function of the average incident
power for TE and TM polarizations. The saturation behavior
can be observed as a result of the nonlinear absorption.
where T = Pout/ Pinc. Therefore, Brpa can be calculated as
MAeff (1 _ R)
BrPA = ————. (5.20)
e L Legt

Based on the above equation and the plotted inverse transmission diagram
for the half-core waveguide e.g., for the TE polarization (see Fig. 5.25), the
TPA coefficient can be calculated to have the value of 19 cm/GW. This ob-
tained value for the TPA coefficient agrees well with the value reported in
Ref. [190].

5.6.3 Four-wave mixing (FWM)

To explore the FWM effect, first, we started with the half-core waveguide
with the reference device on the fabricated chip that showed the best linear
performance and coupling of light. This step needs a very careful alignment
of the pump and signal beams with respect to each other before they enter
the coupling stage. A continuous monitoring of the IR camera is required to
avoid the coupling of light to the lateral slab modes. When the light is cou-
pled to the waveguide, the challenging task is to optimize the coupling of
light to the OSA, especially since the FWM idler power is small. Therefore,
after observing the idler spectrum on the OSA, we performed a very fine ad-
justment of the knobs on the coupling stage to optimize the idler level. This
step is performed while the OSA is on the repetition mode and the scanning
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FIGURE 5.25: The inverse transmission as a function of the in-

cident peak power. The TPA coefficient of 19 cm/GW can be

calculated through the slope of a line fitted to the experimental
data.

is done in a very narrow spectral width covering the idler spectral compo-
nent. After these adjustments, we started to increase the pump and the signal
power gradually to see the maximum FWM effect. Figures 5.26 (a) and (b)
show the idler power as a function of the pump power (when the incident
signal power was fixed at 215 mW) and as a function of the signal power
(when the average incident power was fixed at 17.2 mW), respectively. It is
important to note that the lateral pedestals around the signal peaks appear

due to amplified spontaneous emission from the EDFA (ASE).

The idler wavelength (A;) can be calculated from

1

(5.21)

2 1
A Ay A

where A, and A; represent the pump and signal wavelengths, respectively.

In addition, to determine the efficiency of FWM effect as a function of the
spectral distance between the signal and the pump wavelengths, we plot the
idler power as a function of the spectral difference. Figure 5.27 shows this de-
pendence for the TE and TM polarizations (note that the pump and the signal
in the FWM experiments should have the same polarization either both TE
or both TM) where the signal wavelength is 1550 nm and the incident pump
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FIGURE 5.26: The idler power as a function of (a) the pump
power and (b) the signal power for the half-core waveguide.

and signal powers are 17.2 mW (average power) and 129 mW, respectively.
This value of the pump power was chosen such that the detrimental effect of
TPA is minimized, and the output power characteristics obey the quadratic
law, see Fig. 5.26 and Eq. (4.38). Avoiding the impact of TPA effect when mea-
suring the characteristics shown in Fig. 5.27 allows one to see the pure effect
of phase mismatch on the idler power. It can be seen from this figure that
the conversion efficiency for TE and TM polarizations drops when the spec-
tral distance between the signal and the pump increases. Figure 5.28 shows
the FWM spectra for TE and TM polarizations and the signal wavelength
of 1550 nm and the pump and signal powers of 43 mW (average incident

power) and 215 mW, respectively.

We repeated FWM experiment for the nanowire waveguides. Figure 5.29
(a) shows the corresponding FWM spectra for the TE and TM polarizations
where the signal wavelength is 1550 nm and the average incident pump and
signal powers are 4.3 mW and 86 mW, respectively. In Fig. 5.29 (b), we dis-
play the generated idler power as a function of the difference between the
signal and pump wavelengths. One can see from Fig. 5.29 (b) that, unlike in
the case of the half-core waveguides, some side lobes can be observed in ad-
dition to the main lobe. It occurs due to the effect of the phase mismatch be-
tween the pump, signal, and idler. This phase mismatch results in a sinc-like
dependence of the idler power as a function of the spectral distance between
the signal and pump, see Eq. (4.39).
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FIGURE 5.28: The FWM spectra for the half-core waveguide
for TE and TM polarizations. The incident pump and signal
powers are 43 mW (average power) and 215 mW, respectively.
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FIGURE 5.29: (a) FWM spectra for the nanowires for TE and

TM polarizations. The average incident pump and signal pow-

ers are 4.3 mW and 86 mW, respectively (b) The idler power as

a function of the wavelength difference between the signal and

pump for the nanowire waveguide for the TE and TM polariza-
tions.

5.6.4 Calculation of the conversion efficiency

The conversion efficiency () is defined as the ratio of the generated idler
power at the output of the waveguide to the signal power at the entrance
to the waveguide. It is a key parameter which is used to compare FWM in

different devices. It is usually expressed in decibel units as

i

7 =10 log <1;§Sut> , (5.22)

where P and P!, represent the signal input power (inside the waveguide)
and the idler power at the output of the waveguide, respectively. The con-
version efficiency can be obtained either as an average or a peak value. Here,
we explain the approach to calculate both those values. The average power
< P > from the optical spectrum analyzer (OSA) can be found by integration

in the frequency or wavelength domain as
<P>= / < P(A) > dA (5.23)

The peak power for the signal and idler (P; ;) can be obtained as [203]

<P5,i >
P, =

— 5.24
’ Tfp 629



Chapter 5. Nonlinear optical characterization of Iny_,GaxAs; Py 108
waveguides

where T and f;, are the pulse duration and repetition rate of the pump laser,
respectively. In our work, we perform the idler power integration based on
Eq. (5.23) around the peak wavelength of the idler as

Apeak +07
/ <P (A)> d), (5.25)
/\peakffs/\

where 261 = 1 nm and the resolution of the OSA is set to 1 nm. The average

conversion efficiency can be written as

<y >= pibm _ pdbm (5.26)
where P4Bm = POSA 1 the OSA coupling loss, which is ~5 dB. On the other
hand, the input power for the signal can be calculated as

pdBm — pOSA L OSA coupling loss — 101og [e_“L (1- R)} p (5.27)

Sin

where «, L, and R are known. Finally, the average conversion efficiency of
FWM in our experiment can be calculated as

<5 >= PO _ PO _ 416 dB. (5.28)

Regarding the peak conversion efficiency, it can be expressed as

PIBM = 10log [< P; >] — 10log [tf,], (5.29)

where T = 3 ps and f, = 76.6 MHz. Therefore, Eq. (5.29) can be expressed as

nPek =< 5 > +36.4 dB. (5.30)

For instance, in the case of half-core waveguide, the average and the peak
conversion efficiency (for the TE polarization, see Fig. 5.28) are calculated
as —69.2 dB and —32.8 dB, respectively, where the incident signal power
is 215 mW. Using Egs. (5.28) and (5.30), one can also calculate the average
and the peak conversion efficiencies as functions of the spectral distance, see
Fig. 5.30.
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FIGURE 5.30: (a) The average and (b) the peak conversion effi-
ciency as functions of the spectral distance between the signal
and the pump for the half-core waveguide.

Based on Fig. 5.27 and Eq. (4.38) from the point where the maximum conver-
sion efficiency occurs (i.e. where AB ~ 0), the nonlinear coefficient (y) can be

obtained as

piout
ps(e—aL)
Using the parameters extracted from Fig. 527, 7 can be calculated as 47
which is equivalent to 7 = 1.9 x 1073 cm?/W. These values agree very

well with those reported by S. Saeidi et.al. [190] (1, ~ 1 x 1073 cm?/W).

The average conversion efficiency for the nanowire (based on the same ap-

proach as we described for the half-core waveguides) can be calculated as
<5 >= PO — pOSA _ 1329 dB. (5.32)

Using the above equation and Eq. (5.30), the average and the peak con-
version efficiencies as functions of spectral distance can be calculated, see
Fig. 5.31. From this figure, it can be seen that the average and the peak con-
version efficiencies of —74 dB and —37 dB are achievable, respectively, which
are lower than the Half-core waveguide. In addition, the nanowire waveg-
uide in comparison with the half-core waveguide exhibits more phase mis-
matching (see Fig. 5.29 (b)), and the conversion efficiency drops faster as the
spectral distance between the signal and the pump changes.
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ciency as a function of the spectral distance between the signal

and pump for the nanowire waveguide. Note that 0 dB level

refers to the point where the level of the signal and generated
idler are equal.

5.7 Conclusions

In this chapter, we described the results of our nonlinear optical experiments
performed in two different InGaAsP/InP waveguide geometries i.e. half-core
and nanowire waveguides. The original design was targeting zero-GVD by
the waveguide geometry, dimensions and composition selection, however,
due to fabrication limitations, we employed waveguides with wider widths.
The FWM results still represent a valuable contribution. With the composi-
tion of y = 0.7 and the refractive index contrast of An = 0.1 at the telecom
range, we obtained a good light confinement and were able to observe the
nonlinear effects. We calculated a nonlinear coefficient of 47 from which the
effective nonlinear refractive index of 1, = 1.9 x 10713 cm? /W for InGaAsP
has been calculated. This value is in good agreement with an earlier predic-
tion [190]. SPM experiments have been performed in the half-core waveg-
uides. The resulting nonlinear phase shift was measured to be 27t through
the SPM effect. This nonlinear phase shift was obtained for the waveguide
with the length of L = 0.2 cm, which is relatively short. A stronger effect can
be observed in a longer waveguide. For the FWM effect, using the half-core

(nanowire) waveguide, we obtained the average and the peak conversion
efficiencies of —62 dB (—74 dB) and —30 dB (—37 dB), respectively.

Our findings prove that InGaAsP/InP as a suitable material platform for
nonlinear photonic devices. In particular, in coherent optical telecommunica-

tion, for both transceiver and transmitter parts, nonlinear building blocks are
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crucial for optical signal processing and switching. In this regard, x(®) pro-
cesses such as SPM and FWM demonstrated here for InGaAsP waveguides
can be quite relevant. That is why developing logic gates made of InGaAsP
waveguides based on the FWM process as well as all-optical switches using
InGaAsP ring resonators based on the Kerr effect could be potential future
work. In an extended context, all the InP devices mentioned here can be inte-
grated with an InP laser on a single chip that in turn can extend the operation
wavelength of all-optical circuits. Furthermore, a large second-order nonlin-
ear susceptibility is predicted for InGaAsP (four times larger than GaAs).
Due to the importance of x? effects in quantum optics e.g. spontaneous
parametric down-conversion (SPDC) process, it would be interesting to mea-

sure this coefficient precisely for future work.



112

Chapter 6

Conclusions

In this thesis, we explored the nonlinear optical potentials of two III-V semi-
conductor compounds, AlGaAs and InGaAsP, in nonlinear metasurfaces and

waveguides, respectively.

In the project related to an AlGaAs metasurface (Chapters 2 and 3 of the
thesis), we numerically assessed some linear optical characteristics of a meta-
atom made of AlGaAs such as exhibiting Mie resonances, bianisotropy effect,
and multipolar decomposition. This part of the study provides a suitable the-
oretical platform for modelling nonlinear optical response of AlGaAs meta-
surfaces. Next, we devised an AlGaAs bianisotropic metasurface exhibiting
asymmetric second-harmonic generation when illuminated in forward and
backward directions. Further, we explored how BICs can enhance the non-
linear optical interactions and the asymmetry effect in such metasurfaces.
Numerous studies have been reporting electric and magnetic responses, non-
linear responses (including SHG, THG, and FWM), and the bound states in
the continuum (BIC) in high-index metasurfaces. However, none of these
studies explored the idea of combining bianisotropy, the BIC concept and
nonlinearity. The novelty of our work is that we have combined all these in-
teresting effects to achieve a highly asymmetric nonlinear optical response in
an AlGaAs metasurface.

We would like to highlight that our analysis is not reliant on the unique ge-
ometry of the bianisotropic meta-atom. The key feature of our work that
adds value to the results is the fact that it can be extended to a variety of
BIC-based designs of bianisotropic meta-atoms, and our approach to obtain-
ing asymmetric second-harmonic generation is beyond a specific meta-atom
geometry. As we claim in Chapter 3 of the thesis, by using BIC, the asym-
metric effect can be enhanced by four orders of magnitude compared to that
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exhibited by a structure employing only the bianisotropy concept. This is a

noteworthy accomplishment of our work.

We believe that this work will motivate several experimental groups to per-
form an experiment based on our contribution (the idea of combining bian-

isotropy, nonlinearity, and the BIC concept).

In the InGaAsP project (Chapters 4 and 5), we demonstrated two x(®)-based
effects namely SPM and FWM in the half-core waveguide and FWM in the
nanowire waveguide. We reported two initial designs for the strip-loaded
and nanowire waveguides exhibiting zero group velocity (for the case of
nanowire) and minimum GVD (for the case of strip-loaded). These designs
were obtained by selecting a certain composition of phosphorous (i.e., y =
0.7) in In;_xGaxAs; Py at the Telecom wavelength range. These designs
can be helpful for increasing the FWM efficiency in the InGaAsP waveg-
uides. For practical reasons, the fabricated InP waveguides turned out to
have a different geometry. Further, the only set of devices that was suitable
for optical characterization featured a much wider waveguide width com-
pared to that targeted by the design. Nevertheless, we were able to success-
fully conduct the linear and nonlinear optical characterization experiments
of the waveguides. Furthermore, by performing SPM, FWM, and nonlin-
ear transmission experiments, we were able to retrieve the values of some
nonlinear optical coefficients for InGaAsP waveguides with good precision.
Specifically, we measured a nonlinear coefficient 7y of 47 which is equiva-
lent to the nonlinear refractive index of 7, = 1.9 x 10713 cm?/W, and TPA
coefficient of 19 GW/cm. We also observed the SPM effect in the half-core
waveguide with the nonlinear phase shift of 27t. This nonlinear phase shift
can be increased further for a longer waveguide. The FWM with the average
and the peak conversion efficiency of —62 dB (—74 dB) and —30 dB (—37 dB)
has been measured in InGaAsP waveguides of half-core and nanowire ge-
ometries, respectively. To the best of our knowledge, it is the first report of
FWM in the half-core InGaAsP waveguide. The waveguide structures with
smaller dimensions and lower propagation loss can be fabricated if an opti-

mum process with a negative-tone resist is implemented.

Measurement of the nonlinear optical coefficient provides important infor-
mation about nonlinear optical materials. Unfortunately, there is no full in-
formation about the dispersion of the nonlinear optical coefficients such as
ny, Brpa available for InGaAsP. Our study represents an isolated measure-

ment at a narrow frequency range. Furthermore, there are no measured
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values of the second-order nonlinear optical susceptibility x(?) of InGaAsP.
Measurement and prediction of the dispersion of the nonlinear optical coeffi-
cients of InP-based III-V semiconductor compounds can help one to explore
the full potential of this group of materials for nonlinear frequency conver-
sion, for combining passive nonlinear optical devices with light sources on
the same chip and for other nonlinear optical applications. InGaAsP/InP as
a nonlinear material platform holds great promise for monolithic integration
of active and passive devices.
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Appendix A

Transformation between the

spherical and Cartesian bases

In the Cartesian coordinate, we have a vector A as

A — axex _|— ayey + azez,

the above vector can be written in the spherical bases as

Aspherical = a1e1 +dapeo +4a_je_q,

where eq,ep and e_jare the spherical bases and

. ex + iey
1= =
V2
eO - eZ/
ex - iey
€e_1—= \/E .

These two vectors can be transformed to each other as



Appendix A. Transformation between the spherical and Cartesian bases 116

By the way, the relation between the arbitrary vector r =

spherical harmonics Y can be obtained as

N =

35

1/3
2V T

r
ro | and the

r—
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