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“There are more things in heaven and earth, Horatio,

Than are dreamt of in your philosophy.”

- Hamlet (1.5 167-8)
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Introduction

Harnessing light and its physical properties for applications to the techno-

logical domain is perhaps the ultimate objective of photonics, the branch of

science which studies the generation, manipulation and detection of light in

various types of devices. As for the field of electronics from which it stems,

the interest towards the integration of optical devices to chip-scaled systems

grew significantly in the last decades, with applications not only limited to

optical communications and information processing, but also extending to

numerous side-branches, such as sensing, biophysics and fundamental re-

search. The key ingredients for integration emerge naturally as a by-product

of semiconductor industry, where information technology is still the leading

sector of interest. It is thanks to the technological maturity of semiconductor

industry that devices proper of the optical domain, such as lasers, cavities,

photodetectors, waveguides and many more have gradually found their coun-

terpart in the realm of integrated circuits, improving and complementing a

well-established technological compartment and casting a new light on the

possible role of optics in the realization of the devices of the future.

A crucial feature of employing light as an information carrier is the ex-

tremely wide bandwidth made available by the modulation of optical signals,

which makes photons the most popular support for communications over long

distances via optical fibers. Though also information processing devices (e.g.

transistors) would largely benefit from this and other features, the scarce

capability to implement efficient photon-photon interactions has historically
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INTRODUCTION

set a main challenge in the direction of using light for this purpose. Nonethe-

less, fast and accurate all-optical signal processing is still made available by

nonlinear optical interactions. A nonlinear medium, such as the semiconduc-

tor constituting the photonic device, can be indeed exploited to mediate the

interaction between different optical signals, providing a way for instance to

coherently convert their frequency, to switch them to different communica-

tion channels, or to provide a significant delay, realizing a memory. Even

further, the interaction between light and matter can be exploited to tailor

the quantum properties of light, providing a pathway to the implementation

of optical quantum technologies, which study has been gathering more and

more attention in the physics and engineering environment.

Tailoring the interaction of light and matter in integrated photonic de-

vices, with specific focus on nonlinear optical processes, is the aim of the work

presented in this thesis. We focus in particular on the use of a specific type

of optical cavity, which can be realized with standard semiconductor tech-

nology fabrication processes, known as photonic crystal cavity. This kind of

device enables an extremely effective confinement of the electromagnetic field

both in time and space, making appreciable and suitable for the technological

applications an otherwise elusive mechanism light-matter interaction.

Photonic crystal cavities

Photonic Crystals (PhCs) are physical systems where a periodic modulation

of the refractive index is exploited to tailor the properties of light propagation

in a dielectric medium [1]. A straightforward comparison can be drawn with

the case of a crystalline medium, where the periodic arrangement of atoms

constituting a solid provide yield energy bands and gaps. Similarly, in a PhC

the photon’s dispersion relation can be arranged in photonic bands, and the

emergence of a photonic bandgap (PBG) may be observed under proper cir-

cumstances. The concept of PhC was first introduced by E. Yablonovich [2]

and S. John [3] in 1987 and its description can be adapted to the one, two or

three dimensional case (fig. 1), although early treatments of light propagation

in periodic dielectric media date back to Lord Rayleigh [4]. While several

examples of PhCs can be even observed in nature, the technological interest
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Figure 1: Schematic visualization of a one-, two- and three-dimensional photonic
crystal. The periodic modulation of the refractive index is denoted by different
colors [1].

of these structures can be understood in terms of control of light dispersion

inside the nanostructured medium. An appropriate choice of the structural

properties of a PhC device allows to engineer the arrangement of photonics

bands and PBG, enabling to implement devices where the frequency or spa-

tial dispersion of light is severely modified compared with the bulk medium.

The flat dispersion relation provided by the structured medium can for in-

stance exploited to realize slow-light waveguides, where the group velocity of

electromagnetic radiation is reduced by more than one order of magnitude,

while a negative value of the group index can be induced to yield superprism

or superlensing effects [5].

The emergence of a PBG, on the other hand, translates effectively in

a region of the spectrum where light cannot propagate inside the medium.

This feature is well known since years and it is the basis for the realization of

dielectric mirrors, where multiple thin layers of dielectric media are stacked

in order to produce high quality reflectors, with better reflectivity than their

metallic counterparts. The PBG is also at the origin of light confinement:

heuristically, we can think about a medium where light propagation is in-

hibited in the three spatial dimensions and for both polarizations, namely

exhibiting a complete PBG. Then, as in the case of a defect state in a crys-

talline solid, a single point defect inside the otherwise ideal photonic crystal

may lead to the localization of an electromagnetic mode in correspondence of

the perturbation. This circumstance provides a prototypical idea for a PhC
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INTRODUCTION

cavity, namely a device which exploits a PBG to confine the electromagnetic

field in three dimensions. On a technological perspective, a complete PBG is

not conventionally used, owing to the difficulties in the fabrication of three-

dimensional PhC structures. Conversely, PhC cavities can be implemented

in planar waveguides (PhC slabs) [6, 7], where confinement in the plane is

provided by total internal reflection (TIR), or in periodically patterned linear

waveguides (also known as nanobeams) [8], where TIR provides confinement

in two dimensions and the PBG exists only for wavevectors belonging to

guided modes.

Compared to other types of optical cavities, PhC microresonators have

the peculiar feature of restricting the confinement to small mode volumes,

namely to localize effectively the electromagnetic mode in space, while the

decay time of the mode can be kept long compared to the optical cycle.

For these reasons, these devices are particularly suited for maximizing the

light-matter interaction, especially in the presence of nanostructures such

as quantum dots or other kinds of single photon emitter [9]. Owing to the

capability of tight light confinement, PhC cavities provide also a suitable

platform to enhance nonlinearities of the material constituting the cavity

or its surroundings, enabling to implement nonlinear optical devices such

as switches, frequency converters etc. operating with low energy and fast

response times.

The benefits and the potential of PhC cavities are tightly bound to their

fabrication technology. In this sense, semiconductor industry provides the

framework for the processing of the thin membranes required for the fabri-

cations of PhC devices (such as the silicon-on-insulator, SOI), while electron

beam lithography (EBL) and reactive ion etching (RIE) techniques allow a

precise patterning of the bulk material. A precise and reproducible control

over these nanofabrication techniques is crucial for the implementation and

scalability of this kind of devices.

How to read this thesis

The present work encompasses the design, realization, characterization and

processing of devices based on PhC cavities aimed to implement nonlinear
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optical processes in chip-scaled structures. The focus is mainly targeted on

planar (two-dimensional) structures and oriented both at aspects of funda-

mental research and technological applications.

The corpus of the thesis is divided in two macrosections: the first one

discusses the background theory and the experimental methods, the second

presents original theoretical and experimental results. The chapters are sub-

divided as follows: in chapter 1 we introduce the essential theory about PhC

cavities and light-matter interaction, in chapter 2 we present the fabrication

technique and the experimental methods used in this work. In chapter 3, we

present our results about PhC cavities designed for optical frequency combs.

In chapter 4, we discuss the investigations of a novel material, silicon-rich sil-

icon nitride, for the fabrication and nonlinear operation of PhC resonators.

In chapter 5 we present the study of a novel phenomenon originated by the

dynamic thermo-optical effect observed in this kind of structures.

The experimental research was mainly carried out at the “Laboratorio di

spettroscopia ottica” of the University of Pavia, in collaboration with several

international research groups. Prof. Thomas Fromherz’s group at the Jo-

hannes Kepler Universität, Linz, Austria, provided the fabrication facilities

used for the realization of the silicon devices exhibiting equally spaced modes.

The collaboration was carried out in the framework of the European project

“QuantERA CUSPIDOR”. The Silicon Photonics group, led by Dr Fred-

eric Gardes at the Optoelectronic Research Center in Southampton, United

Kingdom, was partner in a collaboration on the study of silicon-rich silicon

nitride devices. The Nanophotonics group led by Prof. Liam O’ Faloain at

the Cork Institute of Technology, Ireland, fabricated the samples used for the

demonstration of thermo-optically induced transparency.
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Chapter 1
Theory

We review here the essential theory supporting the concepts presented through-

out this work. In section 1.1 we first formalize the problem of light propaga-

tion in a periodic medium and in a dielectric slab. We then show how this

geometry can lead to the localization of electromagnetic modes. In section

1.2 we review the theory of light-matter interaction, with particular focus

on nonlinear optical processes, and we discuss how they are affected by the

presence of a cavity.

1.1 Photonic crystals

We focus our attention on a dielectric medium where the refractive index is

periodically modulated in one, two or three dimensions (fig. 1). In the absence

of free currents and charges, the macroscopic Maxwell’s equations, which

describe the electromagnetic field dynamics in an inhomogeneous medium,

expressed in SI units, read [10]:
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1. Theory

∇ ·D = 0 (1.1a)

∇ ·B = 0 (1.1b)

∇× E = −∂B

∂t
(1.1c)

∇×H =
∂D

∂t
(1.1d)

where E and H are the macroscopic electric and magnetic field vectors, and

D and B are respectively the displacement and magnetic induction fields. In

a linear, isotropic, non-magnetic medium, the field vectors are both functions

of space and time coordinates and they are related among each others by the

constitutive relations B(r) = µ0H(r) and D(r) = ε0ε(r)E(r). Neglecting any

explicit time dependence of the dielectric function ε(r), and relying on the

linearity of Maxwell’s equations (1.1), we can expand the fields in terms of

harmonic modes, which depend sinusoidally with time. This way, the electric

and magnetic field oscillating at frequency ω are represented by the complex

vectors:

E(r, t) = E(r)e−iωt

H(r, t) = H(r)e−iωt

With this formalism, Maxwell’s equations can be expressed in a closed form

for E and H [1]. The two divergence equations (1.1a) and (1.1b) can be

rearranged:

∇ ·H(r) = 0 ∇ · [ε(r)E(r)] = 0 (1.2)

These two equations express the transversality condition of the electric and

magnetic field for plane waves propagating inside the medium. The two

curl equations (1.1c) and (1.1d) can be also recast in a closed form, where

the dependence on the electric (or magnetic) field is dropped. This operation

provides the relevant master equation for the description of light propagation

inside the medium:

4



1.1. Photonic crystals

∇×
(

1

ε(r)
∇×H(r)

)
=
(ω
c

)2

H(r) (1.3)

where c = 1√
ε0µ0

is the speed of light in vacuum.

The master equation (1.3) can be interpreted as an eigenvalues equation,

where the Hermitian1 differential operator Θ̂ = ∇ × 1
ε(r)
∇× acts on the

eigenfunction H and with associated real eigenvalue (ω/c)2. Similarly to the

case of time-independent Schrödinger equation, which yields the spatial pro-

file of matter waves in non-relativistic quantum mechanics, eq. (1.3) models

the spatial dependence of electromagnetic waves propagating in an inhomo-

geneous dielectric medium. The eigenvectors of the problem represent the

spatial profiles of the propagating modes, with associated frequencies ω, and

they form a complete orthonormal set. The role of the Hamiltonian operator

is here replaced by the operator Θ̂, while the dielectric function takes the

role of a time-independent potential.

Provided that the dielectric function ε(r) is known, the procedure to

solve the problem of light propagation is then the following: the solution of

eq. (1.3), which can be calculated either analytically or numerically, provides

the magnetic field modes and the respective oscillating frequencies ω. Then,

the electric field vector can be recovered from eq. (1.1d):

E(r) =
i

ωε0ε(r)
∇×H(r) (1.4)

which automatically satisfies the transversality requirement ∇ · εE = 0.

Light propagation in a periodic medium

The next step is to include the periodicity of the medium in our treatment.

By drawing a direct parallelism with the case of the electron in a crystalline

solid, we will introduce a description of the medium in terms of a primitive

unit cell (basis) replicated periodically in one or more dimensions via a well-

defined pattern (lattice). Mathematically, this translates in a periodicity of

1This operator is Hermitian only if the dielectric function ε(r) is real, namely if the
medium is transparent at the frequency ω. We will make this assumption throughout this
introductory chapter.

5



1. Theory

the dielectric function:

ε(r) = ε(r + R) (1.5)

where R is a linear combination of primitive lattice vectors, i.e. R =

na1 + ma2 + la3, with (n,m, l) ∈ N3 in the three-dimensional case. We

can thus identify a discrete translation operator T̂R which commutes with Θ̂

and, in analogy with Bloch’s theorem from solid state theory, conclude that

T̂R and Θ̂ share a common set of eigenvectors, while k represent a “good

quantum number” for the problem. More rigorously, this result, known as

Bloch-Floquet theorem, can be stated as follows [1, 11]:

Theorem. The solutions to eq. (1.3) for a periodic medium can be expressed

in the form Hk(r) = eik·ruk(r), where uk(r) = uk(r + R), called Floquet

mode, is a function having the same periodicity of ε(r).

It is straightforward to show that the eigenvalue problem (1.3) can be re-

cast in an appropriate form for the Floquet modes uk(r) so defined. Invoking

again a parallelism with solid state physics, it is also possible to show that

the eigenfrequencies ωn(k) can be opportunely arranged in the Brillouin zone

(BZ), constituting the so-called photonic bands.

It is worth emphasizing that not only the discrete translational invariance

yields an appropriate classification of eigensolutions of eq. (1.3), but also any

other (continuous or discrete) symmetry of the problem. In particular, the

even or odd symmetry of the field profile under reflection with respect to

a plane yields a classification of a mode according with its parity. This

distinction is particularly useful in the characterization of guided modes in a

PhC waveguide, or, as we will detail later, in the case of confined modes in a

PhC cavity. Another relevant symmetry property to consider is time-reversal

invariance (or reciprocity), which yields the equivalence of eigenstates under

inversion of the wavevector ωn(k) = ωn(−k).

A further similarity with crystalline solids which stems from the period-

icity of the dielectric consists in the presence of spectral regions which do

not correspond to solutions of eq. (1.3). These spectral windows are called

6



1.1. Photonic crystals

photonic band gaps (PBGs) and within them the propagation of light is for-

bidden. A qualitative picture of the emergence of a PBG is visualized in figure

1.1. The photonic band structure for light propagation in a one-dimensional

PhC (multilayer) with lattice constant a is plotted as a function of the the

wavevector, which is assumed to be perpendicular to the multilayer. In the

first panel, a fictitious lattice constituted by the bulk material only (GaAs

in this case, ε = 13, neglecting chromatic dispersion) is considered, and the

band structure consists only in the light line:

ω(k) =
ck√
ε

(1.6)

folded within the first BZ. If the bulk medium is perturbed by the a modu-

lation of the dielectric function, we can observe a clear separation between

(now better outlined) first and second photonic bands, near the band edge

of the BZ, namely the emergence of a PBG. The physical origin of the PBG

can be identified in a coupling between the forward and backward propagat-

ing wave inside the material, which eigenfrequencies become degenerate at

the band edge in the absence of a perturbation. Since the magnitude of the

coupling is proportional to the dielectric function contrast between the two

materials, higher values of this yield a wider PBG:

∆ω

ωm
∝ ∆ε

εm
(1.7)

where the first term is the gap-midgap ratio and the second one is the dielec-

tric function contrast, with εm = ε1+ε2
2

and ωm = ω1+ω2

2
. This fact is shown

in the central and right panels of fig. 1.1, where the gap width is dramatically

increased if the GaAs is alternated with air (right) instead of a AlGaAs alloy

(ε = 12, center).

The photonic bands n = 1 and n = 2 considered in this example play an

analogous role to the valence band and conduction band of a solid. Fig. 1.2

shows the calculated energy distribution near the respective higher and lower

band edges, and highlights an important property of the confinement mecha-

nism: the electromagnetic energy is mostly concentrated in the high-ε dielec-

7



1. Theory

Figure 1.1: Emergence of the PBG in a one dimensional PHC (multilayer) struc-
ture. In the first panel, the bulk GaAs material is considered, and the dispersion
relation is a straight line. If the fictitious periodicity a is introduced, this is folded
in the BZ. In the central and right panels, the GaAs material is actually alternated
with a lower index material, either GaAlAs alloy (ε = 12) and air (ε = 1), with
the effect of introducing a splitting at the edge of the BZ. This corresponds to
the PBG, which extent depends on the refractive index contrast. The emergence
of the PBG makes physically meaningful a distinction between different photonic
bands, here identified by the band index n [1].

tric for band 1, while it is mostly distributed within the low-ε dielectric in

the case of band 2. This fact points to the role of the dielectric function ε(r)

as a confinement potential, and for this reason bands 1 and 2 are respectively

denominated dielectric band and air band.

We restricted ourselves so far to the paradigmatic case of a one-dimensional

PhC, namely a dielectric multilayer, and to orthogonal light propagation.

The well-known properties of this structures were traditionally explained in

the framework of Bragg reflection, where the overall reflectivity is computed

as the coherent sum of reflection contributions at the multiple interfaces,

and they are exploited in the fabrication of dielectric mirrors, which exhibit

high-reflectivity, hardly achieved by metallic mirrors, in the PBG region [12].

Within our formalism, the non-orthogonal propagation of light can be in-

cluded by considering the z-component of the wavevector and by performing

a separation of variables in eq. (1.3). In this case, a non-degenerate behavior

8



1.1. Photonic crystals

Figure 1.2: Electric field energy distribution 1
2ε|E|

2 for the dielectric (left) and
air (right) band of a multilayer. Left and right panel correspond respectively to
the top of band n = 1 and bottom of band n = 2 of fig. 1.1 [1].

for the s and p polarization should be taken into account.

In two or three dimensions, a PBG may exist in general only for spe-

cific subsets of k vectors, corresponding to particular propagation directions

and/or polarizations of the field. Ideally, the light propagation at a specific

frequency ω is thus strictly forbidden only in the presence of a complete PBG.

Although several examples of three-dimensional PhC exhibiting a complete

PBG were demonstrated over the years (fig. 1.3), the fabrication of these

structures is difficult in practice at optical wavelength. For this reason, prac-

tical implementations of PhC cavities usually rely on other mechanisms of

confinement, such as total internal reflection (TIR) in semiconductor slabs

or waveguides.

Photonic crystal slabs

PhC slabs constitute by far the most widespread platform for the realization

of PhC cavities. This is due to the relatively easy fabrication process, which

exploits techniques proper of the semiconductor industry. Let us consider

the case of a homogeneous thin slab of semiconductor, or planar waveguide,

with core refractive index ncore =
√
εcore and (upper and lower) cladding

refractive index nclad =
√
εclad. This structure can support guided modes

provided that ncore > nclad. In a ray optics picture, the presence of guided

modes is possible thanks to TIR, provided that wavevector inclination is

below the critical angle θc = arcsin(nclad/ncore). More generally, the solution

of Maxwell’s equations can be carried out analytically [13], and yield lossless

guided modes under the condition that the following inequality is satisfied:

9



1. Theory

Figure 1.3: Photonic band structure for a three-dimensional PhC with woodpile
structure (inset), with ε = 13 dielectric in air [1].

ω <
c

nclad
k‖ (1.8)

where k‖ is the in-plane component of the wavevector, such that k =
√
k2
⊥ + k2

‖.

The equality condition in eq. (1.8) identifies a locus of points, known as light

cone, which describes the propagation in the homogeneous cladding medium

at the critical angle. Consequently, all the points lying above the light cone

correspond to solutions which are not bounded to the slab region, known as

leaky modes.

Guided modes can be further classified according to symmetry with re-

spect to the slab plane in transverse electric (TE), which have even symmetry

and for which the electric field lies in the slab plane, and transverse mag-

netic (TM), which have odd symmetry and for which the magnetic field lies

in the waveguide plane. The symmetry of the cladding yields the absence

of a cutoff frequency for the fundamental TE and TM modes, namely the

presence of at least two modes at any frequency. The modes of a dielectric

slab are plotted in fig. 1.4. An effective index neff = ωc/k can be defined

10



1.1. Photonic crystals

Figure 1.4: Lowest-order guided modes dispersion for a homogeneous dielectric
slab (inset), with refractive index ncore = 2.86. TE and TM modes are separated
according with symmetry under reflection with respect to the xy-plane [11].

for each guided mode, which value starts from nclad at the cutoff frequency

and tends asymptotically to ncore at high frequencies. This value provides a

quantitative picture of the mode confinement effectiveness.

So far we considered a membrane of dielectric homogeneous in the xy-

plane. If we now introduce a periodicity of the refractive index in two dimen-

sions we obtain the PhC slab. Two examples are shown in fig. 1.5, namely

a square lattice of dielectric rods in air and a triangular lattice of holes pat-

terned in a dielectric membrane. For historical and technological reasons,

the latter example is one of the most popular for the fabrication several

PhC applications, such as waveguides and nanocavities. Although this type

of structure is not a 2-dimensional PhC (the medium is not periodic nor

homogeneous in the z-direction, where confinement is provided by TIR), a

representation in the BZ (fig. 1.6) is still possible and we can use it to draw

several analogies. First of all, we notice the present of the light-cone, which

now affects all the photonic bands over a certain value of ω: we conclude

that lossless propagation in the PhC slab is possible only for a finite number

11



1. Theory

Figure 1.5: Examples of PhC slabs, which combine periodicity in two-dimensions
(xy-plane) and TIR confinement in the vertical (z) direction. (a) Square lattice of
dielectric rods in air. (b) Triangular lattice of holes in a PhC slabs [1].

of guided modes. Second, we observe that the effect of the periodicity acts

now as a perturbation which couples different photonic bands and different

guided modes.Third, we remark that the symmetry of under xy reflection

still sets a separation between two orthogonal sets of modes according with

even/odd parity, which are denominated respectively TE-like and TM-like.

We observe that a PBG may exist only for TE-like or TM-like modes, and

only in the case of an ideal 2D PhC for both [14]. In particular, a lattice of

rod favors the formation of a TM-like PBG, while a lattice of holes favors

the TE-like PBG. It is worth noticing that the PBG of a PhC slab should al-

ways be considered incomplete, as it does not forbid the coupling to radiating

modes.

The physical dimensions of the PhC slabs are typically chosen to be of the

order of the wavelength inside the medium λ0/ncore, and they can be tuned

by design. The lattice constant a is perhaps the most relevant parameter.

However, owing to scale invariance of Maxwell’s equations, all the other pa-

rameters can be expressed as a function of this, while its actual value can be

chosen in view of the resonant frequency foreseen by the design. For silicon-

based membranes designed to operate at telecom wavelength (λ0 = 1550 nm,

nSi = 3.46), the lattice step is typically of the order of 400 nm. Heuristically,

the lattice step sets the size of the BZ, and thus the position of the lower

band edge: consequently, lower values of a correspond to higher gap energies.

As shown in fig. 1.7, the thickness t of the slab plays a role in the de-

termination of the gap width. For small values of t, the effective index is

12



1.1. Photonic crystals

Figure 1.6: Photonic band structure for the PhC slabs represented in fig. 1.5.
The shaded area represents the light cone, which is characterize by leaky modes
propagating in air. Red and blue bands indicate TE- and TM-like modes respec-
tively. The PBG area for these is represented by a light shaded area [1].

close to the one of the cladding, as the mode energy is mostly located in this

region. As a consequence, the effect of a perturbation is relatively mild. By

increasing the core thickness, the PBG width increases until the higher order

modes enter the gap region. This sets a maximum value for the gap width,

which is found around t ≈ 0.5a in typical PhC slabs based on triangular

patterns of holes [15]. This geometry was shown to exhibit one of the highest

values of gap-midgap ratio, which is of the order of ∼ 20÷ 30%.

Similar considerations can be drawn for the choice of hole radius r. Higher

values yield wider PBGs, and a blueshift of the midgap energy, due to the

lowering in the effective index. However, practical limitations related to

fabrication (such as proximity effects in electron beam lithography) become

relevant for large values of r and, for this reason, an optimal value around

r/a ≈ 0.3 is typically chosen.

1.1.1 Defect states in a photonic crystal slab

The formalism introduced so far describes effectively any guided mode of a

PhC slab, which, concerning in-plane propagation, can be uniquely identified
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Figure 1.7: Photonic band gap size (gap-midgap ratio) for TE-like and TM-like
modes as a function of the slab thickness, expressed in units of the lattice constant.
For fixed hole/rod radius and increasing slab thickness, the gap size increases up
to a maximum value, where the higher-order mode stats to enter the PBG region,
causing a rapid decrease in the gap width [1].

by a band index and a wavevector. Owing to this classification, such modes

are intrinsically delocalized within the slab, and they decay exponentially in

the cladding region. By introducing a defect in the periodicity of the PhC

slab (as well as of an ideal PhC), it is possible to induce the localization of the

electromagnetic field in space. As summarized in fig. 1.8, this may consist in

a one-dimensional alteration of the original lattice, resulting in a line defect

(or a surface mode if the boundary region of the PhC is considered), which is

characterized by a discrete translational invariance in only one direction, and

may lead to the emergence guided modes within the PBG spectral region.

Another possibility is a “zero-dimensional” modification of the original lat-

tice, namely a point-defect, which could only preservers reflection/inversion

symmetries of the original lattices, and which may lead to localization in the

real space.

PhC waveguide

A notable example of the former case is the W1 waveguide, which consists in
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1.1. Photonic crystals

Figure 1.8: Schematics of different kinds of defect in a 2D PhC, specifically a
surface-, a line- and a point-defect in a dielectric slab of rods. The latter type is
particularly suited for the realization of PhC cavities [1].

Figure 1.9: Schematic (left) and SEM image (right) of a W1 waveguide in a PhC
slab. The structure is obtained as a line defect in a suspended membrane in air
patterned with a triangular lattice of holes, where a row of holes is removed and
replaced with the core dielectric [16, 17].
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Figure 1.10: Band diagram (top) of TE-like modes for a W1 waveguide in a PhC
slab, in the one-dimensional BZ. Red shaded areas represent the extended TE-
like modes of the PhC slab. The guided modes are classified either according with
their symmetry with respect to the xz-plane and with the confinement mechanism:
index guided modes exist outside the PBG, while gap-guided bands are confined
by Bragg-type reflection [1].
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1.1. Photonic crystals

a PhC slab patterned with a triangular lattice of holes where a row of them

is removed and replaced by the core dielectric (fig. 1.9). Heuristically, this

modification increases the effective index experienced by the optical field,

thus providing an effective confinement potential which favors the localiza-

tion of light within the line defect, pushing down the original PhC bands.

The resulting modes, plotted in the one-dimensional BZ as a function of

the kx wavevector, are represented in fig. 1.10. The lowest order TE-like

and TM-like modes (a separation according with z-reflection symmetry is

still possible) laying below the dielectric band edge are called index-guided

modes, reminiscing the index-based confinement mechanism occurring close

to the band edge, which does not necessarily require the presence of a PBG.

Conversely, higher order modes rely on the existence of a periodic medium,

and they are thus referred to as gap-guided modes.

A remarkable property of these states is their non-trivial dispersion re-

lation, that can be exploited for applications to optical devices. A practical

example is the use of PhC waveguides for the the achievement of structural

slow light, which relies on the near-zero group velocity vg = ∂ω
∂k

achievable by

appropriately engineering the band dispersion. The real space field distribu-

tion of selected index-guided and gap-guided modes is represented in figure

1.10b.

It’s worth to remark that despite only the bands laying outside the light

cone are plotted, the propagation of leaky modes is still possible, keeping

in mind that a fraction of the field energy will be lost by out-of-plane scat-

tering during propagation. The loss rate can be estimated, for instance, via

frequency domain methods by computing the coupling of leaky modes to

radiating modes in first order time-dependent perturbation theory [18].

Finally, waveguide geometries alternative to the W1 are easily designed by

tuning the parameters available, such as the width of the waveguide replacing

the missing row of holes or by substituting the row with different patterns,

such as holes of smaller radius, in order to achieve the desired dispersion for

the guiding structure.
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Figure 1.11: Example of PhC microresonator (hexapole, or “H1” PhC cavity).
The localization of an electromagnetic mode is achieved by removing a single hole
from an otherwise ideal triangular lattice, and by shifting the holes marked in blue
outwards with respect to the center (left), for the purpose of gentle confinement
(see main text). The resulting localized mode (center) field distribution in the real
space inherits the symmetry of the system. The k-space profile (right) of the mode
also exhibit sixfold discrete rotational symmetry. The red circle indicates the light-
cone. The field intensity strength is logarithmically expressed by different shading.
The absence of components within the light-cone region points to a limited amount
of out-of-plane losses (i.e. high-Q) for the localized mode [19, 16].

Point defects

We now consider a point-like perturbation of one ore few lattice sites, which

breaks any translational symmetry of the system. This can be obtained for

instance by removing one or more holes (fig. 1.11) from an otherwise periodic

PhC crystal slab. This kind of defect can be used to induce localization of

light in three-dimensions. Heuristically, we can think of an energy favorable

lattice site to which it is possible to couple light, but, owing to the presence

of a PBG, this cannot propagate within the slab, and it is thus confined. This

physical system realizes a photonic crystal cavity, which can support one or

multiple resonant modes.

Because of the lack of translational symmetry, any resonant mode will not

have a well defined wavevector, and it will appear as a flat (dispersionless)

state if represented in the BZ, corresponding to a well defined frequency

ω0 and located in the PBG spectral region. Conversely, in the real space

the largest fraction of the optical energy of the mode will be restricted to

a typically small volume, with a size of the order of the wavelength cubed
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V ∼ (λ/n)3. Note how the former property is required to pursue localization

in the real space, as the field distribution in the the direct and reciprocal

space are linked by a Fourier transform: a well-defined position in the real

space must correspond to a delocalized state in the k-space. A fundamental

consequence of this fact is that any mode localized via a point defect is leaky,

namely it is characterized by intrinsic losses due to out-of-plane scattering.

Of course, the argument is restricted to the case of PhC slabs, where the

confinement mechanism is based on both TIR and PBG. The realization of

PhC cavities exhibiting theoretically zero intrinsic losses would be possible

in three-dimensional PhC systems characterized by a full 3D PBG. However,

this case is not usually considered for practical applications due to the difficult

fabrication and engineering process of 3D structures. In contrast, CMOS-

based fabrication techniques make relatively easy to realize cavities based on

PhC slabs, and the losses can be contained by adopting appropriate design

strategies, as we shall discuss later.

As for any physical resonator, the losses of a PhC cavity mode can be

quantified by a decay rate Γ. Under the assumption that the cavity loss

can be described by the differential equation dU
dt

= −ΓU(t), where U(t) is

the total intracavity optical energy, the temporal dynamics of U(t) is thus

described by an exponential decay U(t) = U0e
−Γt. In the spectral domain,

this translates into a Lorentzian lineshape of the cavity response, centered at

frequency ω0 and characterized by a full-width half-maximum (FWHM) Γ:

L(ω) =

(
1
2
Γ
)2

(ω − ω0)2 +
(

1
2
Γ
)2 (1.9)

A relevant figure of merit for the quantification of the losses is the quality

factor:

Q =
ω0

Γ
(1.10)

In practical applications, out-of-plane losses may not be the sole decay chan-

nel for the optical energy inside the cavity. In the presence of multiple, phys-

ically separated sources of (linear) losses, the decay rates can be summed

up. Considering only the most important physical mechanisms which induce
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losses in PhC cavities, the overall decay can be expressed as:

Γ = Γint + Γabs + Γsc + Γext (1.11)

which addends represent respectively the decay rates associated to out-of-

plane scattering (intrinsic losses), the absorption rate by any absorber in

the resonant mode volume, the scattering rate related to the disorder or

imperfections introduced by fabrication and the extrinsic loss rate linked

by any additional structure meant to couple to the cavity mode, such as, for

instance, an evanescently coupled waveguide. For each of these contributions,

an ad-hoc Q factor definition can be formulated on the lines of eq. (1.10),

so that the overall Q factor can be expressed by the inverse sum Q−1 =

Q−1
int + Q−1

abs + Q−1
sc + Q−1

ext. Notice how a classical lifetime or spectroscopic

characterization could only provide the overall Q factor of the system.

Gentle confinement

A primary design target for applications of PhC cavities is the minimization

of out-of-plane losses, or equivalently, the maximization of Qint. The perhaps

most popular strategy in view of this objective was proposed in the early

era of PhC cavities research and it is known as Noda’s argument. In 2003,

S. Noda and collaborators [7] studied the fundamental mode profile in the

reciprocal space of a L3 cavity, which is obtained by removing three holes

from a PhC slab patterned with a triangular lattice of holes and its Q factor,

under a slight symmetric modification of the position of the two inner-most

remaining holes (fig. 1.12). It was shown that for a specific shift of the holes

position, which corresponds to a smooth rather than abrupt transition of

the mode profile envelope from the bulk dielectric to the patterned lattice,

the fraction of the mode’s energy in the reciprocal space falling within the

light-cone region (represented as a circle in fig. 1.12) is minimized and hence

the Q factor is maximized. The argument can be understood in view of the

relation between the field distribution in the real and reciprocal space, the

two of which are related by a Fourier transform. In particular, the highest

value of Q is achieved if the profile of the mode in the real space approaches
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1.1. Photonic crystals

Figure 1.12: Gentle confinement in a L3 PhC cavity. The microresonator consists
in the removal of three holes from a triangular lattice of holes (a) and, in the
presence of gentle confinement (c), in the shift of the innermost residual holes along
the x-direction. Panels (b) and (d) show how the far-field profile results modified
in a way such that the amount of mode energy falling in the leaky (light cone)
region is minimized, a situation corresponding to a Gaussian Ey field envelope in
the real space. This setting represents the first experimental demonstration of a
high-Q (Q = 45, 000) PhC cavity, provided by Akahane et al. in 2003 [7].

a Gaussian distribution. This design approach, known as gentle confinement,

can be recast to many cavity geometries (fig. 1.8) and it constitutes a powerful

design tool for the engineering of PhC cavity based devices.

Mode volume

A second design target for actual PhC cavities is the mode volume of the

localized state. Heuristically, this value quantifies the region of space effec-

tively occupied by the mode energy, and thus the capability of a structure

to confine light in the three dimensions (analogously, the Q factor quanti-

fies the same figure of merit in time). Although several definitions of this

quantity can be found in the literature, we will use here the one adopted in

21



1. Theory

the field of cavity quantum electrodynamics (cQED) [20], which is particu-

larly meaningful under the treatment of Purcell effect, as we will discuss in

section 1.2:

V =

∫
ε(r)|E(r)|2 d3r

max {ε(r)|E(r)|2}
(1.12)

As aforementioned, this quantity is typically of the order of the wavelength

of the resonant radiation inside the bulk dielectric medium V ∼ (λ/n)3.

The literature provides several examples of structures where this quantity

is strongly reduced, even to values much smaller than a wavelength cubed

[21, 22, 23]. While it is still subject of debate whether a fundamental limit to

the capability to confine light in three dimensions exists, it is worth noticing

that the definition of V depends on the type of application which is aimed

to implement, and thus its applicability as a figure of merit.

Many advantages stem from the minimization of the modal volume in

the design of a PhC cavity. In Purcell’s theory of spontaneous emission for

a dipole emitter coupled to an optical cavity, it is shown how the emission

rate is enhanced proportionally to the ratio Q/V [24]. On the other hand,

the efficiency of several nonlinear processes of order n scale as (Q/V )n [25]

and similarly, the power threshold of Kerr-type bistability scales as V/Q2

[26]. Intuitively, the ratio Q/V for a resonant mode quantifies the “degree” of

light-matter interaction for the region of space where this takes place. More

rigorously, this quantity can be interpreted as a rescaling factor to the local

density of optical states (DOS) [11, 27] as compared to the bulk case.

A small mode volume is not only object of interest because of the en-

hancement of light-matter interaction effect, but also, on a technological

perspective, owing to the smaller device footprint available and on novel

functionalities enabled by this feature, such as all-optical switching based on

fast bistable effects [28].

The small modal volume is a specific feature of PhC cavities, and it relies

on the presence of a PBG-type confinement mechanism. Other types of

microresonators, such as microspheres, microtoroids and microrings, which

rely only on TIR, require propagation of light which is always below the
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critical angle θc, in order to minimize losses. Thus, the minimum size of

the structure is typically strictly dependent on θc, while in the case of PhC

resonators, even relying on hybrid PBG/TIR confinement like in the case of

PhC slabs or nanobeams, confinement is automatically granted by the PBG,

provided that the amount of components within the light cone is minimized.

Thus, PhC cavities are among the best suited structures for the minimization

of the mode volume in integrated optical devices.

1.2 Light-matter interaction

In this section we discuss the main effects of light-matter interaction which

involve the confined mode of a PhC cavity and its surroundings. While the

capability of this type of devices to confine light both in time and space has

great interest in the framework of the control of spontaneous emission, a

particular accent is given here on the effects of localization on the implemen-

tation of nonlinear optical processes, the application of which is particularly

demanding in bulk optics in terms of optical powers. Conversely, a resonant

integrated system can enhance the field at the point to require very small

powers, which is a primary requirement for integrated photonics applications.

1.2.1 Control of spontaneous emission

Before introducing the formalism of nonlinear optics, we will briefly discuss

the effects of a localized resonant mode on a dipole emitter, such as an atom,

a quantum dot (QD) or a radiative crystalline defect coupled to the cavity

field. A fundamental result in this direction was given in 1946 by E. Purcell

[24], who showed that the spontaneous emission rate of atoms incorporated

in a resonant electromagnetic cavity of quality factor Q and mode volume V

is enhanced by a factor:

FP =
Γµ
Γ0

=
3

4π2

(
λ

n

)3(
Q

V

)
(1.13)
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known as Purcell factor, where Γµ and Γ0 are respectively the decay rate of

the emitter coupled to the cavity mode µ and the natural emitter linewidth.

Here, λ is the vacuum wavelength and n is the refractive index of the medium

where the emitter is embedded, while V is defined by eq. (1.12). This fun-

damental result shows that the emission rate can be considerably improved

whenever the ratio Q/V is large compared to the inverse volume of a cubic

wavelength (λ/n)3. This result, which can be obtained via a semiclassical

model of the dipole-field interaction, assumes that the dipoles are perfectly

aligned in space, spectrum and polarization with the cavity field and that

both exhibit a Lorentzian response.

The physical interpretation of eq. (1.13) can be appreciated in the frame-

work of first order time-dependent perturbation theory. It can be shown,

indeed that the quantity Q/V is proportional to the density of final states

(DOS) for the dipole excited→ground state transitions. If the DOS is reduced

from the optimal value, for instance if the emitter is spectrally detuned from

the optical resonance, the value of DOS is also remapped [29]. In the case of

a narrow emitter, for instance, eq. (1.13) becomes:

FP (ω) =
3

4π2

(
2πc

nω0

)3(
Q

V

)
L(ω) (1.14)

where L(ω) is the (normalized) Lorentzian response of the cavity centered at

frequency ω0 defined by eq. (1.9). A modified spectral (or spatial) distribution

of the DOS can be thus exploited not only to enhance, but also to inhibit

the natural spontaneous emission rate of a dipole emitter [2, 30].

Finally, we remark that Purcell’s theory of spontaneous emission is ac-

curate under the assumptions of a weak coupling between field and emit-

ter. The main approximation involved here, which justifies the use of Fermi

golden rule in the derivation Purcell factor, consists the assumption that any

photon emitted is not reabsorbed (weak coupling regime). This is not true

anymore for large values of the coupling rate (strong coupling regime): under

these condition, a full quantum model, which includes the quantization of

the electromagnetic field and of the emitter is required [31, 9].
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Figure 1.13: Energy level diagram for selected dipolar third-order nonlinear
processes observable in silicon. From left to right: self-phase modulation (SPM),
also known as Kerr effect, two-photon absorption (TPA), cross-phase modulation
(XPM), third-harmonic generation (THG) and pump-degenerate four-wave mixing
(FWM) [32].

1.2.2 Nonlinear processes

So far, we restricted our attention to linear dielectric media with zero or neg-

ligible losses. The linear response of a medium is described at a macroscopic

level by he dielectric susceptibility tensor χij = εij − 1 and the polarization

vector P = D − ε0E = ε0χE. In order to model the nonlinear response of

the medium, the relation between the P and E can be expanded in Taylor

series [33]:

Pi = ε0

(
χ

(1)
ij Ej + χ

(2)
ijkEjEk + χ

(3)
ijkEjEkEl + . . .

)
(1.15)

where χ
(1)
ij , χ

(2)
ijk and χ

(3)
ijkl are the first-, second- and third- order susceptibility

tensors. Owing to the intense fields characteristic of atomic systems, a nonlin-

ear response becomes appreciable only for high values of the electromagnetic

field, typically of the order of E ∼ 105 V/m. As a result of the nonlinear

response, the interaction with a material can produce new frequency com-

ponents. Moreover, if the susceptibilities are real, there is no exchange of

energy with the medium, and the process can be modeled respectively as a
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three- and four-photons interaction among respectively, for the χ(2) and χ(3)

processes. In particular:

• Second order or processes include sum- and difference-frequency gen-

eration (SFG and DFG). A special case of the first is second harmonic

generation (SHG) or frequency doubling. It is important to remark

that the second order susceptibility tensor is non-zero only within a

medium with lack of inversion symmetry. This can be for instance a

crystalline solid or an interface between nonlinear dielectric. The χ(2)

processes consist either in the annihilation of one high energy pump

photon and the generation of a pair of lower energy signal and idler

photons (DFG) or in the reversed process (SFG). In both cases, the

energy conservation condition implies ωp = ωs + ωi.

• Third order processes (fig. 1.13) include third-harmonic generation

(THG) and four-wave mixing (FWM), where two photons are annihi-

lated to create a signal-idler pair (ωp,1 + ωp,2 = ωs + ωi). The special

case where the four frequencies coincide is at the origin of Kerr effect

(or self-phase modulation, SPM), which consists in a modulation of

the refractive index dependent on light intensity. Finally, the process

of two-photon absorption (TPA) is modeled by the imaginary part of

χ(3).

Higher order interactions can also be considered, but their significance is

typically low compared to leading order ones as far as the amplitude of the

field is low compared to the atomic fields Ea ∼ 1010 V/m.

From a classical perspective, the nonlinear response can be deduced by

introducing in eq. 1.15 terms which oscillate harmonically:

E(t) = Eω1e
iω1t + Eω2e

iω2t + Eω3e
iω3t + c.c. (1.16)

where c.c. denotes the complex conjugate. Limiting our attention to the

third-order response P (3), we can write:
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P (3)(t) = 3ε0χ
(3)
[
|Eω1 |2Eω1e

iω1t + c.c.
]

SPM

+ 6ε0χ
(3)
[(
|Eω2|2 + |Eω3|2

)
Eω1e

iω1t + c.c.
]

XPM

+ ε0χ
(3)
[
E3
ω1
ei3ω1t + c.c.

]
THG

+ 3ε0χ
(3)
[
Eω1Eω2Eω3e

i(ω1+ω2+ω3)t + c.c.
]

FWM

+ 3ε0χ
(3)
[
Eω1Eω2E

∗
ω3
ei(ω1+ω2−ω3)t + c.c.

]
FWM

+ . . .

We omitted for clarity permutations and analogous interaction terms. The

label XPM refers to cross phase modulation, namely a variation of the re-

fractive index induced by other frequency components. The SPM and XPM

terms are also responsible for TPA if a complex χ(3) is considered. The above

expressions do not take into account the spatial distribution of the field, and

they describe the polarization vector only for a single point in space. In

practice, the generated field is characterized by a phase distribution which

depends on the one of the exciting fields. In order for a frequency conver-

sion process to be efficient, a phase-matching condition has to be satisfied,

in order to ensure that the phases of the processes interfere constructively.

For plane waves, the phase matching condition can be interpreted as the

conservation of photon’s momentum. For instance, for a FWM process the

following equality be satisfied:

~k1 + ~k2 = ~k3 + ~k4 (1.17)

In this picture, FWM makes possible the generation of new frequencies

(except for the third-harmonic), in the presence of at least two frequency

components. A more sophisticated model, based on the quantization of the

electromagnetic field, shows that the generation of new frequency compo-

nents can be observed even in the presence of a monochromatic field. The
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effect, known generically as parametric fluorescence, can be interpreted as a

consequence of the vacuum fluctuations associated to the field, which cover

all the electromagnetic spectrum [29, 34]. For this reason, nonlinear processes

capable to generate new frequencies are often distinguished in stimulated and

spontaneous ones, distinguishing the cases where the processes are triggered

respectively by a classical field or the quantum optical vacuum.

An analogous picture can be drawn for second order processes: here,

the spontaneous counterpart of DFG is usually referred to as spontaneous

parametric down-conversion (SPDC).

An important distinction between χ(3) and χ(2) processes is that “self-

effects” (SPM and XPM) are in the latter case not allowed, unless one of the

fields involved is static or quasi-static (Pockels effect).

The nonlinear materials treated in this work are isotropic. We will espe-

cially focus on the case of silicon, which is characterized by a cubic lattice

with diamond-type crystalline structure. The presence of inversion symme-

try forbids χ(2) effects in the bulk material, while the isotropic properties of

the diamond lattice make only 2 components of the χ
(3)
ijkl tensor, χ

(3)
1111 and

χ
(3)
1122, independent and different from zero [33, 35]. Instead of the susceptibil-

ity, the nonlinearity of silicon is usually quantified in terms of the nonlinear

refractive index (or Kerr coefficient) n2, which describes the dependence of

the refractive index as a function of light intensity:

n(I) = n0 + n2I + i
λ

4π
(α0 + βTPAI) (1.18)

For linear polarization, this is related to the nonlinear susceptibility via the

relation:

n2 =
3

4n2
0ε0c
<
{
χ

(3)
eff

}
(1.19)

where χ
(3)
eff is an effective third-order coefficient which depends on the non-

zero components of the susceptibility tensor [35]. With the growth of silicon

photonics, this value has been accurately measured by several authors, via

the z-scan technique. The value n2 = 4.4 × 10−18 m2/W at λ = 1.54 µm is
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reported by Dinu et al. [36], which corresponds to χ
(3)
eff = 1.9×10−19 m2/V2.

Equation (1.18) also models the linear and two-photon absorption. In

semiconductors, this phenomenon consists in the creation of an electron-hole

pair consequent to the annihilation of two photons. The phenomenon is

possible only if the sum of the photons’ energy is sufficient to promote an

electron to the conduction band, namely ~ω > Egap/2, which is the case for

light at telecom wavelength in silicon. The TPA coefficient is related to the

imaginary part of the third-order effective susceptibility via the relation:

βTPA =
3ω

4n2
0ε0c2

=
{
χ

(3)
eff

}
(1.20)

and its value at telecom wavelength is βTPA = 0.8 cm/GW. More in general,

the imaginary part (TPA coefficient) of the third-order susceptibility tensor is

related to the real part (nonlinear index) via Kramers-Krönig type relations

[37].

The model described so far provides a description of a nonlinear response

without investigating its physical origin, which for semiconductors lies mainly

in the anharmonicity of the Drude-Lorentz type response of the material

charge carriers. Without entering in the details of the model (see e.g. [33]

for reference) we observe that the electronic response occurs on timescales of

the order of ∼ 10−15 s, comparable to the optical cycle, and they therefore

can be considered instantaneous in most cases.

On the other hand, in the presence of linear and nonlinear absorption,

the creation of free carriers may affect the optical response of the material.

Although these processes are not intrinsically linked to the nonlinearity of

the material, they can be interpreted and described as effective nonlinearities.

The most important contributions on the dispersive properties of the medium

are given by the variation of the refractive index associated to a variation of

the concentration of free carriers, which we will refer as free carrier dispersion

(FCD), and by the and thermo-optic (TO) effect, associated to the local

increase in temperature and consequent variation of refractive index due to

the recombination of electron-hole pairs or to scattering events involving a
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photon and a free carrier (free carrier absorption, FCA).

Nonlinear absorption and dispersive effects

We will briefly review the theory of nonlinear absorption processes and the

related dispersive effects. Further details are left, where needed, as comple-

menting discussion to each chapter.

The intensity dependent absorption coefficient of a semiconductor medium

can be written as:

α(I) = α0 + αTPA + αFCA

= α0 + βTPAI + σFCAN(r)
(1.21)

where σFCA = σe+σh is the free carrier cross-section and N(r) the electron-

hole pair concentration. In stationary or quasi-stationary regime and in the

absence of charge diffusion, N(r) depends on the local field intensity and

it is a function of the linear absorption and TPA coefficients. However, in

general, nonlinear absorption and associated dispersive effects are related in

a non-trivial way to the dynamics of any macroscopic quantity affecting the

optical properties, such as carriers, phonons and heat flow.

For an optical microcavity, it is convenient to model absorption effects as

independent decay channels which contribute to degrade the overall the Q

factor, in way which in general depends on the cavity energy U = Q
ω0
Pcoupled.

Following the models detailed in refs. [38, 39], these affect the natural (linear)

cavity linewidth Γ0 expressed in eq. (1.11) via the relation:

Γ(U) = Γ0 + ΓTPA(U) + ΓFCA(U) (1.22)

Similarly, an intensity-dependent expression for Q can be stated. A self-

consistent model of equations, which describes the effect of the decrease in

Q with the power on the coupling efficiency ηc(U) and which includes the

dependence of U on Q(U) and ηc(U) can also be formulated. For sake of

clarity, we will neglect those feedback effects, unless required for a proper

formulation, as their consequences are relevant only for high field intensities.
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An analogous treatment can be carried out for dispersive effects, which

result in a shift of the resonant frequency. In first order perturbation theory,

the (normalized) resonance shift can be expressed as follows:

δω0(U)

ω0

= − (∆nKerr + ∆nFCD + ∆nTO) (1.23)

where ∆n represents the normalized shift ∆n(r)
n(r)

averaged over the cavity mode

volume:

∆n =

∫ (∆n(r)
n(r)

)
n2(r)|E(r)|2d3r∫

n2(r)|E(r)|2d3r
(1.24)

The three contributions considered, Kerr effect (which is associated to

a red-shift in silicon), FCD (blue-shift) and TO (red-shift), affect differently

the overall shift, depending on the intracavity energy, the carrier lifetime and

the thermal properties of the system.

Two-photon absorption

Applying the expression (1.21) to a given field distribution, the local time-

averaged TPA loss rate can be written as:

γTPA(r) =
1

2
ε0c

2βTPA(r)|E(r)|2 (1.25)

which can be related to the overall TPA rate by integrating over the whole

space:

ΓTPA(U) =

∫
γTPA(r)n2(r)|E(r)|2d3r∫

n2(r)|E(r)|2d3r

= ξTPA

(
c2

n2
βTPA

)
U

VTPA

(1.26)

where ξTPA and VTPA are respectively an overlap factor between the mode

and the nonlinear material and an effective mode volume for the nonlinear
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process. They are defined as follows:

ξTPA =

∫
cavity

n4(r)|E(r)|4d3r∫
n4(r)|E(r)|4d3r

(1.27)

VTPA =

(∫
n2(r)|E(r)|2d3r

)2∫
n4(r)|E(r)|4d3r

(1.28)

where the integral at the numerator in the former expression is performed

over the volume of the nonlinear material, i.e. the semiconductor constituting

the cavity in the assumption of a linear response from the cladding. In order

to maximize the light-matter interaction, the field distribution should be such

that ξTPA ≈ 1 and VTPA ∼ (λ/n)3.

Free-carrier absorption

The presence of free-carriers in a PhC cavity can be due to several factors.

While the presence of ionized shallow dopants in the original SOI has usually

a negligible effect (typically NA,D < 1016 cm−3), the presence of crystalline

defects, dislocations and surface states typically yields localized electron or

hole states which may exhibit absorption under the gap energy, and increase

the concentration of free carriers. Although scarce scientific literature ex-

ists on this topic, it is common belief that the fabrication process plays a

major role in the introduction of these imperfections [40, 41, 42], also as a

consequence of the large surface-to-volume ratio which is peculiar of PhC

structures and of their fabrication process. For sufficiently high field inten-

sities, a significant contribution to the population of free-carriers is given by

TPA, which generates electron-hole pairs that quickly relax to the bottom

(top) of the conduction (valence) band. Since in general the absorption from

free carriers is a scattering process which is linear with the field intensity,

as described by eq. (1.21), the decay channel that it introduces can be ef-

fectively either linear with respect to U , if the free-carriers are generated by

scattering from localized defects, or ∝ U2 in the case where they result from

TPA.
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Whatever the physical origin of the free carrier population, their effect

can be described by a simple Drude model, where the optical loss rate at

position r is described by a cross-section:

γFCA(r) =
c

n
σFCA(r)N(r) (1.29)

where σFCA = σe + σh is the sum of an electron and hole scattering cross-

section. In general, the free carrier density N(r, t) is a spatially dispersive

function of the carriers dynamics and it is affected by carrier-carrier scattering

effects, such as Auger recombination. In order to simplify the model, we will

describe these properties with a recombination time τr and we will neglect

carrier diffusion, assuming N(r) to be locally proportional to the carrier

generation rate. With these assumptions, the local carrier density reads:

N(r) =
τr
~ω0

(
plin(r) +

pTPA(r)

2

)
(1.30)

where plin(r) is the density of linearly absorbed power and pTPA(r) is the

absorbed power density associated to TPA. They can be expressed as:

plin(r) =
1

2
ε0cn(r)|E(r)|2α0(r)

pTPA(r) =
1

2
ε0n

2(r)|E(r)|2γTPA(r)
(1.31)

where α0(r) is the linear absorption coefficient. The overall FCA rate can

then be expressed as:

ΓFCA =
cτr

2n~ω0

∫
σFCA(r)

(
γTPA(r)

2
+ c

n
α0(r)

)
ε0n

4(r)|E(r)|4d3r∫
n2(r)|E(r)|2d3r

= ξFCA

(
c3τrσFCAβTPA

2n3~ω0

)
U2

V 2
FCA

+ ξTPA

(
c2τrσFCAα0

n2~ω0

)
U

VTPA

(1.32)

The two addends in the last expression represent the contributions to FCA

from the TPA-generated carriers and from the carriers produced by linear

33



1. Theory

absorption, in the absence of diffusion effects. Since the second rate scales

linearly with the cavity energy, the mode volume and the overlap factor are

the same as TPA. The mode volume and overlap factor for TPA-related FCA

are given by:

ξFCA =

∫
cavity

n6(r)|E(r)|6d3r∫
n6(r)|E(r)|6d3r

(1.33)

V 2
FCA =

(∫
n2(r)|E(r)|2d3r

)3∫
n6(r)|E(r)|6d3r

(1.34)

Kerr effect

The local index shift induced by Kerr effect can be expressed as:

∆nKerr(r) = n2(r)
1

2
ε0cn|E(r)|2 (1.35)

which, by averaging on the cavity volume, can be related to an overall energy-

dependent shift:

∆nKerr(U) = ξTPA
cn2

n2

U

VTPA
(1.36)

which follows the same scaling pattern of the TPA process.

Free-carrier dispersion

The dispersion introduced by electron-hole pairs can be quantified, in a Drude

model as:

∆nFCD(r) = −ζ(r)N(r) (1.37)
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where ζ(r) is a material parameter2 and the minus sign accounts for the

blue-shift of the resonance.

The normalized contribution to the modal index change is given by:

∆nFCD(U) = −ξFCA
(
c2τrζβTPA

2n3~ω0

)
U2

V 2
FCA

− ξTPA
(
cτrζα0

n2~ω0

)
U

VTPA
(1.38)

where we again the two terms of the equation represent two separate contri-

butions to the free-carrier population.

Thermo-optic effect

A local increase in temperature of the medium induces a typically posi-

tive increase in the refractive index. In the case of silicon this amounts

to αSi = ∂nSi

∂T
= 1.8 × 10−4 K−1 [43] at room temperature and it is mainly

related to the acoustic phonon bands population. In a PhC cavity, a lo-

cal increase in temperature is directly related to the absorption of power,

which can be originated by the absorption of light through any of the mech-

anisms described above. In order to simplify the model, we assume that the

increase in temperature is approximately uniform over the whole localized

mode, which is true as long as the mode size is much smaller compared to

the typical heat diffusion length3. In this model:

∆nth(U) = ξTO

(
1

n

dn

dT

dT

dPabs
Pabs(U)

)
(1.39)

2In a Drude model, ζ = ζe + ζh, where the electron/hole contributions are given by

ζe,h(ω) = e2

2m∗
e,hε0nω

2 , where m∗e,h is the effective mass. Due to screening effects, the

actual FCD is more precisely given by ∆nFCD = −ζeNe − (ζhNh)0.8. We will neglect
for simplicity this correction throughout the text, and include it in the numerical results
whereas needed.

3The diffusion length is given by Ld ∼
√

κ
c τ , where κ is the thermal diffusion constant,

c is the specific heat and τ is a characteristic time. In the case of silicon is Lth � λ for
characteristic times τ > 1 ns.
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where:

ξTO =

∫
cavity

n2(r)|E(r)|2d3r∫
n2(r)|E(r)|2d3r

(1.40)

is the confinement factor. The absorbed power is related to the cavity energy

via the relation:

Pabs(U) = [Γabs + ΓTPA(U) + ΓFCA(U)]U (1.41)

The result of TO effect also depends on the factor dT/dPabs, which depends

on the cavity geometry and can be estimated numerically or experimentally.

The last equation shows how the absorbed energy depends either linearly

on nonlinearly on the physical process producing heat. Typically, at low

power the TO shift is due to linear absorption (Γabs), which produces a red-

shift linearly proportional to the incident power, while at larger Pcoupled, the

nonlinear effects dominate. Note that, according with this model, at very

high cavity energy the TO effect due to FCA will produce a shift cubic

in the cavity energy (∝ U3), which will eventually dominate on any other

resonance-shift effect.

A comparison of estimated linear and nonlinear contributions to absorp-

tion and dispersion is shown in fig. 1.14.

The theory presented here is valid at stationary or quasi-stationary (i.e.

CW pumping) regime. In these conditions, it is impossible to discern the

entity of each dispersive effect (for instance, Kerr and TO effect) without

relying on any a priori knowledge of the system properties. On the other

hand, the time scale of each process may significantly differ. In particular,

the electronic response, which is at the origin of Kerr effect, FCD, FCA and

TPA is characterized by a response time of the order of 10−15 ÷ 10−13 s [39]

(specifically, the Kerr/TPA interaction has a timescale of 10−15 s, while the

carrier relaxation time is ∼ 10−13 s), and it can be considered instantaneous
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Figure 1.14: (a) Simulated decay rates for different loss mechanisms as a function
of power dropped into the cavity. (b) Contributions from the different dispersive
processes to the cavity resonance wavelength shift as a function of power dropped
into the cavity. Numerical model and figure from ref. [38]. The FCA effects due
to linear absorption are not included in this calculation.

as long as it is much smaller than the photon dwelling time. Because of their

quick response time, free carrier effects have been successfully exploited for

the demonstration of ultrafast all-optical switches [44, 45], with switching

times of the order of 50 ÷ 300 ps. This is ultimately limited by the free

carrier recombination time, which in PhC cavities is of the order of 100 ps,

dramatically reduced thanks to the high surface-to-volume ratio. It should be

remarked that some authors [38] suggest a strong dependence of the carrier

relaxation time on the carrier density N , as a consequence of carrier-carrier

scattering events (fig. 1.15).

In contrast, TO effects are characterized by typical response times τth ∼
100 ns. Due to the extremely small mode volume of PhC, this value is

significantly smaller than other thermo-optical switches, and its application

has also been proposed for all-optical control [46]. On the other hand, the

ultrafast operation of PhC cavity is not susceptible of TO effects, due to the

intrinsically slower thermal response, and it can be exploited to study the

dynamics of FCA, FCD and Kerr effect in a separate fashion.
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Figure 1.15: Estimated carrier lifetime as a function of the free carrier concen-
tration for a silicon PhC crystal cavity. Numerical model and figure from ref.
[38].

1.2.3 Optical bistability

The dispersive effects described so far carry important consequences on the

dynamic response of PhC cavities. As aforementioned, the nonlinear optical

response has been successfully exploited to mediate the all-optical switching

of photonic signals. These applications rely on the fast modification induced

by a nonlinear effect of the cavity resonance wavelength, which dynamically

introduces a transmission or absorption window. At this regime, the PhC

cavity usually exhibits optical bistability, which can also be exploited for the

implementation of dynamic optical memories [28].

The phenomenon of optical bistability can be described as follows. In the

presence of a power-dependent dispersive effect, the optical scan of a resonant

mode produces a shift which is proportional to the input power. If the scan is

performed in the direction of the shift (say, from blue to red for a Kerr-type

effect), the coupled power induces an increase of the resonance wavelength

which is more and more pronounced as the scan approaches the resonance

peak. At this point, the coupled power is maximized, and for larger wave-
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Figure 1.16: (a) Effect of a Kerr-type nonlinearity on a PhC cavity driven by an
input power Pin. The presence of the nonlinearity under blue-detuned pumping
results in an increase of the output power. (b) Transition from non-bistable to
bistable regime as a function of the detuning parameter ∆ [25].

lengths the resonance will switch back towards the original (“cold cavity”)

resonance frequency ω0. The overall result is a characteristic asymmetric

response of the system, which entity depends on the coupled power and on

the entity of the nonlinearity involved.

This behavior is driven by a feedback mechanism for which the amount

of the resonance shift depends on its previous physical states, exhibiting

memory of the previous states. At sufficiently large input powers, this can

result practically in an hysteretic response, which is experimentally observed

as a discrepancy between spectroscopic measurements performed in different

directions (blue to red, or vice versa). This behavior is schematically shown

in fig. 1.16.

In the presence of a shift proportional to the coupled energy (Kerr-type

nonlinearity), it can be shown [26, 25] that the system response is described

by the following expression:

Pout
Pin

=
1

1 + (∆− Pout/Pb)2
(1.42)

where Pin,out are the input/output power to a loading channel of the cavity,

Pb is a characteristic power which sets the scale of the bistable process to

occur and ∆ is the detuning parameter:
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∆ = 2Q
ω0 − ω
ω0

(1.43)

The expression (1.42) is a third-order polynomial equation in Pout. For small

powers (Pout � Pb), the spectral response reduces to a Lorentzian, while for

large input powers, the solution reveals a typical saw-tooth shaped response

(fig. 1.17). Moreover, it can be shown that for ∆ >
√

3, the equation allows

three distinct solutions (fig. 1.16b), two of which are stable and observed

by scanning the resonant spectrum in each of the possible directions, giving

rise to the hysteretic response. The third solution is unstable and cannot be

observed practically [47].

The power scale Pb represents the power required to induce a significant

shift of the resonant mode, which has to be of the order of a linewidth. This

feature benefits directly from the intensity enhancement introduced by the

confinement, which scales as V/Q, and is also reduced as soon as the linewidth

is reduced: ultimately Pb ∝ V/Q2. In the presence of a Kerr nonlinearity, it

can be shown rigorously [26] that:

Pb =
VTPA

Q2 max (n2/n2)

ω0

4c
(1.44)

Fig. 1.17 shows a typical experimental spectrum obtained for high cou-

pled power in a “dispersion adapted” (DA) PhC cavity [48]. By probing the

spectrum with increasing input powers, the resonant scattering spectrum (see

chapter 2) exhibits a crossover from the symmetric Lorentzian response to the

characteristic saw-tooth response which characterizes bistability. The solid

lines represent the best fit of the experimental signal obtained by analytically

solving eq. (1.42) with respect to Pout(ω, Pin) and taking the solution with

maximum value. Although this model is suited for the accurate description

of a Kerr-type nonlinearity, its validity can be extended to the case where

the entity of higher-order nonlinear effects is small compared to the overall

shift. The lower panel shows the resonance wavelength extrapolated from

best fit of the experimental data with this model, showing a linear behavior

corresponding to an overall shift of ∼ 4 pm/µW, while a small superlinear
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Figure 1.17: Experimental RS response (upper panel) of a far-field optimized
DA cavity, with Q = 40, 000. The data show a crossover trend from a symmetric,
Lorentzian-type lineshape to a strongly asymmetric response, associated to the
nonlinear behavior mainly due to TO effect. The scan is performed from lower
to higher wavelength. Solid lines are best fit of the experimental data obtained
with a bistability model associated to a Kerr-type nonlinearity (see main text).
Note that the maximum shift at high power is well above the bistability threshold
∆ =

√
3. (lower panel) Estimated resonance shift obtained from best fit of the

RS spectra. The points are fitted with a second order polynomial, and the value
associated to the linear term (slope) is shown. A slight superlinear contribution is
also appreciable, although limited by experimental accuracy at low power.
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contribution, which is expected to become significant at high coupled power,

is also appreciable.
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Chapter 2
Experimental methods

The fast and reproducible fabrication and testing of experimental samples is

an essential requirement for the realization and optimization of PhC devices.

Here we review the nanofabrication processes exploited for this work and the

spectroscopic techniques adopted for the study of the optical properties of

PhC cavities.

2.1 Fabrication

We detail here the main processing steps for the fabrication of planar PhC

cavities at the state of the art. Further details related to this topic can be

found in refs. [49, 50, 51].

2.1.1 SOI wafer

The fabrication of planar PhC structures starts from thin membranes of high-

quality semiconductor material. This essential requirement has been satisfied

thanks to the development of electronic industry, which mature production

processes have provided support for photonic devices as a by-product. In

particular, silicon foundries developed the standard of silicon-on-insulator

(SOI), which consists in a platform where a thin layer (of the order of ∼ 200

nm) of Czochralski silicon is laid on the top of an amorphous silica (SiO2)
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buffer (thickness ∼ 3 µm ), in turn placed on the top of a thick substrate

of crystalline silicon. In the years, SOI wafers have become a standard de

facto and they are made available for the industry and for educational pur-

pose. The fabrication procedure of a SOI wafer via SmartCut technique1 is

schematized in fig. 2.1. A thick wafer of Czochralski silicon is first thermally

oxidized in order to create the silica buffer. Then, the surface of the wafer

is bombarded by hydrogen ions (H+), at a specific depth, in order to create

a local damage inside the wafer. The wafer so processed is then flipped and

bonded to a second wafer, which will act as substrate. The weak layer lo-

cated at the mean depth of implantation of hydrogen ions is then used as

cleavage plane. The resulting system is the SOI, which is diced in wafers and

smoothed by chemical and mechanical polishing (CMP) in order to minimize

the roughness. The leftover products are then recycled for the production

of new SOI wafers. SOI wafers with standard thickness of the silicon layer

(or device layer, DL) of 220, 270, 300 nm are currently employed in the pho-

tonic industry, while the buried oxide (BOX) consisting in the silica buffer is

typically either 2 µm or 3 µm thick.

2.1.2 PhC fabrication process

We describe here the general fabrication process for planar PhC cavities. In

the spirit of this research work, the process was customized and optimized

for the experimental application depending on the specific target, by vary-

ing the parameters here detailed and by introducing or modifying some of

the processing steps. The quantitative details reported are referred to the

fabrication of the samples described in chapter 3.

The main steps are summarized in fig. 2.2. The SOI material was pro-

vided by SOITEC, with a DL thickness of 220 nm and a BOX thickness of 3

µm . Each processing step is described in detail in the following paragraphs.

1SmartCut is a proprietary fabrication process [52], developed by CEA-Leti.
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Wafer

Surface Oxidation

H Implant

Flip and bond to 
handle wafer

Bubble formation

Break

CMP and cut

SOI Waft

Handle Wafer

Figure 2.1: Schematic visualization of the SmartCut SOI fabrication process.
The wafers are made of crystalline Czochralski silicon. The technique allows to
re-use the leftover material for the iteration of the process.
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Spin-coating

substrate

BOXDL

resist

Exposure Development

Etching Resist removal Membraning

Figure 2.2: Main steps for PhC structures fabrication. First, the sample is coated
with resist, then the mask is patterned by EBL and developed. The pattern is then
transferred to the silicon DL by RIE and, once the leftover resist is removed, the
buried oxide is dissolved by wet (HF) etching. The resulting structures consist in
suspended membranes in correspondence of the patterned regions.
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Resist spin coating

As a first step, the sample or the entire wafer is coated with a polymeric

resist used for the electron beam lithography (EBL). A “positive” EBL resist

consists in a solution of polymer molecules with a calibrated viscosity and

chain length, which under bombardment by electrons is broken in smaller

monomers. These can be dissolved with a specific developer: the high spatial

resolution of the focused electron beam enables thus to accurately define the

resist region to be removed. An e-beam resist is characterized by several

figures of merit: the most relevant ones for PhC applications are the resolu-

tion, which sets the minimum feature size (<∼ 5 nm for positive resists), and

the contrast, namely the selectivity to dry etching, which affects the verti-

cality error obtained after the process. These features can be finely adjusted

by tuning the fabrication process parameters, such as the soft- hard-bake

temperature, the thickness of the layer and the accelerating voltage of the

EBL system. A typical resist used for PhC fabrication is poly-methyl-meta-

acrylate (PMMA) although novel and more performing solutions have been

developed in the years.

The coating of the sample with a uniform thin layer of resist is obtained

by spin-coating. After cleaning of the sample surface and chemical removal of

the natural oxide, few drops of resist are deposited on the surface. Then, the

spin-coater is put in rotation with angular speed of 6000 rpm for 1 minute.

The final result is a uniform film of resist of with a thickness of 230 nm. The

resist film is then baked on a hotplate for several minutes in order to remove

the residual solvent.

Electron beam lithography

Electron beam lithography is a flexible lithographic technique which enables

to achieve high resolution patterning of the spun resist. Conversely to optical

lithography, where the minimum feature size achievable is mainly limited by

the wavelength of the UV light employed, EBL accuracy is ultimately limited

by the resolution of the resist used, with a minimum feature size of the order

of few nanometers. This is usually required for the fabrication of high quality
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PhC cavities, where the fabricated holes require a high resolution lithography.

The main drawback lays in the long exposure time, which is limited by the

maximum speed of the electron beam.

Fig. 2.3 shows the schematics of an EBL column (Zeiss Gemini). The

electron beam is generated by a Schottky field-emission electron gun and

accelerated by an electrostatic voltage. The steering of the beam and its

focusing is actuated by a combination of electrostatic and magnetic lenses,

which make possible to focus the beam to a spot size of ∼ 1 nm. For imag-

ing purpose, the beam is scanned over the surface of the sample, which is

located on a moving stage actuated with high accuracy (10 nm) by using an

interferometrically reference. The high-energy backscattered electrons can

be detected via an in-lens detector, which is included in the electromagnetic

lens system, while lower energy (∼ 50 eV) secondary electrons are collected

by a Everhart-Thornley type detector. The former imaging method provides

an accurate visualization of the surface of the sample.

The column is part of the EBL system (Raith eLine Plus), which also con-

sist of a high-speed pattern generator, a beam blanker and a high-speed (10

MHz) digital-to-analog converter (DAC). This hardware, used in combina-

tion with a proprietary design and fabrication software, converts the designed

pattern to machine instruction, controls the electromagnetic lens and carries

out the exposure of the resist.

The main parameters which characterize the exposure are the accelerating

voltage and the electron dose. As reference values for PMMA resist, we

used respectively 30 keV and 400 µC/cm2. Several other quantities are also

relevant for a good exposure: among the others, an important role is played

by the aperture size, which fixes the beam current, the writing speed, the

design resolution and, in particular for holey structures, the writing mode.

Another important issue to be considered is the compensation of proximity

effects linked to the scattering of electrons from neighboring exposed areas.

Fig. 2.3 shows the EBL machine used for part of this work.

Once the resist is exposed, the last lithographic step consists in the devel-

opment, which is performed using an appropriate solvent, typically provided

together with the resist. Fig. 2.4 shows an optical and a SEM picture of a
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Figure 2.3: Schematic of the EBL and SEM system (Raith eLine Plus) of the
Semiconductor Physics Institute of the Johannes Kepler Universität of Linz. The
machine was used for the fabrication of the samples described in chapter 3. The
upper panel shows the main elements of the Zeiss Gemini column, including the
Schottky field-emission electron gun, the accelerating stage, the electromagnetic
lens and two detectors. The lower panel shows the operating fabrication apparatus
located inside the clean-room. This includes a computer-based control system, a
fast DAC which converts the software-generated patterns to driving signals for the
steering coils, the automatic interferometric stage control and the vacuum chamber
where the writing and imaging processes are performed [51].
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Recipe Ashing PhC etching
Temperature (◦C) -90 -90
Etching rate (nm/min) 0 55
SF6 (sccm) 0 2
O2 (sccm) 2 1
He (sccm) 300 300
ICP Power (W) 100 100

Table 2.1: Processing parameters elaborated for the ICP-RIE step. The two
processes, ashing and PhC etching, are used respectively for plasma-cleaning of the
sample and actual etching of the silicon device layer. Both processes are composed
by multiple steps, essential for the sake of repeatibility, which include chamber
pre-conditioning, stabilization of temperature and gas flows, and stabilization of
the plasma.

correctly exposed and developed pattern of holes.

Dry etching

The dry etching process is carried out by an inductively-coupled plasma

reactive ion etching (ICP-RIE) system, which enables to transfer the exposed

pattern to the DL of the SOI sample. A schematic of the machine is shown

in fig. 2.5.

The sample is placed in a reactor chamber at low pressure (1 mTorr) and

stabilized at a temperature of −90◦C. The reactor chamber is wrapped with

a RF coil driven at 13.56 MHz with power ranging from 0 to 200 W. Once

the atmospheric conditions are stabilized, the chamber is filled by a constant

flow of gases. For silicon etching, the gas mixture used consisted in sulfur

hexafluoride (SF6), oxygen (O2) and helium (He), with the rates reported in

table 2.1. The gases are ionized by the RF field, and the ions are accelerated

towards the exposed silicon regions. The directional discharge results in am

anisotropic etching action, while the reaction with silicon has two effects: the

fluorine (F) ions etch the silicon, producing SiF4 which is collected by the

pumping system, while the oxygen produces compounds in the form SiOxFy,

which catalyze the passivation of the vertical sidewalls (fig. 2.5). The latter

condition is particularly favorable at cryogenic temperature.
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Figure 2.4: Optical (top) and SEM (bottom) images of a correctly exposed
test sample, consisting of a square lattice of holes. In the left figure, a dose and
lattice parameters test is performed. Correct exposure parameters were found to
correspond to a dose of 400 µC/cm2 for a square lattice of holes with a = 400 nm
and r = 50÷120 nm. Right-hand figure shows the SEM picture of the same lattice,
covered with a thin (1 nm) layer of gold (Au), in order to prevent the damage of
the resist under electron irradiation.
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Figure 2.5: (a) Schematic and (b) working principle of an Oxford PlasmaPro
System 100 ICP-RIE machine, similar to the one used for this work [51].

The side profile of an etched crystalline silicon sample is shown in fig. 2.6.

The verticality mismatch with respect to the ideal condition depends on the

size of the patterned holes and it is anyways kept lower than 2◦.

Membrane under-etching

Before removing the leftover resist, a last processing step consists in the

removal of the BOX underneath the processed DL. This is carried out by

immersion in a a 10% aqueous HF solution. The HF penetrates the DL and

attacks the silica glass, following the chemical reaction:

SiO2 + 6HF → H2SiF6 + 2H2O (2.1)

The etching operation proceeds with this parameters at an average speed

of 150 nm/min. Due to the capillarity effects of water, the reproducibility

of the rate is strongly dependent on the processing conditions, and higher

concentrations dramatically improve the etching rate. However, these tend

to affect the final roughness of the silicon interfaces, and for this reason,

diluted solutions are preferred.

Once the undercut is performed, the residual resist is removed with ace-

tone and O2 plasma cleaning at with RF power of 200 W. Finally, a dip in
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Figure 2.6: SEM cross-section of a cleaved test sample consisting in a square
pattern of holes (a = 400 nm, r = 100 nm) etched in bulk silicon. Verticality
mismatch is likely related to fringe effects of the ICP-RIE process.

diluted HF (1% aq. solution) removes the residual natural oxide, and slightly

improves the final roughness of the silicon-air interfaces.

The final quality of the device can then be assessed by SEM imaging (fig.

2.7).

2.2 Resonant scattering

The optical characterization of PhC cavities is mainly targeted to the mea-

surement of the resonance wavelength of confined modes and their Q factor

and, secondly, on the study of their nonlinear response. The most popular

experimental approaches consist in 1) characterizing the emission spectrum

of the resonator, in the presence of an active medium coupled to the confined

mode [53], 2) measuring the transmission (reflection) spectrum through an

evanescently coupled waveguide and 3) resonantly probing the spectral re-

sponse exploiting the far-field emission within the light-cone. We will here

describe the latter technique, which was adopted in this work. Compared to
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Figure 2.7: SEM images of fully processed bichromatic PhC cavities in silicon.

other spectroscopic methods, resonant scattering (RS) does not require the

presence of emitters and does not introduce a loading effect to the cavity,

which would result in a reduction of the maximum (or intrinsic) Q factor

achievable.

2.2.1 Experimental apparatus

The experimental RS apparatus is schematized in fig. 2.8. Its first demonstra-

tion in 2005 was employed for the characterization of hexapole (H0) cavities

[54] and its applicability is in general extended to any planar PhC cavity. Dif-

ferently from the approach detailed in ref. [54], we adopted a reflection-based

scheme [55]. In our experimental scheme, the light emitted from a tunable

continuous wave (CW) laser source is linearly polarized by a high-extinction

rate (> 1 : 105) thin-film polarizer (TFP) and focused on the sample by a

high numerical aperture (NA) microscope objective (Nikon 50x, NA=0.8 and

Nikon 100x, NA=0.9). The light reflected by the sample is collected using a

50:50 beam-splitter and analyzed by a second polarizer, which is in crossed

polarization with respect to the first. Finally, the analyzed light is focused

on a single mode optical fiber and detected by an InGaAs photodetector.

The working principle of RS relies on cross-polarized spectroscopy: the

TE-like modes of the PhC slab, inherited by the localized resonant mode

are mainly polarized in the membrane plane. Thus, by orienting the device

at 45◦ with respect to the impinging polarization, it is possible to excite
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CW tunable laser

(1500-1630 nm)

P
A

BS PD

MO

Sample

Figure 2.8: Schematic of the resonant scattering apparatus. The cavity is placed
a 45◦ with respect to the polarization of the impinging mode (x̂) and of the analyzer
axis (ŷ). The mode polarization lays mainly along the x̂+ ŷ direction.

the resonant mode. On the other hand, the light emitted will be linearly

polarized in the diagonal direction, and thus part of it will be transmitted

through the second polarizer. Although the efficiency in in-coupling and out-

coupling to the cavity is reduced by an overall factor 2 × 2, this technique

enables to select the light which is actually resonantly coupled to the cavity

mode and scattered back. In contrast, most of the light reflected by the

PhC is not affected by a variation in the polarization, as long as the PhC

pattern does not introduce (as in the case of the triangular lattice of holes)

an appreciable birefringence. At the price of a reduced coupling efficiency,

the RS apparatus dramatically improves the overall signal-to-noise ratio by

removing any contribution from the continuum of modes constituting the

reflection from the sample, and enabling to detect only the signal resonantly

scattered by the cavity.

The resolution of the system is set by the accuracy of the tunable source,

here a Santec TSL510 and Santec TSL710 external cavity laser (ECL), with

tunable emission from 1500 to 1600 nm. For the works described here, this

is of the order of 1 pm, fixed by the repeatibility of the source. In order to

further improve the resolution, referencing schemes based a bulk FP cavity

and on reference gas absorption cells were also used, setting the ultimate

limit of the setup to the laser linewidth (∆ν < 100 kHz). The detection was

performed either by amplified InGaAs photodetectors or by a liquid nitrogen
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cooled InGaAs CCD array coupled to a monochromator. The latter device

was used either for high sensitivity measurements and for coarse characteriza-

tion of the resonance spectrum, by illuminating the sample via a broadband

source (IR superluminescent LED), with a maximum resolution of 150 pm.

Fano lineshape

Fig. 2.9 shows two typical RS spectra from a L3 PhC cavity, obtained un-

der different excitation conditions. Although one may expect a symmetric

Lorentzian response, under tight focusing conditions the lineshape observed

is strongly asymmetric. This phenomenology can be properly explained using

the theory of interference between a continuum of states and a discrete en-

ergy level. Originally formulated by U. Fano [56], this model can be adapted

to PhC cavities [55]: the resonantly scattered light (bound state) at the out-

put of the analyzer interferes with a small background signal (continuum of

states) which has the same polarization. The resulting spectrum exhibits the

characteristic Fano lineshape:

F (ω) = A0 + F0
[q + 2(ω − ω0)/Γ]2

1 + [2(ω − ω0)/Γ]2
(2.2)

where A0 is a constant background factor, ω0 and Γ are respectively the

resonant mode frequency and linewidth, q is a parameter which represents

the ratio between the resonant and non-resonant contributions. Depending

on the value of q, the observed response can be either a dispersive asymmetric

lineshape (|q| ∼ 1) or the usual Lorentzian lineshape (|q| � 1 or |q| ∼ 0).

The Fano lineshape (2.2) represents a good model for the RS response

of PhC cavities, and it is routinely exploited as a fit function for the exper-

imentally measured spectra. From this model it is possible to estimate ω0

and Γ independently from the contribution of the continuum. Moreover, the

product F0 × q2 provides an estimate of the on-resonance signal from the

modes, enabling to quickly compare the coupling efficiency among multiple

devices.
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Figure 2.9: Experimental RS spectra of a L3 PhC cavity under different exci-
tation conditions. (a) Asymmetric Fano lineshape obtained with a spot diameter
d ≈ 2 µm . (b) Symmetric Lorentzian lineshape, obtained with a slightly defocused
spot (d ≈ 10 µm) [55].

Far-field optimization

In chapter 1, we described the principle of gentle confinement, on which basis

the Q factor of a PhC cavity can be maximized by reducing the weight of con-

tributions to the localized mode in the k space which fall inside the light cone.

A similar argument can be exploited in the opposite perspective, namely with

the objective of engineering the far-field emission of the resonator in order to

maximize the coupling efficiency form free-space excitation.

In this framework, the most favorable condition consists probably in the

excitation orthogonal to the PhC slab plane and an almost Gaussian emission

pattern, which optimizes the coupling to spatial transverse modes. Similarly

to the case of grating couplers commonly used in silicon photonics [57], this

condition can be obtained by means of an appropriate two-dimensional pe-

riodic pattern. In a PhC cavity, the mode profile in the reciprocal space is

usually localized close to the photonic band edge, as a consequence of the

gentle confinement principle: thus, an improvement of the orthogonal emis-

sion can be provided by introducing a periodicity which doubles the original

one [58, 59]. Qualitatively, a doubled periodicity yields a folding of the two-

dimensional BZ, for which the mode localized at the band edge is brought at

the Γ point, with associated vertical emission in the light-cone.
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In practice, far-field optimization is introduced as a small perturbation

to the system, by increasing the size of selected holes in a way which mimics

the doubled periodic pattern (fig. 2.10a). This results in a “loading” effect on

the localized state, which introduces additional losses to the mode, decreasing

the Q factor and improving at the same time the coupling efficiency ηc :=

Pcoupled/Pincident. The dependence of Q and ηc on this perturbation is shown

in fig. 2.10b, while the modification of the far-field emission pattern is shown

in fig. 2.10c, highlighting the crossover from a regime where most of the

emission is concentrated at a steep angle with respect to the plane, to a

regime where this is mostly concentrated in the orthogonal direction.

The far-field optimization technique is particularly suited for RS mea-

surements and for the experimental study of PhC cavities which require a

good signal-to-noise ratio from the resonant modes and/or a high coupling

efficiency, such as nonlinear experiments.

Coupling efficiency

In order to quantitatively study the nonlinear properties of PhC cavities by

means of the RS apparatus, it is useful to estimate the fraction of optical

power effectively coupled to the resonator. For a specific device and resonant

mode, this is quantified by a coupling efficiency [60, 61], already introduced

in the previous paragraph, under excitation from free-space2:

ηc =
Pcoupled
Pincident

(2.3)

Here Pincident is the power impinging from a focused free-space Gaussian

mode, which properties depend on the objective used to focus on the sam-

ple, while Pcoupled is the fraction of power effectively coupled to the confined

mode. Unless otherwise specified, ηc is referred to the optimal coupling condi-

tion, namely at the spatial, spectral and polarization alignment configuration

which maximize the power coupled to the localized mode.

2An alternative definition of the coupling efficiency and its relation to ηc is provided in
sect. 5.3.
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Figure 2.10: (a) Schematic of far-field optimized L3 PhC cavity. Holes marked
in red are shrunk and shifted to optimize the Q factor. Dark yellow holes are
modified to increase the vertical out-coupling. (b) Calculated Q factor and out-
coupling efficiency (ηout = Pcollected,obj/Pemitted) as a function of the filled holes’
radius variation. (c) Calculated far-field patterns (electric field intensity profile,
|E|2) corresponding to the labeled numbers on the efficiency plot. Concentric
circles correspond to θ = 20◦, 30◦, 40◦, 50◦, 60◦, 90◦ from the inner to the outer
one, respectively. Figure and model from [59].
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The coupled power Pcoupled to a specific resonant mode can be easily es-

timated, once the incident power Pincident (which also accounts for the setup

losses from the laser source to the sample) is known, by experimentally eval-

uating ηc via the following procedure:

1. The RS signal PRS
sample is measured using a tunable laser source which

is spectrally matched with the resonant mode. The sample position is

optimized in order to maximize the RS signal, and the device is placed

at 45◦ with respect to the impinging polarization. The two polarizers

are set in orthogonal configuration. The measurement of PRS
sample is

performed by focusing the RS signal on a free-space detector, in order

to collect all the optical power from the microscope objective.

2. The sample is replaced with a high-reflectivity mirror, and the ana-

lyzer is aligned with the impinging polarization. The power Pmirror is

measured using the same collection system as in step 1.

3. The RS signal and the signal from the reference mirror are compared,

and the coupling efficiency is estimated via the formula:

ηc = 8
PRS
sample

Pmirror

where the factor 8 accounts for the losses introduced by the crossed

polarization (factor 4) and from the symmetric emission from the PhC

membrane (factor 2).

Note that the estimation method does not account for the possible addi-

tional contribution given by the reflection from the SOI substrate. However,

this is typically negligible owing to the very short Rayleigh range associated

to the Gaussian beam parameters used in this work.
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Chapter 3
PhC cavities for optical

frequency combs

3.1 Motivation

In the last few decades, optical frequency combs have become a subject of

great interest in photonics research [62]. Traditionally tied to the field of

laser science and metrology, this branch of research has raised interest in the

perspective of integrated applications made possible by the introduction and

spread of microresonators [63]. The main breakthrough of this technology

consists perhaps in the possibility to provide an accurate absolute reference

in terms of optical frequency and it finds applications in the fields of optical

clocks, precision spectroscopy, ultrafast optics, and in general all those appli-

cations which benefit from a wide spectral coverage of accurately controlled

equally spaced frequency components. The shift of frequency combs towards

integrated devices offers a number of benefits which are common of many

other photonics technologies, such as compactness of the final device, energy

efficiency and ease in high-volume fabrication. Besides, microresonators offer

specific advantages to this peculiar field, such as a suitable pathway towards

the increase of the free spectral range, which translates in higher repetition

rates (frep > 10 GHz) of active devices, such as optical parametric oscillators

(OPO), a difficult feature to achieve in bulk or fiber-based systems. Moreover,
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integrated frequency combs are strictly related to novel applications which

belong to the realm of quantum photonics, such as sources of nonclassical

states of light based on spontaneous FWM processes [64, 65, 66, 67].

The generation of an optical frequency comb, namely an optical signal

characterized by exactly equally spaced frequency components, and often

accompanied by a well-defined phase relation, is based on the use of cavities

which are characterized by a comb-like resonance spectrum. This condition

is often encountered in optical resonators, such as in the case of the Fabry-

Pérot (FP) cavity, where the condition of quantization of the wavevector

translates into a set of modes νm = c
2nL

m equally spaced in energy. This

condition is true up to the frequency dispersion of the cavity components,

namely up to the dependence of the refractive index n(ω) on the frequency.

A common strategy in bulk optics is to exploit such a cavity, combined with

an active medium and a nonlinear component (e.g. a saturable absorber or a

modulator), to build lasers operating at mode-locking regime, which exhibit

a frequency comb as emission spectrum.

The transition of this technology to the integrated domain is non-trivial,

but achievable, and the purpose has stimulated the photonics research in the

last years. The main obstacle towards integration is constituted by the lack

of active media for on-chip applications, or their difficult implementation,

which is limited to few material platforms (mainly III-V semiconductors) and

often requires heterogeneous integration and a somewhat complex fabrication

process. One possibility to overcome this limitation is to exploit the gain

properties offered by nonlinear process, and in particular stimulated FWM,

to either achieve self-sustained oscillations (OPO) or to use a seed signal

to generate the frequency components constituting the comb, typically in a

cascaded fashion.

The second aspect which is addressed in the integration of optical fre-

quency combs is the requirement of a cavity with comb-like spectrum. In

this framework, a major role was played by whispering gallery mode (WGM)

microresonators, such as microtoroids, microspheres and microrings. Simi-

larly to the case of the FP resonator, these structures are characterized by

a natural condition for the uniform spacing of the cavity resonances, which
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Figure 3.1: Optical parametric oscillator based on a silicon nitride microring
resonator. (Left) SEM image of the SiN microring resonator (58 µm radius,
Q = 500, 000, FSR = 403 GHz) coupled to a bus waveguide, engineered to give
anomalous group velocity dispersion (GVD), and thus equally spaced resonances,
in the C-band and a zero-GVD point at 1610 nm. (Right) Output spectrum of
the same structure used as optical parametric oscillator with a single pump wave-
length tuned to resonance at 1557.8nm. It shows numerous narrow linewidths at
precisely defined wavelengths. The generated wavelengths were equally spaced in
frequency, with a FSR of 403 GHz (3.2 nm) [68].

emerges from their circular symmetry and the consequent conservation of an-

gular momentum. Moreover, especially for the case of microrings (fig. 3.1),

these structures can be easily integrated with the current photonic fabrica-

tion technology in a planar layout. Very recent research has highlighted their

compatibility with dielectric material platform characterized by an apprecia-

ble nonlinear response at telecom wavelength and, in some cases, a negligible

detrimental contribution from TPA. On the other hand, the TIR-based con-

finement mechanism which is proper of this family of microresonators yields

large mode volumes, which translate in high optical input powers needed

to exploit the nonlinear effects required or into high Q factors, which are

technology-dependent.

While the technological optimization is promising in terms of performance

advances of WGM-based devices, another possibility is to exploit microres-

onatros with smaller mode volume, such as PhC cavities, with a consequent

dramatic increase of the FWM process efficiency and the reduction of the

threshold for parametric oscillations. Nevertheless, this pathway sets many

challenges: first of all, multi-mode PhC cavities do not provide automati-
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cally comb-like resonant spectra, which constitute a necessary condition for

the generation of a comb. Secondly, the tight confinement makes the in- and

out-coupling somewhat more difficult than in other devices. Lastly, in con-

trast with travelling-wave resonators, such as WGM resonators, PhC cavities

do not necessarily exhibit a full spatial overlap between different resonant

modes.

Aim of this chapter is to investigate the possibility of exploiting PhC cav-

ities to produce frequency combs, addressing the difficulties aforementioned.

Here we present the design, realization and characterization of silicon PhC

cavities exhibiting comb-like spectrum, namely a set of resonances equally

spaced in energy up to the resonance linewidth. The structures here discussed

are aimed to demonstrate a physical device supporting triply resonant FWM-

type nonlinear processes in high Q/V microresonators. The cavity design is

based on a bichromatic lattice, which stems from the superposition of two

slightly mismatched periodic patterns and it is shown to yield multimodal

localization in a single resonator, while keeping low the mode volume. After

discussing the localization mechanism and the optimization of the design in

terms of uniformity in the resonance spacing, we present the fabrication pro-

cess and the experimental characterization of the devices. Finally, we present

a strategy for the tuning of the cavity resonances based on local oxidation

of the PhC membrane and show how this can be employed to compensate

for fabrication imperfections and to achieve a PhC cavity supporting triply

resonant FWM processes.

Details about the design and the localization mechanism can be found

in ref. [69]. An early experimental demonstration of this cavity geometry

was given in ref. [70], while a similar implementation of PhC cavities based

on the bichromatic design and exhibiting nearly equally spaced modes was

demonstrated in ref. [71].

3.2 Confinement mechanism

A schematic of the bichromatic cavity design is sketched in fig. 3.2a. The

construction of the PhC cavity starts from a triangular lattice of holes, with
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3.2. Confinement mechanism

Figure 3.2: (Left) Schematic visualization of the “bichromatic” cavity: a and
r represent the lattice step and hole radius of a triangular lattice of air holes
(black circles), while a′ and r′ represent the radius and lattice constant of the
one-dimensional defect lattice (red circles). Localization occurs whereas the defect
lattice is shifted by δ = a′/2 with respect to the main lattice. This phenomenology
can be understood in terms of a superposition of two mismatched periodic lattices
(left panel), which lead to a minimum of the resulting confinement potential were
the “beating” between the two occurs in phase.

lattice constant a and radius r, etched in a silicon membrane of thickness

t suspended in air. A row of holes is removed from this geometry and re-

placed with an array of smaller holes, of radius r′ < r, and slightly smaller

periodicity a′ < a. This modification results in the superposition of two peri-

odic dielectric lattices (in the xy-plane), characterized by a lattice mismatch

β = a′/a, which also quantifies the degree of commensurability of the two

lattices. In a heuristic picture, we can imagine the effective dielectric func-

tion (i.e. the confinement potential) along the line defect to be proportional

to the superposition of the two periodic lattices. The resulting confinement

potential (fig. 3.2b) can be thus expressed as the “beat” of the two poten-

tials, as it will consist in a fast oscillating component with periodicity ≈ a′,

modulated by a slowly varying envelope (with periodicity ∼ a′/(1− β)):

V (x) = V1 cos(2πx/a) + V2 cos(2πx/a′)

≈ V12 cos(2πx/a′) cos [2π(1− β)x/2a′] .

As such effective confinement potential shows an absolute maximum in x = 0,

which gradually tapers down to zero as x increases or decreases, it is evident
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3. PhC cavities for optical frequency combs

how this configuration is capable to provide the conditions for the localization

of one or more resonant modes.

A more rigorous and quantitative argument stems, once again, from a

comparison with solid state theory, and it is detailed in ref. [69]. In this

framework, the physics emerging from the superposition of two mismatched

electronic lattices may lead to the exponential localization of electronic states,

as described by the so-called Aubry-André-Harper (AAH) model [72, 73]

and demonstrated experimentally in ultra-cold atoms ensembles [74]. In the

context of our PhC cavity model, the role of atomic sites, corresponding

to minima of the electronic potential, is replaced by the interstitial sites,

corresponding to dielectric region between the holes of the line defect row.

Each site is labeled by an index j = 0,±1,±2, . . . ,±N/2 and located at

position xj = ja′, where N is an even positive integer, which is also used

to fix the mismatch parameter β = N/(N + 1). For values of j such that

|j| > N/2, the main lattice periodicity is restored, namely xj = aj.

With this formalism, the master equation (1.3) can be recast in the more

convenient form:

[ω2
0 + ∆ cos(2πβj)]cj − J [cj−1 + cj+1] = ω2cj (3.1)

which is known as Aubry-André equation. Here, the eigenvalues ω2 of the

equation represent the resonant frequencies of the cavity, the while the eigen-

vectors cj represent the coefficients of the expansion of the magnetic field H

in Wannier wavefunctions localized at each interstitial site H =
∑
cjHj. The

other terms appearing in eq. (3.1) represent:

• ω0: the central frequency of the non-mismatched line defect modeled in

tight-binding approximation, which is expressed as ω2
0 = c2

∫
ε−1|∇ ×

H0|2d3r;

• ∆: which models the total (half) excursion of the on-site modulation

potential, originating from the beat between the mismatched lattices;

• J : the tunneling term with the two neighboring lattice sites, again

inherited from tight-binding approach. Assumed to be constant for
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3.2. Confinement mechanism

each pair of neighboring interstitials, it can be explicitly computed as

J = −c2
∫
ε−1
(
∇×H∗j+1

)
(∇×Hj) d

3r.

The theoretical framework provided by the AAH model reduces in prac-

tice the task of designing a PhC cavity to an appropriate choice of the param-

eters β, ∆ and J . While the former can be chosen arbitrarily, the second two

are both affected by the geometrical parameters which can be set at design,

so that the easiest design strategy results in an appropriate evaluation of the

defect holes radii compared to the other lattice dimensions r′/a. The central

frequency ω0 affects only slightly the Q/V figure of merit and it can be cho-

sen to be close to the operating design frequency by an appropriate choice of

the main PhC pattern (and thus of the PBG), and then later adapted via a

scaling of the structure dimensions.

The localization mechanism described by the AAH, which was shown to

match very well the FDTD calculations, brings about two remarkable con-

sequences. First, the cosine-shaped confinement potential provides a natural

condition for the occurrence of gentle confinement. This can be appreciated

by expanding the confinement potential around its minimum:

V (x) ∝ 1

2
∆
[
2π(1− β)

x

2a′

]2

(3.2)

up to a constant. This approximately quadratic (harmonic) confinement po-

tential yields, in analogy with the case of the quantized harmonic oscillator

for massive particles, a fundamental Gaussian eigenfunction and higher order

Hermite-Gauss modes. For the case of a localized electromagnetic mode, a

Gaussian envelope is known to minimize the out-of plane scattering, thus pro-

viding the best achievable condition for gentle confinement and consequently

high intrinsic Q factors. Secondly, it can be shown that within the same

approximation, the bichromatic lattice yields mode volumes of the order of

a wavelength cubed, which most importantly scale sublinearly with the size

of the cavity, in particular V ∝ N1/2.

The effectiveness of the AAH model in the design of PhC cavities provided

impressive results in terms of Q/V . in particular, FDTD calculations showed

how the Q factor can be deliberately increased (with calculated Qtheory >
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3. PhC cavities for optical frequency combs

Figure 3.3: (Left) Numerically estimated (FDTD) values of quality factor and
mode volume for the bichromatic cavity as a function of the lattice mismatch β.
Remarkably Q factors of the order of 109 were estimated, with a monotonically
increasing trend as a function of N . Moreover, the mode volume experiences
slower growth, with a scaling trend V ∼ N1/2 [69]. (Right) Comparison between
experimental and numerical data for bichromatic cavities with different N . The
saturation of the experimental Q factor at Q = 106 suggests the presence of a
dominating extrinsic loss mechanism, likely associated to fabrication [70].

1010) by increasing N , namely for near-unit values of the lattice mismatch

(fig. 3.3). At the same time, the values of V can be kept reasonably low.

In practice, the bicrhomatic cavity provides a way to design microresonators

where the Q factor is ultimately limited only by fabrication imperfections

and other extrinsic losses. Fig. 3.3 shows how this contribution becomes

prevalent over out-of-plane losses for increasing values of N .

A remarkable distinction exists between the original AAH model and the

bicrhomatic cavity: while for the former expenential localization is predicted

to occur only for ∆/J > 2 in the most favorable conditions (namely, for

irrational β), corresponding to a phase transition somehow analogous to An-

derson localization, in a PhC cavity it is possible to identify localized states

with high Q even at ∆/J ∼ 0.2. This evidence points to a substantial

difference in the physics of the localization process compared to Anderson

localization, which makes confinement easier the in our design.
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Figure 3.4: Working principle (upper panel) of the bichromatic cavity effective
confinement potential. In analogy with a quantized harmonic oscillator, an approx-
imately parabolic optic confinement potential yields Hermite-Gauss modes. Here,
the envelope lines are Hemite-Gauss functions, while the filled areas are the |Ey|2
component of the electric field calculated by FDTD simulations. (Lower panel)
near-field distribution of the electric field intensity, as computed with FDTD.
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3. PhC cavities for optical frequency combs

Equally spaced modes

The physics of the AAH model provides an important insight on the multi-

modal behavior of the bichromatic cavity. As we already pointed out, the

model provides an approximately harmonic confinement potential, which re-

sults in resonant modes characterized by an Hermite-Gauss envelope. Fur-

thermore, the eigenvalues of eq. (3.1) are expected to be equally spaced, a

condition which is reflected on the resonant frequencies ωn, provided that

|ωn − ωn+1|a � ω0, within the validity of the quadratic potential approx-

imation. A qualitative picture of the localization mechanism is shown in

figure 3.4, where the |Ey| component of the electric field (FDTD calculation)

for the firs resonant modes is compared to the Hermite-Gauss function pro-

file, showing a good agreement especially for lower order modes. As in the

quantum-mechanical case, the spacing in energy of between resonant modes

is determined by the convexity of the confinement potential and thus strictly

related to β, which is perhaps the most critical design parameter. The depth

∆ of the confinement potential also affects the mode spacing, and most im-

portantly defines the range of validity of the quadratic approximation. It

is worth emphasizing that the anharmonicity of the confinement potential

induces a monotonous decrease in the modes spacing for higher energy val-

ues, due to the cosine-shaped term of the AAH equation. This mechanism

can be however compensated via the dispersion of the line defect, which is

modeled by the tunneling term J . In summary, an appropriate combination

of the design parameters β, ∆ and J defines the optimal conditions for the

achievement of a comb-like spectrum, enabling an easy control of the design

process of the spectral properties of the cavity.

3.3 Cavity design

Design parameters

The cavity geometry, superimposed on the SEM image of one of the fabri-

cated samples is shown in fig. 3.5. As reference design parameters for our

experimental demonstration, we chose a lattice constant a = 400 nm for a
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Figure 3.5: Design parameters for the bichromatic cavity designed to exhibit
a comb-like spectrum with equally spaced resonances. As main differences with
respect to the layout represented in fig. 3.2, here the lattice mismatch is very slight
(N = 48) and a far-field optimization is introduced (holes marked in yellow). The
vertical white solid lines in the right panel delimit the region where the line defect
periodicity is mismatched with respect to the main lattice. The vertical dashed
line identifies the yz-symmetry plane which determines a classification between
even (antisymmetric) and odd (symmetric) order modes.

triangular lattice of holes with radius r = 100 nm, patterned in a suspended

membrane of silicon in air with thickness t = 220 nm. This combination of

parameters provides a main PhC lattice characterized by a 146 meV wide

PBG for TE-like modes centered at 838 meV (λ = 1.48 nm, in the telecom

wavelength range). We fixed a mismatch parameter β = 0.98 (N = 48)

and we performed numerical simulations for defect holes radii ranging from

r′ = 50 nm to r′ = 80 nm, thus probing a meaningful subset of the ∆/J

parameter range. Finally, in order to both increase the visibility of the cav-

ity modes under RS spectroscopy and to modulate the spectral linewidth of

the modes, we further introduced a variation in the radius of specific holes

(marked in figure 3.5) in the range ∆r = −4÷+4 nm.

FDTD results

The validity of the model was probed via full 3D-FDTD simulations, per-

formed for different cavity parameters. As simulation parameters, we used

a mesh resolution ranging from a/20 to a/40, a simulation time of 5 ps (in

order to correctly isolate the high-Q modes ringdown) and PML boundary

conditions.
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3. PhC cavities for optical frequency combs

Figure 3.6: Bichormatic cavity modes dispersion (a) and FSR mismatch (b) as
a function of the defect row holes radius r′. Solid lines are spline interpolations of
FDTD results, while squares are experimental points obtained via high-resolution
RS. The overlap of both the numerical and the experimental trends for r′ ≈ 50÷60
nm suggests points to the existence of a favorable region of parameters for the use
of the cavities for triply resonant FWM.

The numerical analysis predicted up to 8 resonant modes with energy

lying in the PBG range. The average free spectral range (FSR) related

to lower order modes was found between 4 and 5 meV, as determined by

Fourier transform and interpolation of the cavity ringdown. We selectively

filtered the different resonances both according with parity under yz-plane

reflections and with frequency, and estimated Q factors systematically higher

than 107 for non far-field optimized cavities, by fitting the cavity ringdown

using an exponential function. From a comparison with previous results,

and in particular with the trend shown in fig. 3.3 it is clear how this value

should be interpreted as a lower bound on the Q factor, which, especially

for lower order mode, is expected to be several order of magnitude higher.

An accurate numerical estimate of Q would require more sophisticate FDTD

computations, which are beyond the purpose of this work. The simulation

also provided an estimate for the mode volumes being of the order of V =

2(λ/n)3. The xy-section of the mode profile for the first 6 modes is reported

in figure 3.4.

A crucial insight is provided by fig. 3.6, which shows the predicted trend

of the resonance energies and FSRs as a function of r′. The variation of this
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parameter clearly affects the mode spacing (and hence ∆) in the first place,

with larger values of FSR for higher r′. Secondly, the variation of r′ also

affects the dispersion of the modes energies, pointing to an inversion of the

lowering trend for the FSR variation dictated by the anharmonicity of the

potential, and highlighting the crucial role of the line defect dispersion in

the determination of the modes’ distribution. In particular, the second plot

suggests the existence, for r′ ∼ 50 ÷ 60 nm, of an optimal condition where

the free spectral ranges FSR12 and FSR23 (or FSR23 and FSR34) coincide,

realizing a set of three resonances with exact equal spacing in energy, namely

a prototypical optical frequency comb suitable for triply resonant nonlinear

applications.

3.4 Experimental results

Fabrication process

The fabrication of the devices was performed as much as possible using stan-

dard processes of CMOS technology, in a way compatible with the PhC

structures. The sample processing started from a silicon SOI wafer with 220

nm thick DL and a 3 µm thick silica BOX. This platform was chosen to

achieve a single TE mode slab with minimal evanescent coupling towards the

substrate. The wafer was cut into 9x9 mm2 chips, each of them constituting

a sample. The sample fabrication procedure is detailed in chapter 2.

High resolution resonant scattering

The systematic characterization of the optical properties of the devices was

carried out via RS technique associated with a highly accurate referencing

of the probe wavelength. A schematic of the experimental setup is shown in

fig. 3.7. The radiation emitted from the excitation laser (tunable external

cavity laser, Santec TSL-710) was repeatedly swept in the 1500 ÷ 1600 nm

wavelength range (750÷827 meV). The sample was stabilized in temperature

(Tset = 25± 0.005 ◦C), in order to compensate for slow thermo-optic drift of

the resonant modes. The crossed polarization was collected by means of a
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3. PhC cavities for optical frequency combs

Figure 3.7: High resolution resonant scattering setup used for the accurate char-
acterization of comb-like spectra. See main text for details.
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Figure 3.8: Experimental traces from the high resolution RS apparatus. The scan
is performed by sweeping the laser wavelength from the blue to the red at a speed
of 40 nm/s and the signal is digitized by a sampling oscilloscope. The two reference
gas cells (left panel) exhibit roto-vibrational absorption spectra characterized by
known absorption lines and provide both the information required for a coarse
calibration and an absolute wavelength reference. The Fabry-Pérot trace (right
panel) allows for the precise referencing of the measured cavity modes to the cell
absorption lines. The RS spectra shown are measured on cavities with nominal
parameters a = 420 nm, r′ = 44 nm, ∆r = +21 nm (left panel) and a = 410 nm,
r′ = 52 nm, ∆r = 0 nm (right panel).

single mode optical fiber, in order to spatially filter only the light resonantly

coupled to the microresonator. The optical signal was then photodetected

and amplified using low-noise amplifiers and visualized on an oscilloscope

triggered by the laser sweep. The resonant modes appear as sharp peaks

with Fano lineshape in the measured signal.

With this arrangement, the absolute accuracy of the scan is substan-

tially fixed by the accuracy of the laser source (±1 µeV), while an accurate

characterization of the devices requires an error necessarily lower than the

minimum mode linewidth (δE < 0.7 µeV). In order to improve the accu-

racy of our system, every RS spectrum was then simultaneously acquired

with the transmission spectra of two gas reference cells (low-pressure cyanide

and acetylene gases, characterized by rotational-vibrational spectra, for a to-

tal of approximately 100 lines) with absorption lines ranging from 793 meV

to 820 meV specified with accuracy of ±0.05 µeV. To further extend the

calibrated spectral range, we also measured the transmission through a 1

meter long air-spaced Fabry-Pérot (FP) interferometer (FSRFP = 0.6 µeV).
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3. PhC cavities for optical frequency combs

Fig. 3.8 shows two examples of raw experimentally recorded trace. The ac-

quired spectra were then automatically compared with the reference values

using a linear interpolation algorithm. The combination of the two refer-

encing strategies (gas cells and FP interferometer) enabled to evaluate the

resonance energy of the cavity modes with an overall absolute accuracy of

0.2 µeV.

An example of the measured RS spectra is represented in fig. 3.10, showing

6 modes unambiguously distinguishable. The average FSR measured was

ranging from FSR5−6 = 4.6 meV for higher order modes to FSR1−2 = 13 meV.

A sample comparison of measured data with 3D-FDTD simulations for one of

the devices is shown in fig. 3.6, which highlights the good agreement between

the numerical estimate an the actual dispersion of the resonance energies as a

function of the structural tuning parameter r′/a. For each of the multi-mode

spectra acquired, we performed a Fano fit of the resonance lines, in order to

estimate the resonant frequency and Q factor. Estimated values as high as

Q = 1.1 × 106 were retrieved for cavities without far-field optimization (fig.

3.9). In view of a spectral range exceeding 5 meV, this value corresponds to a

finesse F = FSR/Γ = 8× 103, which is among the highest values reported in

the literature for integrated microresonators and the highest value achieved,

to the best of our knowledge, for silicon microcavities. As a comparison,

state-of-art ring resonators based on silicon nitride [75] exceed F > 3× 104.

It is worth noticing, however, that a strict parallel cannot be drawn: in the

first place, the finesse does not refer, in our case, to perfectly equally spaced

modes, due to the dispersion of the resonances distribution. Secondly, the

quantity F cannot be rigorously interpreted as a measurement of intensity

enhancement as in the case of a WGM or FP resonator, as the physics of the

confinement mechanism is dramatically different. Nevertheless, we believe

the finesse still constitutes a valuable figure of merit for the evaluation of the

potential performance of the devices in the presence of a comb-like structured

spectral response such as the one discussed here.

The discrepancy between the measured value of Q and the FDTD predic-

tion should be attributed to fabrication imperfections and induced absorption

at the interfaces, which constitute the only relevant decay channels of cavities.
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Figure 3.9: RS spectrum of one of the devices with the highest Q factor measured
for this work. The resonance energy is EM1 = 794.4 meV while the spacing between
the fundamental and the second resonant mode is FSR1−2 = 5.65 meV.

While the former are substantially a result of the disorder and systematic er-

rors introduced by the fabrication process, which could up to a certain extent

be optimized, the second ones are likely strongly related to the quality of the

materials employed (commercial SOI) and on the chemistry of the interfaces

between dielectric and air. Results obtained in analogous structures [42] sug-

gest indeed how the natural oxidation of the silicon membrane might play a

crucial role in the limitation of the maximum value of Q achievable, setting

a practical limitation to technological applications of this kind of devices. In

particular, the mentioned group showed how the natural oxidation present

at the silicon/air interface introduces, even in the presence of a controlled

inert atmosphere, a degradation in time of the Q factor within few days after

the removal of the natural oxide. The analogous phenomenon was observed

for the devices discussed here, where a degradation of Q from 1.1 × 106 to

0.9 × 106 was observed after repeating the RS measurement approximately

one month later.

The above-million value of Q discussed above decreases to an average of

240,000 (a typical RS spectrum is shown in fig. 3.10b) for far-field optimized
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Figure 3.10: RS spectrum of a multimode bichromatic cavity engineered to ex-
hibit comb-like spectrum. (a) Broadband response of the system, showing the
first 6 resonant modes. Note the decrease in FSR for increasing mode index, as
a consequence of the intrinsic anharmonicity linked to the AAH model. (b) High
resolution spectrum of a typical resonant mode. The resonance showed here cor-
responds to mode 2 of the cavity used for the tuning demonstration.

cavities with ∆r = +4 nm, which exhibit the best visibility observed in

this work, as a direct consequence of the introduction of a loss channel.

This affected not only the fundamental, but also higher order mode, with a

slightly less pronounced effect (∼ 5÷ 10%) on even order modes, likely as a

consequence of a multipole cancellation effect.

The calculated and measured dispersion trends represented in fig. 3.6

suggest the possibility to find a combination of parameters for which the

spacing between pairs of resonances is matched within the mode linewidth,

which was the primary target of this investigation. In the perspective of non-

linear applications, the high Q factor of the bichromatic design provides an

enhancement in the efficiency of the nonlinear processes. On the other hand,

this feature also contributes to tighten the requirement in the accuracy of the

resonances’ spectral alignment: as a rule of thumb, any triply resonant non-

linear process would require at least three resonances equally spaced within

one linewidth, in order to be appreciably efficient. In practice, even in the

presence of a fine lithographic tuning of the design parameters, as performed

in this case, the accuracy required to the fabrication process in the definition

of the mode resonance energy (δE ≈ ±5 µeV) would be by far unaccessible

with the current technology, as it would require a precision σholes of the order
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Figure 3.11: Statistics of the FSR mismatch ∆FSRi,j,k = FSRj−k − FSRi−j for
modes 1,2,3 (a) and 2,3,4 (b) as a function of the r′/a ratio over the entire poll of
106 measured devices. Red lines are guides to the eye. The wide deviation of the
distribution is due either to fabrication imperfections and to the variety of design
parameter for each value of r′/a. The trend suggests the presence of an optimal
region where ∆FSR distributes around 0 meV for r′ ≈ 50 nm, in agreement with
simulations.

of σholes ≈ δE
E
a ≈ 0.002 nm, while the best precision reported is around 0.25

nm, and for this work we estimated σholes ∼ 1 nm.

A more quantitative picture is represented in fig. 3.11, where the accu-

mulated statistics of the FSR mismatch related to modes 1,2,3 and 2,3,4 for

all the 106 devices measured on the sample is reported as a function of the

r′/a ratio. The statistical deviation σE of the measured values is of the order

of 1% of the resonance energy, which is comparable to the statistical afore-

mentioned error in the EBL fabrication, as estimated from SEM imaging, on

the design parameters.
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3.5 Post fabrication tuning

The lack of a perfect alignment among at least three resonances of the comb-

like spectrum constitutes a primary obstacle towards nonlinear applications.

Among the possibilities to overcome this limitation, two possible solutions

are 1) to deliberately increase the linewidth of the cavities by introducing a

loading channel, such as a heavy far-field optimization or the coupling with

a waveguide, at the cost of a reduced efficiency for any nonlinear process. Or

2) to introduce an a posteriori selective tuning step of one or more resonant

modes with respect to the others, in order to compensate for the FSR mis-

match. As we already mentioned, we already adopted the first adjustment at

the design step, in order to improve the visibility of the experimental signal.

Here we discuss the second technique, which was adopted on the completely

processed sample.

We selected, among the measured devices, a resonator with FSR mis-

match of ∆FSR = FSR3−4 − FSR2−3 = 6 µeV and far-field parameter

∆r = +4 nm, corresponding to a Q factor of 190, 000 on all the three

modes involved. By exploiting the same apparatus used for the measure-

ments, we employed a focused visible laser (Coherent Cube, λox = 641 nm)

to locally heat the device in order to oxidize the Si membrane as suggested

by Chen et al. [76]. The accuracy of the oxidation process is very high and

it is ultimately limited by the thermal diffusion length (Lth ∼ 1 µm), rather

than by the diffraction-limited spot size (fig. 3.12). The neat effect of this

process on the first 4 cavity modes, as a function of the exposure time is

represented in fig. 3.13, where the spot of the visible laser was focused at

the center of the cavity. A systematic blue-shift of all the modes is observed,

pointing to an overall reduction of the average effective index in the spatial

volume where the modes are localized. As a main distinction in comparison

to ref. [76], we notice here that the fundamental mode is the most affected

by the local oxidation, while the higher order modes are systematically less

affected by the process. This evidence is consistent with the predicted mode

profile represented in figs. 3.4, where the mode energy is mainly located in

lobes of increasing distance from the interstitial j = 0, constituting the center
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Figure 3.12: Conceptual scheme (a) and results (b) of local oxidation of a PhC
silicon membrane including PhC cavity (heterostructure-type cavity in this exam-
ple). The clear halo surrounding the exposed area which is observed after the
exposure of a visible laser provides a quantitative picture of the extent affected by
the oxidation process. This is larger than the diffraction limited spot, and results
to be of the order of the thermal diffusion length Lth ∼ 1 µm. This is even more
evident from the burned region in the inset, and it is further confirmed by finite
element simulations [76].

of the cavity, and can be interpreted as a first order perturbation emerging

from the local variation of the refractive index ∆λi/λi ∝ ∆n/n, as suggested

in refs. [77, 78].

The effect of the selective tuning on the FSRs is illustrated in fig. 3.13,

where the average linewidth of the two modes is visualized as a shaded area,

to highlight the accuracy to which the equal-spacing condition has to be

fulfilled in practice. The condition is achieved for the longest exposure times

used in this work (13 min, 8 of which at a laser power of 10 mW and 5 min at

15 mW). It is worth noticing that the optical power employed, although small,

is capable to provide a significant increase in the local temperature, owing

to the low conductive dissipation rate of the PhC membrane compared of

the bulk material. An approximate estimation1 provides a local temperature

variation of 600-800 ◦C, which is typical of silicon thermal oxidation processes

[80]. This datum is corroborated by the fact that at higher input power (∼ 30

mW), the temperature increase results in the perforation of the membrane

(fig. 3.12b, inset). It should be remarked, however, that also non-thermal

1Anticipating the formalism presented in chapter 5 (eq. 5.4), it is possible to estimate
the local temperature as ∆T = Pabs/K, where the thermal conductivity is chosen K =
1.25× 10−5 W/K as reported for instance by Haret et al. [79].
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3. PhC cavities for optical frequency combs
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Figure 3.13: (a) Energy shift of the first 4 modes after local oxidation operated
at the center of the PhC cavity. The vertical dashed line marks the increase
of the oxidation power from 10 mW to 15 mW. The total shift depends on the
mode order, with a more pronounced effect on lower order modes and a maximum
overall shift of 69 µeV for the fundamental. (b) FSR shifts of the pairs of modes
2,3 and 3,4 exploited in the tuning experiment. The average linewidths (full width
half maximum) of the pairs of modes involved are represented as shaded areas.
Error bars, which are specifically evaluated for each tuning step, are systematically
smaller than mode linewidths.

processes triggered by hot carriers injection may contribute to the permanent

blue-shift of the resonances [81].

Remarkably, the process results in an average overall shift of 53 µeV while

the FSR discrepancy compensated here amounts to only 6 µeV. Finally, the

regularity of the trends shown in figs. 3.13a,b points to the high accuracy

achievable with this tuning process, which can be further adjusted by a careful

choice of the exposure time.

3.6 Four wave mixing

The combination of the PhC cavity design described above and the post-

fabrication tuning technique enables in principle the implementation of triply

resonant nonlinear processes in the bichromatic PhC cavity device. This

configuration satisfies the energy matching condition for FWM. In order to

quantify the overall efficiency of the process, the phase matching condition

should also be investigated over the relevant volume where the nonlinear
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3.6. Four wave mixing

process occurs. For the case of a resonator, such as a PhC cavity, the phase

matching condition can be expressed as the requirement of a significant mode

overlap in the real space [25, 82].

A quantitative treatment of the stimulated FWM process dynamics can be

formulated in terms of coupled mode theory (CMT) [83, 82, 84]. Considering

three resonant modes satisfying the energy matching condition ωs+ωi = 2ωp,

the CMT equations for pump, signal and idler read:

das
dt

=

(
iωs −

Γs
2

)
as − iωsβfwm,sa2

pa
∗
i +

√
ηsΓsss (3.3a)

dai
dt

=

(
iωi −

Γi
2

)
ai − iωiβfwm,ia2

pa
∗
s (3.3b)

dap
dt

=

(
iωp −

Γp
2

)
ap − 2iωpβfwm,pa

∗
pasai +

√
ηpΓpsp (3.3c)

where ak(t) are the modal field amplitudes, defined such that |ak|2 is the

energy of the resonant mode, Γk is the total decay rate of the mode involved,

which in absence of nonlinear absorption is given by Γk = ωk/Qk. Similarly,

the forcing terms sk model the incoming waves and are related to the incident

power via the expression Pinc,k = |sk|2, while ηk is a coupling efficiency factor.

The efficiency of the FWM process with respect to the intracavity energy

can be quantified by the coupling term βfwm,k, which depend on an overlap

integral of the interacting fields and on the third-order susceptibility tensor:

βfwm,s =

3
16
ε0

∫
d3r
(
E∗s · χ

(3)
: E2

pE
∗
i

)
√∫

d3r
(

1
2
ε|Es|2

) ∫
d3r
(

1
2
ε|Ei|2

) ∫
d3r
(

1
2
ε|Ep|2

) =
3χ

(3)
1111

4n4ε0Vfwm

(3.4)

where Vfwm is an effective“nonlinear”mode volume for the process, which

is defined as:
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Vfwm =
χ

(3)
1111

√∫
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d3r (ε|Ep|2)

n4ε2
0

∫
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(
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(3)
: E2

pE
∗
i

) (3.5)

This quantity represents the equivalent volume of bulk nonlinear medium in

which a uniform field with the same energy would yield the same nonlinearity

βfwm. In the case of crystalline silicon, the full permutation symmetry of χ
(3)

implies:

βfwm,s = βfwm,i = β∗fwm,p =: βfwm (3.6)

By solving equations (3.3) in steady state regime, under low pump depletion

approximation, we find the intracavity energies:

|as,p|2 ≈
4ηs,p
Γs,p
|ss,p|2 ∝ ηs,pQs,p (3.7a)

|ai|2 =
4ω2

i |βfwm|2

Γi
|as|2|ap|4 ∝ Qi (3.7b)

from which it is possible to calculate the total generated idler power:

Pgen,i = Γi|ai|2 =
64η2

pηsω
2
i |βfwm|2

Γ2
pΓsΓi

P 2
inc,pPinc,s (3.8)

We observe that the overall idler generation rate is proportional to |βfwm|2

and thus Pgen,i ∝ 1/V 2
fwm. Expressing the decay rates as a function of the

modes’ Q factors, the scaling trend for the overall generation efficiency re-

sults:

ρfwm =
Pgen,i

P 2
inc,pPinc,s

∝
Q2
pQsQi

V 2
fwm

(3.9)

This can be interpreted as a consequence both of the cavity field enhance-

ment affecting the pump and signal modes (which is ∝
√
Qk) and of the

increased density of states for the idler mode. The result is consistent with

the analogous theory for microring resonators [85], where the scaling trend is
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3.6. Four wave mixing

Structure βfwm [J−1 × 106] Vfwm [µm3]
Bichromatic (modes 1,2,3) 19 3.1
Bichromatic (modes 2,3,4) 24 2.5

Microring [82] 29 2.1

Table 3.1: Figures of merit comparison for FWM processes in different types of
microresonators.

ρfwm ∝ Q4/R2. Finally, following the argument proposed in ref. [85], one can

estimate the scaling trend for the related spontaneous process by substituting

|as|2 with the characteristic energy ~ωs. Although a rigorous derivation is

beyond the purpose of this work, the argument provides the correct scaling

trend:

ρspfwm =
Pgen,i
P 2
inc,p

∝
Q2
pQi

V 2
fwm

(3.10)

For silicon bichromatic cavities discussed here, we assumed a nonlinear

susceptibility χ
(3)
1111 = 1.7 × 10−19 m2/V2 [36] and we evaluated Vfwm from

the field profiles calculated by FDTD. The estimated values of the nonlinear

coupling coefficient and mode volumes are reported in table 3.1, where we

made the hypothesis of involving either modes 1,2,3 or 2,3,4 as idler, signal

and pump respectively. The calculated values are comparable to a microring

design in silicon aimed to implement self-sustained oscillations (OPO), which

requires a bending radius R = 3 µm and a quality factor Q = 106. These

values are currently not achievable via microring technology, since bending

losses limit dramatically the maximum Q factor. In contrast, the bichromatic

design shows values comparable in an experimentally demonstrated device

with comparable Q ≈ 106. At ideal coupling condition (ηp = 1) these values

would provide a spontaneous generation efficiency of the order of ρspfwm ∼
108 Hz/µW2, which is by far larger than the highest value experimentally

demonstrated so far in a PhC molecule [86] ρspfwm = 300 Hz/µW2.

A full benchmark comparison with the experimental samples presented

here was unfortunately not possible, owing to the large variance in coupling

efficiency associated with the excitation from far-field. A different approach,

including one (all pass configuration) or two (add-drop configuration) evanes-

87



3. PhC cavities for optical frequency combs

cently coupled W1 waveguides, would allow to increase the coupling efficiency

and the experimental control over this value. Experiments in this configura-

tion are currently still ongoing.

3.7 Conclusions

In this chapter we presented the design and demonstration of a PhC cavity

based on a bichromatic lattice exhibiting comb-like spectrum and Q factors

above 1 million. The essential limitations to employing these devices emerge

from the accuracy of the fabrication process, which limits the maximum value

of Q achievable and the repeatability in the alignment of the resonant modes.

As supported by recent experimental studies [42], we believe that the former

issue is intimately connected with the standard fabrication process for sili-

con PhC devices, and in particular with the parasitic absorption provided by

defect states at the interfaces. Conversely, we showed how the latter issue,

which emerges as a consequence of the absence of a natural condition for the

equal spacing of the resonances, can be overcome by post-fabrication tun-

ing of the fabricated devices performed via local oxidation. Furthermore, we

evaluated theoretically and numerically the possibility of using this kind of

microresonator for the implementation of highly efficient nonlinear processes,

and we showed that, despite a non-perfect spatial overlap between different

resonant modes, the figures of merit are much higher than any silicon-based

microresonator demonstrated so far characterized by comb-like resonant spec-

trum.

In the perspective of nonlinear applications such as fully resonant fre-

quency conversion, OPO and spontaneous or stimulated FWM, our devices

are extremely promising thanks to the silicon photonics compatible platform,

to the large Q/V figure of merit, which yields record-high values of finesse,

and to the large nonlinear response of silicon, all key-features for the imple-

mentation of low power nonlinear photonic devices.
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Chapter 4
Nonlinear optics in silicon-rich

silicon nitride PhC cavities

4.1 Motivation

The success of silicon photonics is strictly linked with the widespread of elec-

tronic industry, and in particular of the CMOS platform, which contributed

to provide a mature technological background for the design, fabrication and

testing of photonic devices [57]. In this perspective, the SOI in particu-

lar is the starting point for the fabrication of any integrated optical device,

which may include linear and nonlinear optical components, such as multi-

plexers, filters, modulators, detectors and even light sources, which can be

obtained by hybrid integration. A particular attention is also given to the

possibility to complement photonic devices with electronic ones, in order to

expand the range of applications of current technology by accessing the op-

tical domain. For this reason, the realization of novel optical devices and

the improvement of existing ones is often focused on the target of “CMOS

compatibility”, which sets several technological constraints (e.g. an upper

bound on processing temperatures, or the use of specific materials) on the

fabrication processes.

For what concerns nonlinear applications, the SOI platform also provides

several advantages, such as a high refractive index contrast (nSi = 3.47,
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4. Nonlinear optics in silicon-rich silicon nitride PhC cavities

nSiO2 = 1.44 at λ = 1550 nm), which enables a tight light confinement:

in particular, this property has been crucial for the realization of high-Q

PhC cavities. Another advantage consists in the pronounced third-order

nonlinear response, with a Kerr index n2 = 4.4 × 10−18 m2/W. On the

other hand, silicon presents several issues for nonlinear operation at telecom

wavelength. In particular, TPA and related processes (FCA, FCD and TO

effect) often become detrimental at high power by introducing additional

absorption or dispersive effects, making the use of devices unpredictable or

inefficient. Additionally, the thermo-optic coefficient of silicon is fairly large

(αSi = ∂nSi

∂T
= 1.8× 10−4 K−1 [43]) at room temperature, making frequency-

sensitive nonlinear devices susceptible to conspicuous misalignment.

For these reasons, several alternative material platforms have been inves-

tigated in recent years, such as hydrogenated amorphous silicon [87], silicon

oxynitride [88] and silicon nitride [89, 90], characterized by a wider trans-

parency window in the visible and near-infrared range, which rules out the

issue of TPA.

Among these materials, silicon nitride (Si3N4) has gained significant at-

tention because of its optical properties. With a transparency window ex-

tending from λ = 400 nm to the mid-infrared and a TO coefficient as low as

αSi3N4 = 2.4× 10−5 K−1 [91], it exhibits negligible TPA and a wide range of

tunability of its optical properties accessible during fabrication.

In this chapter, we present the experimental study of PhC cavities real-

ized in suspended membranes of non-stoichiometric silicon nitride. In our

samples, the concentration of silicon was purposely increased during fabrica-

tion in order to increase the refractive index of the resulting material, which

we will refer to as silicon-rich silicon nitride (SRSN) [92], from nSi3N4 ≈ 2 to

nSRSN ≈ 2.5, thus enabling a more efficient confinement, and to improve its

nonlinear response. The fabrication procedure was operated at low tempera-

ture (T < 350 ◦C) by plasma-enhanced chemical vapor deposition (PECVD),

in order to be compatible with CMOS standards, while keeping low the in-

clusion of hydrogen, source of linear losses, which is usually associated to

this technique. We show that the material quality is high enough to realize

high-Q cavities which exhibit negligible TPA and we present the results of
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4.2. The SRSN material platform

cavity-enhanced second- and third- harmonic generation in resonant pumping

conditions.

The results presented here are based on the work published in refs. [93],

[94] and [92].

4.2 The SRSN material platform

Silicon nitride depositions employed in photonics are generally considered

non-stoichiometric, as their element composition tends to depart from the

stoichiometric nitrogen to silicon ratio (N/Si) of 1.3, and they are often clas-

sified into N-rich (N/Si > 1.3) and Si-rich (N/Si < 1.3). Moreover, SiN layers

are usually rich in hydrogen, that incorporates into their structure to chem-

ically stabilize their non-stoichiometric configuration. As such, SiN films are

characterized by the presence of Si-H and N-H bonds, whose concentration

is determined by their N/Si material composition [95]. Several properties

of SiN, such as optical absorption, depend on its hydrogenation and they

degrade if the hydrogen bond concentration is considerable (27 % to 30 %).

Additionally, N-H bonds are especially problematic for the near-infrared, as

they generate an absorption peak close to 1550 nm. Similarly, Si-Si bonds

are important defects responsible for the formation of undesired grains, pores

and columns that can cause additional scattering and absorption losses.

The optical transparency window of silicon nitride is wider than that of

silicon, with a gap energy which can be varied by increasing the N/Si ratio

of the material. This ranges from 2.7 eV for Si-rich films up to 5.0 eV for

the N-rich medium. Similarly to that of silicon, the transparency window of

SiN extends at low frequencies to the mid-infrared. Also the refractive index

of SiN layer depends strictly on the material relative concentration, ranging

from 1.7 for N-rich films up to values close to 3.0 for Si-rich ones, as shown

in fig. 4.2, according with the relation:

N

Si
=

4

3

nSi − n
n− 2nSi3N4 + nSi

(4.1)

The thin films of SiN are growth by chemical vapor deposition (CVD)
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4. Nonlinear optics in silicon-rich silicon nitride PhC cavities

Figure 4.1: (Left) Si-H and N-H bond concentrations, as estimated by Fourier-
transform infrared spectroscopy, for different N/Si ratios. The vertical line indi-
cates the stoichiometric ratio of 1.33. Si-H bonds are dominant in Si-rich layers
(N/Si< 1.33) and N-H bonds in N-rich layers (N/Si> 1.33). Both Si-H and N-H
bond concentrations are almost the same near stoichiometry. The dashed lines are
a guide to the eyes. (Right) Hydrogen concentration as a function of the N/Si
ratio. A minimum of 15% is found for nearly stoichiometric films [96].

Figure 4.2: Refractive index at λ = 1550 nm (left) and propagation losses (right)
of a PECVD silicon nitride thin film as a function of the N/Si ratio. The relation
between stoichiometric ratio and refractive index is given by eq. (4.1). Dashed
lines are guides to the eye [96].
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4.3. High-Q photonic crystal cavities

techniques. The most popular technique for stoichiometric material is low-

pressure chemical vapor deposition (LPCVD), which minimizes the hydrogen

content. However, the high temperatures reached in the process (T > 1000
◦C) set a limitation to CMOS compatible integration. For this reason, the

growth of low-loss SiN by other techniques, such as PECVD, has been inves-

tigated. The severe incorporation of hydrogen which is typically associated

to this low-temperature growth is mainly attributed to the supply of silane

(SH4) and ammonia (NH3) as precursor gases. It was recently shown [89] that

a modified deposition process based on the use of nitrogen (N2) as precursor

instead of ammonia can dramatically reduce the concentration of hydrogen

(fig. 4.1). This technique enabled to demonstrate waveguide propagation

losses < 2 dB/cm comparable to the value of stoichiometric LPCVD silicon

nitride [96]. The propagation losses and the refractive index of the material

as a function of the stoichiometric ratio are shown in fig. 4.2.

More specifically, the linear and nonlinear properties of Si-rich silicon

nitride (SRSN) waveguides were studied in detail in ref. [97]. Here the

authors demonstrate, for a deposition characterized by n ≈ 2.5, propagation

losses as low as 1.5 dB/cm and they estimate a Kerr index of nSRSN2 =

1.6×10−18 m2/W via FWM frequency conversion, which is almost one order

of magnitude higher than the value reported for stoichiometric SiN (nSi3N4
2 =

2.3× 10−19 m2/W). Most remarkably, the authors claim the absence of TPA

even at input peak powers of the order of ∼ 10 mW (fig. 4.3).

4.3 High-Q photonic crystal cavities

The advantages enumerated so far suggest the suitability of the SRSN as

material platform for the fabrication of nonlinear optical microresonators.

We thus designed and fabricated SRSN samples patterned with PhC cavities:

our primary purpose was to show the suitability of this material platform for

the efficient light confinement. Secondly, we aimed to show the nonlinear

operation of these devices, taking advantage of the absence of TPA and of a

presumably important nonlinear response. The quality of the material and

in particular the low absorption coefficient are essential for achieving a high
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4. Nonlinear optics in silicon-rich silicon nitride PhC cavities

Figure 4.3: Time-averaged transmitted power in SRSN waveguides with cross-
sectional dimensions w×h = 500×220 nm, under pulsed excitation. The three test
wafers correspond to different deposition conditions, corresponding to increasing
Si/N ratio. Wafer 02 exhibits a nonlinear response comparable to silicon (n2 =
1.6× 10−18) and negligible TPA. Wafer 03 exhibits the same Kerr index of silicon,
associated to a eight-fold lower TPA absorption coefficient (βTPA = 0.1 cm/GW)
[97].

Q factor, while the low refractive index contrast sets a challenge in keeping

low the out-of-plane losses.

For the high-Q demonstration, we adopted a line-width modulated cav-

ity design, originally proposed by Kuramochi et al. [98], also known as A1

cavity. We chose a triangular lattice of air holes etched in a 300 nm thick

SRSN slab. The target refractive index was about n = 2.5, consistently with

previous investigations [97, 92]. A schematic of the cavity layout is shown in

fig. 4.5a. The lattice constant was chosen a = 570 nm and r = 0.3a in order

to match the 0.17 eV wide PBG with the target telecom wavelength range, as

calculated by GME (fig. 4.4a). The cavity was defined by a W1 line defect in

the Γ−K direction. With this cavity geometry, the confinement is provided

by locally increasing the width of the W1 by laterally shifting the position

of selected holes, outwards from the center of the waveguide. With reference

to fig. 4.5a, the holes marked in red, yellow and purple were shifted in the

y-direction of an amount ∆A = ∆y, ∆B = 2∆y/3 and ∆C = ∆y/3 respec-

tively, where ∆y is a lithographic tuning parameter. This geometry yields

a very effective strategy for gentle confinement, which produce in silicon Q

factors well above ten millions [98]. The confinement principle is based on

the local increase of the effective index (i.e. confinement potential) of the
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Figure 4.4: Guided mode expansion (GME) calculation of the photonic bands for
a W1 waveguide (left). The calculation is performed with a rectangular supercell.
The band corresponding to the gap-guided mode lays completely inside the PBG
region under the light-cone (dashed line). In the right-hand panel, the same guided
mode (black dots) is compared with the guided mode of a similar structure with
increased width of w′ = w + 24 nm (white dots), corresponding to the central
region of the cavity. This mode cannot propagate outside the defect region due to
the presence of the PBG. The spacing at the band-edge between the guided modes
results to be of approximately 7 meV.

guided modes of the W1. If the transition is gradual such as in this case, the

localized modes which emerge from the guided ones exhibit a distribution

in the k-space which is close to the band edge, with few components falling

into the light cone. To give a conceptual idea of the confinement mechanism,

fig. 4.4b shows a GME calculation of the guided modes of a W1 waveguide

compared with the same results for a width increased by 2∆y = 24 nm. The

gap-guided modes spacing at the band edge amounts to approximately ∼ 7

meV.

The Q factor was estimated by FDTD simulations, with a mesh size of

the order of a/50 and a hole shift sweeping from ∆y = 3 nm to ∆y = 21 nm.

The highest value of Q was found to be Q = 5.2 × 105 for a shift ∆y = 12

nm, with an associated modal volume V = 0.77(λ/n)3 at the resonance

wavelength λ = 1569 nm. The |Ey| component of the simulated near-field

profile is shown in fig. 4.5b.

The fabrication of the samples was performed starting from a 6-inch sil-
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4. Nonlinear optics in silicon-rich silicon nitride PhC cavities

Figure 4.5: (a) Layout of the A1 PhC cavity. The holes marked by colors are
shifted outwards along the y-axis in order to create a local increase of the waveguide
width, yielding localized modes (b) Simulated (FDTD) |Ey| component profile for
the cavity with ∆y = 12 nm. (c) SEM image of the fabricated PhC cavity. The
hole shifts are too small to be distinguished visually. (d) SEM image showing the
cross-section of the suspended PhC structure. The inset shows a zoomed in view
of the structure. Surface roughness due to the deposition process is appreciable at
this scale [93].
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4.3. High-Q photonic crystal cavities

icon wafer with (100) surface orientation. A 300 nm thick SRSN layer was

deposited by PECVD with a SH4 flow of 3.6 sccm and a N2 flow of 650 sccm at

a sample temperature of 350 ◦C. The chamber pressure was set to 980 mTorr

and the RF power to 60 W. A comprehensive discussion of the deposition

process and its optimization can be found in refs. [96, 97, 99]. Ellipsometric

characterization of the deposited film provided a refractive index value of

n = 2.48 at 1550 nm wavelength. The wafer was spin-coated with a 450 nm

thick layer of positive e-beam resist ZEP520A and exposed by EBL. After

development with ZED-N50, the pattern was transferred to the SRSN layer

via ICP-RIE, using a SF6/CHF3 gas chemistry. Once removed the remaining

resist, the wafer was immersed in a 25% aqueous solution of Tetra-methyl-

ammonium hydroxide (TMAH). The action of TMAH selectively etches the

silicon substrate underneath the patterned regions and leaves the PhC struc-

tures suspended in air. A SEM image of a fabricated sample is shown in

fig. 4.5c. Figure 4.5d shows the cross-sectional view of the suspended PhC

structure. A zoomed in view of the PhC region, shown in the inset, reveals

some surface roughness, probably associated to the deposition process and

characterized by a rms error of approximately σ = 4 nm, according to AFM

measurements. SEM imaging also reveals a deviation from perfect verticality

of the holes’ sidewalls, which we believe is associated to the RIE process.

RS spectroscopy

The cavities were characterized at room temperature using the RS technique,

in order to evaluate the intrinsic Q factor by coupling to the natural far-

field emission of the resonators. A CW tunable laser source (Santec TSL-

510) was scanned across the resonance range and the scattered light was

collected in the crossed polarization and detected by a photodiode (Newport

918D InGaAs power-meter head). Typical experimental spectra are shown

in fig. 4.6. From Fano fit of the experimental data, we estimated Q factors

ranging from 71, 000 to 122, 000 for different values of the shift ∆y (fig.

4.7) and we observed a linear scaling trend in the resonance wavelength as

a function of this parameter. The highest quality factor measured Q =
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1.22 × 105 corresponded to ∆y = +6 nm. The discrepancy of this value

with the numerical prediction should be attributed to the extrinsic losses

associated to the fabricated devices. In particular, the residual material

absorption (∼ 1.5 dB/cm) is likely to constitute the most important loss

channel, limiting the ultimate value of Q achievable. An estimate of the Q

factor associated to extrinsic losses can be computed by the formula:

Qext =
2πn

λα0

≈ 1.45× 105 (4.2)

where n is the refractive index and α0 is the linear absorption coefficient

of the material. The formula is valid for a Fabry-Pérot resonator with a

length L ≈ λ, and it provides an upper bound estimate on the maximum

experimental Q achievable. This upper bound is represented in fig. 4.7a

as an horizontal dashed line. Figure 4.7b shows a good agreement between

the simulated and measured values of the resonant wavelength, pointing to

a systematically smaller value of the effective index in the fabricated device

compared to the nominal parameters, which translates in a slight blueshift

of the resonances.

Finally, we characterized the cavities at different input powers. By sweep-

ing the excitation from blue to red wavelengths, we were able to observe a

crossover from the linear Fano response at low power to a bistable regime,

as shown in fig. 4.9. The red-shift of the resonance wavelength, which can

be identified at bistable regime with the peak of the sawtooth-shaped RS

curve, is originated by the TO effect, which induces a local increase of the

refractive index. The calculated values of coupled power were estimated as

Pcoupled = ηc/2Pincident, where Pincident is the incident power on the sample

from free space and ηc is the coupling efficiency in parallel cavity/polarizers

configuration, which we measured ηc = 6% using the procedure detailed in

section 2.2. The factor 2 at the denominator accounts for the polarization

mismatch between the incident mode and the localized one. A maximum

wavelength shift of δλ ≈ 1.2 nm was observed for a maximum input power of

180 µW, which corresponds, according with the measured thermo-optic co-
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4.3. High-Q photonic crystal cavities

Figure 4.6: Typical RS spectra of high-Q PhC cavities with A1 design. The
nominal parameters are a = 570 nm, r = 120 nm, ∆y = 6 nm (left) and ∆y = 12
nm (right).

Figure 4.7: (a) Cavity Q-factors as a function of inner-most hole shift (∆y). Blue
diamonds represents the numerically simulated Q values and red circles represent
the RS measuredQ values. (b) Cavity resonance wavelengths as a function of inner-
most hole shift. Green circles represents the simulated resonance wavelengths and
yellow squares represent the measured resonance wavelengths [93].
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Figure 4.8: Measured shift of the resonance wavelength as a function of the
sample temerature, for SRSN PhC cavity with A1 geometry. Note that the thermo-
optic coefficient α = 1

λ0
dλ0
dT ≈

1
n
dn
dT = 3.0 × 10−5 is lower than silicon and larger

than the Si3N4 value.

efficient value (fig. 4.8), to a local effective temperature increase of ∆T ≈ 25
◦C.

The physical mechanism which induces a temperature variation and thus

TO effect can be various. The most significant contributions are usually

linear (material) absorption, TPA and FCA. The former in particular is as-

sociated to the population of the conduction band as a consequence of the

former effects. One way to identify the dominant absorption process is to

relate the resonance shift to the coupled power. Since TPA and FCA are

nonlinear phenomena, the increase in temperature associated is superlinear

with respect to the coupled power, while linear absorption induces a shift

which is proportional to the coupled power (see section 1.2). Following this

argument, we can deduce from fig. 4.9b that the main mechanism involved

is in our case the linear absorption from the SRSN layer, associated to the

presence of Si-H, Si-Si and residual N-H bonds. Moreover, we suggest that

the effect of FCA is strongly reduced thanks to the low carrier lifetime which

is typical of amorphous materials.
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Figure 4.9: (a) Power-dependent RS response of SRSN PhC cavities. The red-
shift of the cavity resonance, associated to the bistable response of the cavity
mode, is principally related to TO effect induced by the linear material absorption.
Legend shows the estimated coupled power. (b) Peak resonance wavelength (red
squares) as a function of the coupled power and linear fit of the trend (solid black
line). Note the linearity of the trend, which suggests how even at high coupled
power (∼ 100 µW, not shown in panel a), the wavelength shift is mainly due to
linear absorption [93].
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4. Nonlinear optics in silicon-rich silicon nitride PhC cavities

4.4 Cavity-enhanced harmonic generation

The results described in the previous section constitute a promising basis

for the investigation of the performance of PhC-based nonlinear devices in

SRSN. In this study, we focused in particular on the generation of second and

third harmonic. As discussed in chapter 1, both processes take advantage of

the field enhancement related to the resonance at fundamental wavelength,

although the absence of a“destination”mode at the second or third harmonic

wavelength does not provide any benefit in terms of density of states for the

generated signal. However, the efficiency related to the incident pump power

is still expected to be strongly improved by the resonant nature of the process.

The investigation of SHG has been particularly prolific in previous litera-

ture works, where several material platforms were object of analysis. Among

the others, indium phosphide (InP) [100], gallium arsenide (GaAs) [101] and

silicon [60] are characterized by a relatively narrow bandgap, which intro-

duces absorption in the second harmonic (SH) signal for a pump at telecom

wavelength. In the perspective of applications, other materials, characterized

by a wider spectral window, were investigated, including gallium phosphide

(GaP) [102], silicon carbide (SiC) [103] and gallium nitride (GaN) [61, 104].

In this framework, SRSN provides a CMOS compatible platform which at

the same time, is characterized by transparency at SH wavelength. On the

other hand, the amorphous structure of SRSN forbids a bulk χ(2) nonlinear-

ity, as the random dipole orientation results in an zero-averaged second order

response. Nonetheless, the process can still occur thanks to the breaking of

inversion symmetry introduced by the interfaces constituting the structured

material, and it takes advantage of the large surface-to-volume ratio of the

PhC structure. A previous example of SHG in PhC cavities made of a cen-

trosymmetric material (silicon) can be found in ref. [60], while an analogous

result referred to stoichiometric Si3N4 microrings can be found in ref. [105].

Less attention has been devoted on THG with PhC cavities, perhaps

because of the frequent presence of absorption at third-harmonic wavelength.

Still, the presence of a bulk χ(3) and the possibility to exploit THG imaging

for a mapping of the near-field of the localized mode provide good reasons for
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Figure 4.10: (a) Schematic of the PhC cavity design. The red, yellow and blue
holes are shifted on the y-axis away from the line defect of an amount ∆A = 15 nm,
∆B = 10 nm and ∆C = 5 nm respectively. As a main distinction with fig. 4.5, the
holes marked by bold circles are characterized by a radius larger than the nearby
holes of ∆r = +12 nm, in view of far-field optimization. (b) SEM image of the
fabricated sample. Nominal parameters are specified in the main text [94].

the investigation of the phenomenon. In this perspective, the high Kerr index

of SRSN and the high refractive index contrast of the material, compared

with Si3N4, which provide the possibility of a tighter confinement, constitute

a good starting point.

The samples employed for HG experiments were based on a similar de-

sign of that described above, and realized on a second chip with analogous

fabrication process. As a main design difference, a far-field optimization was

included by increasing the size of specific holes with doubled periodicity with

respect to the original lattice (marked bold in fig. 4.10a). The normalized

efficiency of the n-th order harmonic generation process is expected to scale

proportionally to (ηcQ/V )n, where ηc = Pcoupled/Pincident is the overall cou-

pling efficiency for resonant excitation from free space. Thus, our design

target was to maximize, for fixed V , the ηc × Q product, rather than the

Q factor alone. The optimization resulted in a significant increase of the

ηc related to the transverse mode of the impinging excitation laser, at the

cost of a reduced Q factor. After a linear characterization of the devices, we

selected a cavity with a = 580 nm, r = 0.30a and ∆y = 15 nm.

We validated our design via three-dimensional finite-difference time-domain

(FDTD) simulations. Employing a mesh cell size of 0.02ax× 0.02ay × 30 nm

we calculated a Q factor as high as 21,000 for the fundamental mode centered
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Figure 4.11: (a) Simulated near-field profile of the fundamental resonance mode
(in-plane electric field amplitude |E|, normalized linear scale). (b) Far-field pro-
jection of the simulated fundamental resonant mode (electric field amplitude |E|).
The main lobe at θ = 0◦ was optimized to match a focused Gaussian beam profile
impinging orthogonal to the cavity plane. Grid ranges from 0◦ to 90◦ [94].

at λ0 = 1577 nm and a mode volume V = 0.73(λ/n)3, very close to our pre-

vious result. The simulated near- and far-field profiles for the fundamental

mode are shown in fig. 4.11a and 4.11b.

We fabricated the samples in a 300 nm thick suspended membrane of

SRSN, following the same procedure described in the previous section. Fig. 4.10b

shows a SEM image of one of the realized samples.

Experiment and Results

We performed a preliminary linear (low-power) RS characterization of the

fabricated samples, in order to select the best suited. The experimental appa-

ratus, modified to implement the HG measurement, is depicted in fig. 4.12a.

We employed a tunable CW laser source (Santec TSL-510) for the excitation

of the fundamental cavity mode.

By employing lithographic tuning of the fabrication parameters (fig. 4.12c

and 4.12d), we were able to select the sample which maximizes the figure of

merit ηc × Q. We found the optimal value for a cavity with modification of

the holes’ radii ∆r = +12 nm, for which we measured a resonance wavelength

λ0 = 1546.3 nm and a quality factor Q = 13, 000, as retrieved from Fano fit

of the measured RS spectrum [55], represented in fig. 4.12b.

From comparison of the measured Q factor with the one of non-optimized
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Figure 4.12: (a) Schematic of the experimental apparatus. The collimated light
from a CW tunable source is polarized (P) and focused through a microscope
objective (MO) on the sample, which is placed in the focal plane at 45◦ with
respect to the laser polarization. The same excitation path is used to collect the
RS signal and the generated SH and TH, which are separated from the pump via
a dichroic mirror (DM) and imaged on a CCD camera. The RS signal is then
filtered by a crossed polarizer (A) and collected by a InGaAs-based photodetector
(PD). (b) RS spectrum and Fano fit for the fundamental (pump) resonant mode
of the cavity. (c) Estimated coupling efficiency and (d) figure of merit (ηc×Q) for
selected samples as a function of the radius variation ∆r introduced to optimize
the coupling to far-field [94].
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4. Nonlinear optics in silicon-rich silicon nitride PhC cavities

cavities [93], we estimate the far-field coupling to be the dominant decay

channel for the localized mode.

In order to evaluate the coupling efficiency, we compared the peak RS

signal at the resonance wavelength with the one measured by replacing the

sample with a reference mirror and aligning the polarizers in parallel direc-

tions [60]. We were thus able to estimate a coupling efficiency from free-space

to the cavity as high as ηc ≈ 30%. Besides the intrinsic factor 1/2 due to

the symmetry of the system, we expect this value to be limited mainly by 1)

the mode mismatch of the focused Gaussian beam with the far-field pattern

and 2) the finite numerical aperture of the optical system. As a comparison,

we used the calculated far-field pattern of the cavity (fig. 4.11b) to evaluate

the fraction of power emitted within the field-of-view of the objective, thus

estimating1 a maximum theoretical coupling efficiency ηtheoryc ≈ 92% for the

far-field optimized cavity (∆r = +12 nm) and ηtheoryc ≈ 35% for the non-

optimized device. These values are very high, owing to the high numerical

aperture (NA=0.8) of the objective used. The discrepancy between the ex-

perimental value and the theoretical one is probably due to the mismatch

between the far-field pattern distribution and the impinging Gaussian mode,

and secondly to any residual misalignment (position, focus, polarization) in

the experimental setup, pointing to a possible considerable improvement in

the coupling efficiency via far-field engineering.

We then probed the nonlinear response of the selected cavity mode. We

employed the same apparatus to collect the generated SH and TH signal,

and included a dichroic mirror (DM) and an appropriate sequence of filters

to separate it from the pump at fundamental wavelength. We imaged the

near-field of generated harmonics on a silicon-based CCD camera (PI Acton,

liquid nitrogen cooled). By increasing the pump power, we were able to

observe the generation of light at SH and TH wavelengths (fig. 4.13), which

we later confirmed by spectroscopic measurements (fig. 4.14a-b).

Fig. 4.13a shows the generated SH emission from the sample. The large

1The coupling efficiency was estimated as ηtheoryc =
∫ 2π
0

∫ θ
0
|E(θ,φ)|2dθdφ∫ 2π

0

∫ π
0
|E(θ,φ)|2dθdφ , where E(θ, φ)

is the far-field distribution calculated via FDTD and θ = arcsinNA ≈ 53◦ is (half) the
objective angular field of view.
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Figure 4.13: False color images of the generated (a) SH and (b) TH near-field
profiles (linear scale). The sample background was artificially illuminated for sake
of clarity [94].

modal area suggests transparency of the SRSN material at λSH = 773.2 nm.

As the material consists in an amorphous deposition [96], we hypothesize that

the intrinsic χ(2) response of the medium is averaged to zero on the ensemble.

The physical origin of the observed phenomenon relies then in the breaking of

inversion symmetry mainly provided by the multiple interfaces between the

bulk material and the air holes. Since the structure is not resonant at the

SH wavelength, the signal here generated couples to the quasi-guided (leaky)

modes of the PhC slab and eventually radiates outside the the membrane.

Fig. 4.13b shows the generated TH. Because of the bulk nature of the non-

linear process, the TH near-field profile mimics the one of the fundamental

mode, as one can notice by comparison with fig. 4.11a. A qualitative compar-

ison between fig. 4.13a and fig. 4.13b suggests that the material absorption

at λTH = 515.4 nm is significant. This datum was confirmed by ellipsomet-

ric measurements, which highlighted an absorption band edge wavelength of

600 nm. The underlying physical mechanism here is the following: the TH is

originated from the bulk χ(3) nonlinearity of the material, which is expected

to be larger than the one of stoichiometric silicon nitride [97], but it is soon

absorbed by the material itself. The small fraction of TH light which is not

absorbed can be then observed in the experiment, and closely follows the

near field profile of the fundamental (localized) mode.

Fig. 4.14b illustrates the spectral response of the system for large coupled

power. The relatively large coupled power (Pcoupled ≈ 1 mW) induces heating
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4. Nonlinear optics in silicon-rich silicon nitride PhC cavities

of the cavity region, originated by the linear absorption of the material [93]

at resonance wavelength. Thus, the measured spectrum exhibits a markedly

asymmetric, sawtooth-shaped response, which is a characteristic signature

of the regime of optical bistability [47, 79, 101], in this case originated by

thermo-optic effect due to residual linear absorption of the silicon-rich nitride

material. The plotted SH and TH spectra are acquired simultaneously with

the fundamental (pump) RS spectrum and clearly follow the squared and

cubed trend of the latter respectively, confirming the cavity-enhanced nature

of the nonlinear processes under investigation.

In order to confirm the validity of our observations, we characterized the

power scaling trend of the nonlinear processes. The analysis is represented

in fig. 4.14c. By varying the input power to our setup and tuning the wave-

length of the excitation laser to compensate for the thermo-optic shift of the

resonance [47, 93], we were able to scan the coupled power at the fundamen-

tal wavelength from ∼ 100 µW to 1.6 mW. We estimated the total collected

power by integrating over the region-of-interest of our CCD detector. The

plot shows with good confidence a quadratic and cubic scaling trend for the

generated SH and TH respectively. From the best fit of our results we were

able to estimate the normalized generation efficiencies ρSH = PSH/P
2
coupled =

(4.7 ± 0.2) × 10−7 W−1 and ρTH = PTH/P
3
coupled = (5.9 ± 0.3) × 10−5 W−2.

It should be remarked that these results represent extrinsic values, as they

do not take in to account the fraction of generated power which is not col-

lected by the optical system as it is absorbed, coupled to the guided modes

of the membrane or scattered outside the numerical aperture of the system.

However, these values provide a lower bound on the overall efficiency of the

process for practical applications and we believe that they can be significantly

improved by engineering the extraction mechanism of the generated signal

from the cavity at the SH and TH frequencies.

To provide a term of comparison, generation efficiencies of the order of

ρSH ≈ 10−5 W−1 and ρTH ≈ 10 W−2 were reported in silicon-based PhC

cavities [60], while the relevant data for microring resonators based on stoi-

chiometric silicon nitride [105] are ρSH ≈ 10−3 W−1 and ρTH ≈ 10−9 W−2. It

should be remarked that the former platform exhibits a tighter confinement
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Figure 4.14: (a) Sample spectrum of the generated SH and TH. (b) High power
spectrum of the cavity resonance and comparison with the generated SH and TH
signals. The large coupled power (Pcoupled ≈ 1 mW) leads the system to operate at
a regime of strong thermo-optic bistability [47, 79, 101], providing the characteristic
sawtooth-shape to the spectrum at fundamental wavelength. The generated SH
and TH signals closely follow the squared and cubed trend of the fundamental
RS signal respectively, highlighting the cavity-enhanced, nonlinear nature of the
phenomenon under investigation. (c) Scaling trends of the (peak) generated SH
and TH signals. The pump wavelength was systematically adjusted in order to
compensate for thermo-optic shift of the resonance. Experimental deviations from
the expected trends are mainly related to 1) strong background for points at low
power and 2) thermo-optic instability [47, 93] for points at high power [94].
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4. Nonlinear optics in silicon-rich silicon nitride PhC cavities

than the one here presented, due to the higher refractive index contrast of the

silicon/air interface, while the latter is characterized by a weaker confinement

due to the lower refractive index and the significantly larger mode volume.

It should be also noted that the SH generation efficiency reported here is sig-

nificantly lower compared to materials exhibiting non-vanishing bulk second

order nonlinearity [61, 102, 101, 106], with measured values of generation

efficiency ranging from ρSH ≈ 2 × 10−3 W−1 to ρSH ≈ 4 W−1. We remark

that a quantitative comparison between harmonic generation efficiencies in

different resonant photonic devices would require the knowledge of the second

and third-order nonlinear polarization in the presence of highly anisotropic

nanostructured surfaces, as in the case of photonic crystal nanocavities. This

non trivial task is, however, beyond the scope of the present work.

Remarkably, the data presented here highlight the absence of saturation

effects due to TPA [38], typical of silicon-based devices. A quantitative com-

parison may be obtained by looking at the power-dependent generation effi-

ciency curves reported in ref. [60] for silicon PhC cavities having a figure of

merit ηc×Q = 4, 000 and a Q factor and mode volume very similar to those

presented in this work. Indeed, while silicon cavities display a clear satura-

tion of the SHG and THG signals for coupled power of a few tens of µW,

our SRSN cavities do not show any evidence of saturation even for coupled

powers in the mW range. This result confirms the suitability of SRSN as a

valid alternative to silicon for the fabrication of CMOS compatible integrated

nonlinear optical devices.

4.5 Conclusions

In this chapter, we presented the numerical and experimental study of PhC

cavities based on the SRSN material platform. We discussed the physical

properties of the material deposition and their effect on the suitability of

the material for applications to integrated photonics. We showed how the

tuning of the refractive index achieved via fabrication enables to achieve a

refractive index contrast dielectric/air sufficient to fabricate high-Q PhC cav-

ities. We presented the linear and nonlinear spectroscopic characterization
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of these devices, showing that quality factors as high as Q = 120, 000 can

be achieved, while the residual linear absorption from the material plays a

significant role as a limitation. The nonlinear properties were investigated

by studying the thermo-optically induced bistability, and pointed to the ab-

sence of TPA and TPA-related detrimental effects. Finally, we studied the

generation of second- and third-harmonic under resonant pumping condi-

tions, and we quantitatively estimated the normalized generation efficiencies

ρSH = PSH/P
2
coupled = (4.7 ± 0.2) × 10−7 W−1 and ρTH = PTH/P

3
coupled =

(5.9 ± 0.3) × 10−5 W−2. Remarkably, our investigation points to the ab-

sence of TPA effects for coupled power as high as few milliwatts, in cavities

characterized by a quality factor as high as Q = 21, 000.
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Chapter 5
Thermo-optically induced

transparency

5.1 Motivation

The active control over light propagation in a medium is one of the main goals

of optical engineering and photonics. Extensive studies of the factors affecting

the group velocity of light vg = ∂ω
∂k

, which in most of practical cases coincides

with the speed of energy (or information) transfer, have been performed

in order to either gain a better understanding of the underlying physical

processes or to investigate novel technological applications [107, 108, 109].

The applications of slow light (where vg � c), in particular [110], include

optical delay lines [111, 112], all-optical memories [113], enhanced nonlinear

devices [114, 115, 116] and quantum memories [117, 118]. A fast and accurate

control can even be used to achieve stopped light, as already shown in different

experiments [119, 120].

Depending on the underlying physical mechanism which makes possible

to dramatically reduce vg, it is usually made a distinction between structural

slow light and material slow light [121]. Although a stark distinction is not

always possible, as a general rule the former effect refers to the interaction of

light with structured media where a peculiar arrangement of the dispersion

relation is achieved, without however an exchange of energy between the
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5. Thermo-optically induced transparency

Figure 5.1: Dispersion and group index profile associated to an isolated absorp-
tion (a) and gain (b) resonance. A Lorentz type absorption resonance is associated
to a steep anomalous dispersion profile. Owing to the relation ng = n+ω0

dn
dω , this

is related to fast light at the resonance frequency ω0. Similarly, a pronounced
slow light peak is associated to gain resonances. This phenomenology is the basic
concept behind material slow-light. Figure from [121].

medium and the electromagnetic field. A paramount example of this case

are PhC waveguides, where the flatness of the photonic bands close to the

band edge yields vg → 0 [110]. The underlying mechanism relies here in the

reciprocal exchange of energy between forward- and backward-propagating

modes, which makes experimentally possible to achieve a pulse propagation

velocity of the order of vg ∼ c/100, without incurring in excessive losses.

In contrast, material slow light is based on the exchange of energy (cou-

pling) between the propagating field and another physical system, such as an

atomic cloud for instance [113]. The strong dispersion which is exploited to

achieve low group velocities is typically associated to strong absorption (fig.

5.1), as it can be described by a simple Lorentz model and, more in general, as

a consequence of Kramers-Krönig relations [122]. Being detrimental for ap-

plications, this issue can be overcome by taking advantage of the phenomenon

known as electromagnetically induced transparency (EIT) [123, 124], where

a strong control field is applied in order to induce a narrow transparency

window in the material absorption spectrum. Moreover, the narrow-band
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character of the EIT phenomenon is associated to a further reduction in the

group index. It was shown experimentally how this and related techniques

allow to produce a slow down of light of the order of vg = 17 m/s by exploit-

ing cold atoms clouds [113]. Stopped (or stored) light can also be achieved

by dynamically operating the control beam [119]. Other notable examples of

material slow light include coherent population oscillations (CPO) [125, 126],

stimulated Brillouin scattering (SBS) induced transparency [127], where the

interaction between photons and acoustic phonons is exploited, and opto-

mechanically induced transparency (OMIT) [128, 129], where the physical

system involved is a macroscopic or mesoscopic mechanical resonator.

In the perspective of applications, structural slow-light, SBS and CPO

are particularly appealing as their effect can be observed even at room tem-

perature. The latter process in particular is capable to provide a slow-down

comparable to the one associated to EIT, but it is bound to work spectrally

close to an atomic resonance, limiting its technological applicability. More-

over, from the device standpoint, often the concept of group velocity is sub-

stituted by the one of group delay (or group advance), which is more suitable

for the description of lumped element systems such as optical resonators, and

especially significant in view of applications to optical memories. Regardless

the size of the optical system, this quantity determines the performance of

an optical storage unit to retain information.

In this chapter, we describe an effect of induced transparency originated

by the thermo-optical interaction in optical microcavities. We draw a parallel

with the phenomenon of OMIT, which realizes a valuable case study. We

present an original analytic model which effectively describes the process.

We discuss the experimental technique developed to characterize the process

and the results obtained. Finally, we investigate further perspectives and the

possible technological impact of our results.

5.2 Overview

The phenomenon we describe hereby stems from the oscillation in time of

a cavity resonance wavelength as a consequence of the thermo-optic (TO)
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effect, which is observed in the presence of a time-varying field intensity.

This results in a very narrow (∼ 1 MHz) absorption or gain spectral window

in the output signal of the cavity. According to our model, the effect is

exclusively linked to the effective thermo-optical response of the resonator

and, as opposed to EIT and OMIT, it is independent from any atomic or

mechanical resonance.

Under static driving conditions, the TO effect manifests itself as a red-

shift of the resonance wavelength, which is due to the increase in temperature

consequent to the (linear or nonlinear) absorption of the part of the energy

of the confined mode [47, 38]. The absorption of light generates heat, which

diffuses in the physical cavity volume, producing a variation in the refrac-

tive index. This induces, in first order perturbation theory, a proportional

variation in the resonance frequency:

ω0 = ω0 − ω0α∆T (5.1)

where ω0 is the “cold cavity” resonance frequency, α = ξTO
1
n
dn
dT
≈ 1

n
dn
dT

is

the normalized TO coefficient1 and ∆T is the effective local temperature

variation, which we will assume for the moment to be constant over the

cavity mode volume. In practice, the value of α can be accurately estimated

by evaluating experimentally the variation in the resonance wavelength of a

cavity mode as a function of the cavity temperature (see e.g. fig. 4.8). If the

temperature variation ∆T is treated as a dynamical variable of the system,

one can define, in analogy with the cavity opto-mechanics formalism [84],

an effective thermo-optical coupling factor G = ω0α which parametrizes the

interaction. Here, the quantityG∆T represents the frequency shift associated

to the coupling between the optical and thermal systems.

Similarly, in stationary conditions, the temperature of the system will be

increased with respect to the thermal bath by a constant amount ∆T , which

is associated to absorption of the energy of the confined electromagnetic

1The overlap factor ξTO introduced in chapter 1 is approximately unitary for a tightly
confined dielectric mode and we will neglect it for simplicity.

116



5.2. Overview

field. According to eq. (1.41), the absorbed power is proportional to the

cavity energy U , and it thus provides a constant heat supply:

Pabs(U) = Γabs(U)U (5.2)

where Γabs(U) = Γabs+ΓTPA(U)+ΓFCA(U) takes into account the linear and

nonlinear contributions to light absorption within the cavity mode volume.

For sufficiently low values of cavity energy, the linear term dominates and

thus Γabs(U) ≈ Γabs. The diffusion of heat is locally governed by the equation:

ρcp
∂(∆T )

∂t
+∇ · (−κ∇(∆T )) =

∂Q

∂t
(5.3)

where ρ is the density of the material, cp is the mass specific heat, κ is the

thermal conductivity and ∂Q
∂t

is a source term describing the heat flux density

towards the system, in this case associated to the optical power absorbed

Pabs(U). The second term at the left-hand side of the equation represents

the local form of Fourier’s law for heat conduction. The expression above can

be related to the previous treatment by eliminating the spatial dependence

of ∆T and Q. In the most simple model [130, 47], this can be done by

introducing two effective quantities, namely a heat capacity Cp = ρcpVth and

the (extensive) thermal conductivity K:

Cp
d(∆T )

dt
= Pabs(U)−K∆T (5.4)

where we replaced the forcing term with the absorbed power from the optical

field. In this simplified picture, the heated system is modeled by an effective

thermal volume Vth, which is characterized by a temperature increase ∆T

with respect to a thermal bath, to which it is coupled via the thermal con-

ductivity K. In practice, Vth is associated to the physical size of the heated

region, while K is related to the temperature gradient. Both values can

be estimated via stationary heat diffusion simulations, obtained for instance
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Figure 5.2: Conceptual scheme of a thermo-optically coupled resonator. The
physical system (left panel) consists in a resonant mode at frequency ω0, charac-
terized by a decay rate Γ, and a thermal system, characterized by a temperature
decay rate γth, which is out of equilibrium by an offset ∆T with respect to a ther-
mal bath. The optical system is driven by an intense control field oscillating at
frequency ωC and a weak probe field at frequency ωp. The thermo-optical inter-
action couples the two systems and it is quantified by the coefficient G. (right
panel) Phenomenology of the TO interaction: the “cold” resonator frequency ω0 is
red-shifted by the control field to the lower frequency ω0. The probe field, detuned
from the pump by an offset Ω, is used to investigate the spectral properties of the
driven resonator.

via finite element method (FEM). In the absence of a driving heat source,

eq. (5.4) is characterized by an exponential temperature decay which is de-

scribed by the rate γth = K/Cp, while in the case where the absorbed power

is constant, the equilibrium temperature is ∆T = Pabs/K.

The model given so far describes the stationary behavior of the two quan-

tities which characterize the effect of thermo-optically induced transparency

(TOIT) that is the object of this chapter. Before detailing the analytical

treatment of the dynamical response of the thermo-optical system, we will

give a qualitative overview of the phenomenon and introduce the formalism

used.

An energy levels schematic of the physical system is shown in fig. 5.2.

Suppose that the cavity is driven by an intense control (pump) field sin(t) =

sine
−iωCt, which oscillates at a frequency ωC = ω0 + ∆, slightly detuned from

the “cold” cavity resonance. The absorption of optical energy will produce

a temperature shift ∆T which in turn modifies the resonance frequency to
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5.2. Overview

ω0. The overall frequency offset with respect to the “hot” cavity is then

∆ = ωC − ω0. Let us now consider a second weak (probe) field δsin(t) =

δsine
−iωpt, with δsin � sin, oscillating at frequency ωp = ωC + Ω. Owing to

the detuning with respect to the pump, the field intensity inside the cavity

will oscillate at the beating frequency Ω, with a small ripple with respect

to the average value U . If the beat frequency is smaller or of the order

of the thermal response Ω ∼ γth, however, the variation in intensity will

affect the temperature dynamics. Since the latter affects in turn the cavity

frequency via the TO interaction, this will result in a modulation of the

pump field, producing sidebands interfering with the probe field. As a neat

effect, depending on the sign and the amount of the interference, the effect

results in the induced absorption or amplification of probe itself, which can

be observed as a narrow spectral hole or a gain peak in the output signal

from the cavity. Anticipating the results that will be detailed in the next

section, the phenomenology of the effect, as predicted by the present model

of the nonlinear cavity response, is visualized in fig. 5.3.

Summarizing in a simple picture what discussed so far, the physical pro-

cess can be described as follows:

1. the pump field heats the cavity, producing a (static) thermo-optic red-

shift of the Lorentzian resonance;

2. the probe field, detuned by Ω from the pump, induces a beating in the

intracavity optical energy, at frequency Ω;

3. the beating induces the oscillation in time of the temperature, and thus

of the cavity resonance frequency;

4. this produces an anti-Stokes (Stokes) shift of frequency +Ω (−Ω) of the

pump field: the shifted pump oscillates out of phase (in phase) with

the original probe;

5. the shifted pump field interferes destructively (constructively) with the

probe field, resulting in a dip (peak) in the probe output signal from

the cavity.
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5. Thermo-optically induced transparency

It should be remarked that the effect stems from the interference between

pump and probe fields, and it relies on their mutual coherence.

Given the extremely narrow bandwidth of thermal phenomena compared

to the optical wavelength, the width of the transparency or gain region re-

sults to be of the order of the MHz in the smallest PhC structures. Moreover,

due to the Kramers-Krönig type relation which exists between the intensity

spectral response and dispersion (fig. 5.1), this is associated to a marked

group delay or advance, depending on the detuning conditions at which the

interaction occurs, for the probe signal, which can be understood qualita-

tively as a result of the mutual energy exchange between the electromagnetic

field and the thermal reservoir. While the former property is particularly

interesting in view if narrow-band filtering applications, the second is even

more appealing considering applications to integrated optical delay lines and

optical memories. Moreover, the effect is here demonstrated in a standard

silicon PhC cavity, but it could be extended in principle to any SOI-based

resonator. Finally, the phenomenon does not depend on any mechanical,

atomic or acoustic resonance and it thus could be implemented in a cascaded

fashion via a series of resonators.

5.3 Theory

With the formalism introduced in the previous section, we hereby derive the

fundamental differential equations which describe the dynamics of TOIT.

Consider a lossy optical resonator, characterized by linear and nonlinear

absorption of the optical energy, which is affected by thermo-optical interac-

tion. In the formalism of input-output relations [1, 84] (already adopted in

chapter 3), this can be described by the following dynamic equations:

da(t)

dt
=

(
i∆− Γ(U)

2

)
a(t) + iω0α∆T (t)a(t) +

√
ηΓ(U)sin(t) (5.5a)

Cp
d(∆T )

dt
= Γabs(U)|a(t)|2 −K∆T (t) (5.5b)
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where a(t) is the modal field amplitude, normalized such that |a(t)|2 is the

mode energy, Γ(U) is the mode decay rate, which depends on the mode energy

due to nonlinear effects, according to the definition (1.22), sin(t) is the driving

field, expressed such that |sin(t)|2 is the input power, which is related to

the cavity coupled power via the coupling efficiency η. The electromagnetic

field is expressed in a frame rotating at ωC , thus enabling a description in

terms of the pump-cavity detuning ∆ = ωC − ω0. The terms Γabs, Cp and

K, already introduced in the previous section, represent respectively the

(nonlinear) absorption rate for the mode energy, the heat capacity associated

the cavity volume and the related thermal conductivity.

Equations (5.5) are nonlinear and mutually coupled via the dynamic vari-

ables a(t) and ∆T (t). In particular, owing to nonlinear absorption effects2,

the cavity decay rate and the optical absorption rate depend explicitly on

the cavity energy. However, we will limit ourselves for simplicity to the case

where linear absorption only contributes to heating, while the cavity decay

rate depends on both linear absorption and out-of-plane scattering. This

approximation is well justified provided that Γabs/Γabs(U) ≈ 1, namely the

parasitic absorption from TPA and FCA is low compared to linear absorp-

tion. Moreover, in the presence of important nonlinear absorption originated

by a strong driving field, the presence of a weak probe allows to model Γabs(U)

as a static contribution, upon which the problem is linearized.

With these assumptions, the equilibrium solutions to eqs. (5.5) in the

presence of the pump field read:

a =

√
ηΓ

−i(∆ + ω0α∆T ) + Γ/2
sin ∆T =

Γabs
K
|a|2 (5.6)

where |a|2 = U is the intracavity optical energy under constant driving field.

Remarkably, even in the absence of nonlinear absorption, the equations

above may have a bistable solution in the presence of appropriate conditions

2We are neglecting the dispersive contributions from FCD and Kerr effects, which are
negligible with respect to TO effect in this context.
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(∆ >
√

3
2

Γ and |a| � ab =
√

K
2QαΓabs

), as one can deduce by comparison with

eq. (1.42). In these conditions, one of the two stable equilibrium solutions

should be appropriately chosen [47].

We include now in the model the weak probe field, which in the rotating

frame reads δsin(t) = δsine
−iΩt, such that |δsin|2 � |sin|2. The overall driving

field is thus given by sin(t) = sin + δsin(t). We then linearize the equations

of motion (5.5) at the equilibrium point: assuming a system response a(t) =

a+ δa(t), ∆T (t) = ∆T + δT (t) we can rewrite:

d

dt
δa(t) =

(
i∆− Γ

2

)
δa(t) + iGaδT (t) +

√
ηΓδsin(t) (5.7a)

d

dt
δT (t) = βa(δa(t) + δa∗(t))− γthδT (t) (5.7b)

where we introduced β = Γabs/Cp and we made the hypothesis a ≈ a∗ (i.e.

we neglected the phase response from the bare resonator). We then make

the following ansatz:

δa(t) = A−p e
−iΩt + A+

p e
+iΩt (5.8a)

δT (t) = Te−iΩt + T ∗e+iΩt (5.8b)

where we assumed the temperature being a real quantity. Plugging the above

quantities into the equations of motion provides terms oscillating at ±Ω. By
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5.3. Theory

separating these according to the sign, we derive the relations:

A−p =
iGaT +

√
ηΓδsin

−i
(
∆ + Ω

)
+ Γ/2

(5.9a)

A+
p =

iGa

−i
(
∆− Ω

)
+ Γ/2

T ∗ (5.9b)

T =
βa

−iΩ + γth

(
A−p + A+∗

p

)
(5.9c)

In order to evaluate the effect on the probe, we isolate the component of a(t)

oscillating at −Ω. This is given by the term A−p , which can be explicitly

expressed as:

A−p =

√
ηΓ

−i
(
∆ + Ω

)
+ Γ/2− if(Ω)

(
1 + if(Ω)

i(∆+Ω)+Γ/2

)−1 δsin (5.10)

where we introduced the auxiliary function:

f(Ω) =
G|a|2β
−iΩ + γth

(5.11)

which is associated to the thermal response of the system. The expression

at the denominator determines the scale of the phenomenon in frequency,

while the term at the numerator quantifies the coupling between the optical

population and the thermal one for a fixed driving condition.

The expression (5.10) is the counterpart of the general solution to OMIT

[128, 129], which, in the “resolved sideband” limit, has analogous form as EIT

[124]. However, a mechanical or atomic resonance frequency does not exist in

our case, while the thermal system in the linearized regime is characterized

by a first-order response (eq. 5.7b), typical of damped systems. Hence, the

effect of TOIT bears similarities with OMIT and EIT, and it can be somehow
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Figure 5.3: Calculated probe transmission spectra at regime of pump blue- and
red-detuning with respect to the cavity resonance as a function of the probe-pump
detuning Ω. The former is associated to a narrow dip in the transmission spectrum
(inset), the latter to an analogous gain feature. The spectra shown here are derived
from the theory described in section 5.3. For the calculation we chose ∆ = ±0.3Γ.

compared by setting a vanishing mechanical (atomic) resonance frequency

Ωm → 0 (ω31 ≈ ω32 in EIT).

Fig. 5.3 shows a plot of the probe response for different pumping condi-

tions. In the blue-detuning regime (ωC > ω0), the effect manifests itself as

a narrow dip in the resonance spectrum at frequency ωC , characterized by a

FWHM of the order of γth. Conversely, if the pump is tuned on the red side

of the spectrum (ωC < ω0), the effect manifests itself analogously as a gain

peak. In both cases, the visibility depends on the intensity of the control field

|a|2. Remarkably, the central frequency of the spectral window for the effect

can be tuned arbitrarily within the bandwidth of the optical resonance, as

the position of the absorption (gain) window only depends on the frequency

of the control field.

The expression (5.10) is a complex quantity with the dimensions of a

field (specifically |A−p |2 has dimensions of an energy). In order to relate this

with an experimentally measurable quantity, it is convenient to formalize

again the problem by means of the input-output formalism. In this frame-

work, the system consisting in the lossy optical resonator and two excita-

tion/decay channels is equivalent to the scattering problem sketched in fig.

5.4. According to the formalism introduced so far, the excitation mode at
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5.3. Theory

Figure 5.4: Schematic of the coupling scheme for an optical resonator. The lo-
calized mode is coupled to two scattering channels (here visualized as two waveg-
uides) and to a loss channel, with rates Γi = 1/τi. In RS configuration, the
two scattering modes S1 and S2 can be interpreted as the vertical and horizontal
polarizations. Note that in this configuration the coupling efficiency is given by
η = Γi/(Γ1 + Γ2 + Γr) for excitation from channel i. Figure from [1].

the input is characterized by a coupling rate ηΓ: the reflected field ampli-

tude srout originates then from the interference between the impinging mode

and a contribution from the cavity, such that srout = sin −
√
ηΓa. On the

other hand, the transmitted signal will only be originated by the decay of

the mode towards the second channel, so the transmitted field amplitude is

given by: stout = −
√
ηΓa, where we assumed equal coupling rate for input

and output. By normalizing on the input amplitude, we obtain the reflection

and transmission coefficients, which for the probe signal oscillating at −Ω

read:

R = R‖RS =
|δsrout|2

|δsin|2
=

∣∣∣∣∣1−
√
ηΓA−p
δsin

∣∣∣∣∣
2

(5.12)

T = R⊥RS =
|δstout|2

|δsin|2
=

∣∣∣∣∣−
√
ηΓA−p
δsin

∣∣∣∣∣
2

(5.13)

The transmission coefficient in particular is proportional to |A−p |2 and it can

be used to directly probe the response of the phenomenon in amplitude3. It

3It should be remarked that experiments may be able to access to quantities which
slightly differ from this definition. As we shall see in section 5.4, owing to the nonlinear
nature of the phenomenon, the lock-in detection technique provides for instance a direct
measurement of RLI ∝ |A−p |2 + |A−p |2, rather than the term |A−p |2 alone. Nevertheless,
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5. Thermo-optically induced transparency

should be noted that the expression above defines generalized reflection and

transmission coefficients for any (symmetric) scattering problem of this type,

independently on the actually transmitted or reflected signal.

In cross-polarized RS spectroscopy, in particular, the two loading chan-

nels can be identified in the two polarizations of free-space modes impinging

from the microscope objective. In this context, the crossed polarization re-

sponse R⊥RS is proportional to the transmission coefficient T , being the two

channels orthogonal. Conversely, the reflected spectrum R‖RS analyzed in the

same polarization of the excitation beam is proportional to R. The coupling

efficiency η presented here can be in this framework related to the usual

coupling efficiency of the cavity ηc = Pcoupled/Pincident, obtained in optimal

coupling conditions (i.e. cavity mode aligned to the impinging polarization)

via the relation η = (1− ηabs)ηc/4, where the factor 4 accounts for both the

45◦ orientation of the cavity in the RS scheme and for the loss towards the

substrate, while the factor ηabs = Γabs/Γ accounts for the absorption from

the material (see section 5.4).

The term at the denominator of expression (5.10) proportional to if(Ω)

is responsible for the narrow absorption or gain feature in the transmission

spectrum. Associated to such feature, a steep phase response can also be

appreciated. Since the group delay is related to the derivative of the phase,

in correspondence of the narrow spectral peak (dip) a marked group delay

(advance) is also observed. The phase response of the transmitted signal4

reads:

φt = arg

{
δstout
δsin

}
= arg

{
A−p
δsin

}
(5.14)

while the group delay associated can be expressed as:

τd = −dφt
dω

= − d

dω
arg

{
A−p
δsin

}
(5.15)

this distinction is not critical in most of the cases, as in practice |A−p |2 � |A+
p |2.

4See footnote 3: as for the case of amplitude, the phase response measured experimen-
tally may result slightly different to the predicted one, including terms proportional to
A+
p .
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Figure 5.5: Predicted transmission (left) and group delay (right) spectra for
increasing values of cavity energy U/U0. The amplitude plot is normalized on the
edge values of the curves. The phenomenon intensity, in terms of visibility and
peak group delay, increases with the optical energy.

Fig. 5.3, already discussed, shows the broadband response of the phenomenon

calculated with the above model. Fig. 5.5 shows the predicted scaling be-

havior of the phenomenon, in terms of probe transmission and group delay,

as for increasing values of the energy U = |a|2 stored within the cavity mode.

Finally, fig. 5.6 shows the theoretical estimation of TOIT transmission

and group delay as a function of both pump-resonance detuning and probe-

pump detuning. The calculation implements a model slightly more sophis-

ticated than the one detailed so far, which includes multiple characteristic

thermal decay rates in order to better reproduce the experimental results

(see section 5.4.3). A comparison with the experimental results shown in fig.

5.12 suggests the suitability of this refined model to correctly capture the

key features of the experimental observation, which we are going to describe

in the next paragraph and constitute one of the main results of the present

work.

5.4 Experiments

The experimental verification of TOIT was realized using planar silicon pho-

tonic crystal cavities in RS measurement configuration. The cavity geometry,
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5. Thermo-optically induced transparency

Figure 5.6: Predicted probe transmission (left) and group delay (right) as a
function of both pump-probe detuning (horizontal axis) and pump-cavity detuning
(vertical). The model adopted here refines the one discussed in this section by
including multiple thermal volumes and correspondent decay rates. The plots
predict qualitatively and partially quantitatively the experimental results shown
in fig. 5.12.

shown in fig. 5.7a consists in a dispersion-adapted (DA) layout [48], which is

based on a W1 line defect where a tapered increase of the waveguide width

(similarly to the A1 design, discussed in chapter 4) is introduced in order

to induce the confinement of a localized mode. This was demonstrated to

yield a Gaussian mode envelope (fig. 5.7b), diffraction limited mode volume

V ≈ 2(λ/n)3 and a good compromise between Q (> 106) and robustness to

fabrication disorder. A digital lithographic tuning (in steps of ∆r = 3 nm)

of the far-field optimization was introduced in order to improve the vertical

coupling efficiency from free space.

The cavities were fabricated (fig. 5.7c) in SOI with 220 nm thick device

layer and 2 µm thick BOX. EBL was performed at 30 kV acceleration voltage

on a ZEP-520A resist developed in Xylene. Dry etching was performed using

a SF6/CHF3 gas chemistry and underetched with HF.

5.4.1 Resonator characterization

As a preliminary measure, the linear response of the cavities was character-

ized via RS spectroscopy, as detailed in chapter 2. We selected, among the

others, a device with lattice step a = 420 nm, hole radius r/a = 0.3 and
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Figure 5.7: (a) Layout and simulated field profile Ey for a DA PhC cavity. The
green dots are symmetrically shifted on the along the y axis. (b) Squared field
distribution |Ey|2 along the y = z = 0 line and Gaussian envelope (red). (c) SEM
image of a fabricated DA cavity. Figures from [48].

far-field optimization ∆r = +9 nm. This combination resulted in a reso-

nance at telecom wavelength (λ0 = 1548.45 nm) and a good compromise

between quality factor Q = 3.8× 104, estimated from Fano fit of the experi-

mental data, and coupling efficiency ηc = 11%. The latter was estimated by

comparing the scattered signal from the far-field optimized device, collected

with a free-space detector, with a reference mirror and parallel polarizers,

and taking into account the correction factor linked to crossed-polarization

and to the emission towards the substrate. The experimentally measured RS

spectrum is shown in fig. 5.8.

The RS technique was also used to estimate the parameters related to TO

effect, namely α and Γabs. The TO coefficient was measured α = ξTO
1
n
dn
dT

=

6.6 K−1. This was determined by varying the device temperature via a cal-

ibrated thermo-electric cooler (TEC) controlled by a PID feedback loop,

measuring the corresponding resonance wavelength variation from the RS

spectrum, and thus extrapolating the datum by linear fit of the experimental

data.

The parameter Γabs, related to linear absorption for low intracavity in-

tensity, can be estimated by measuring the resonance shift as a function of

the coupled power. We performed this measurement by systematically in-
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Figure 5.8: Measured RS spectrum of the DA cavity exploited for TOIT exper-
iments. The design parameters are a = 420 nm, r/a = 0.3, ∆r = +9 nm. The
selected mode exhibits a resonance at telecom wavelength, Q = 3.8 × 104 and a
coupling efficiency ηc = 11%. Points represent experimental data, solid red line is
the Fano fit.

creasing the input power at the RS setup and recording the bistable response

from the cavity (fig. 5.9a). We performed a fit of the experimental data by

analytically solving the model for a bistable cavity eq. (1.42) and taking the

root with highest value. From this, we obtained the overall shift trend of the

mode resonance at different input power (fig. 5.9b), which is characterized

by a red-shift, pointing to the dominant role of TO shift over other dispersive

effects (Kerr, FCD) at low power.

With this procedure, we measured a normalized power-dependent TO

coefficient:

ξp =
1

λ0

dλ0

dPcoupled
= 2.6± 0.3 W−1 (5.16)

By solving the rate equations (5.5) at steady state regime, one can calculate

from this value the absorption rate Γabs, which is given by the expression:

Γabs =
2πc

λ0Q

K

α
ξp = 1.9× 1010 rad/s (5.17)
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Figure 5.9: RS spectra (left panel) of the cavity mode for increasing incident
power. The spectra are acquired by scanning the laser from shorter to longer
wavelength. The estimated peak coupled power is shown in the legend. Each
curve is fitted (black lines) with a bistable line model, obtained by analytically
solving eq. (1.42) as a function of Pout and taking the highest-value solution. The
peak resonance wavelength so estimated (right panel) is shown to follow a linear
shift trend as a function of peak coupled power, with a slight convexity due to
nonlinear absorption effects.

where for the calculation we assumed K ≈ 2πtκ = 8.3× 10−5 W/K, where t

is the device layer thickness and κ = 60 W/(m·K) is the thermal conductivity

of holey silicon [131, 132, 133]. It is perhaps instructive to compare this value

with the overall cavity linewidth: the quantity ηabs = Γabs/Γ ≈ 0.30 suggests

that an important decay channel for the intracavity optical energy consists

actually in the linear absorption processes associated to defects and localized

electronic states at the interfaces. This numerical result is consistent with

the one given by other authors [38] and corroborates the hypothesis that the

high Q factor of silicon PhC cavities suspended in air is ultimately limited

by absorption processes [42].

5.4.2 High resolution pump and probe spectroscopy

Experimental apparatus

The narrow-bandwidth nature of the phenomenon under investigation and

the weak output signal from PhC cavities make the spectroscopic character-
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ization of TOIT challenging with a traditional pump and probe technique,

requiring a spectral resolution of the order of 100 kHz on the optical sig-

nal. In order to address the problem, we developed a high-resolution pump

and probe technique based on a single-sideband type modulation of the con-

trol field, similar to the approach adopted for similar experiments involving

sharp spectral features [134, 129, 127]. The experimental scheme is shown in

fig. 5.10: the infrared radiation emitted from a tunable ECL source (Santec

TSL-710) is coupled to a fiber-based Mach-Zehnder interferometer (MZI).

On one arm of the interferometer, light is coupled to a series of two acousto-

optic modulators (AOM). The two fiber-coupled AOMs (AA opto-electronic

MT80-B10-IIR30) are designed [135] to be fed by a RF signal centered at

80 MHz, which excites an acoustic wave inside the device that is used to

modulate the impinging light beam. The travelling grating created by the

acoustic wave diffracts the beam and couples only the first order m = ±1

with high transmission efficiency within the design bandwidth (70÷90 MHz).

The interaction of the light beam with the acoustic wave can be visualized

as the inelastic scattering of the optical photon with the acoustic phonons

of the material. As a consequence of conservation of energy, the outcoming

photon is frequency shifted by the modulation frequency ±ωmod. Of the two

AOMs put in series, the first one exploits the order m = −1 of diffraction of

the grating, which results in a negative shift −ωmod,1 of the optical frequency

(red-shift), while the second one works at the m = +1, yielding a positive

shift +ωmod,2. As a result, light at the second arm of the MZI has frequency:

ωp = ωC − ωmod,1 + ωmod,2 = ωC + Ω

In practice, the driving frequency of the first AOM is kept fixed at ωmod,1/2π =

80 MHz, while the one of the second modulator is varied between the diffrac-

tion bandwidth of the device (70÷90 MHz), in order to allow a spectral scan

of the phenomenon within a bandwidth of approximately 20 MHz. In order

to separate the probe signal from the pump background, a second modulation

at low frequency (ΩLI/2π = 29 kHz) is superimposed to the signal driving
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Figure 5.10: Schematic of the experimental setup used for high-resolution pump
and probe RS. The light from an ECL source (Santec TSL-710) is separated in two
arms via a 50:50 fiber beam-splitter (FBS). In the first path the signal is simply
transmitted, while in the second arm, the optical frequency is shifted by Ω via
a cascade of two AOMs and the probe signal so generated is chopped at the LI
frequency ΩLI . The two fields are recombined via a second FBS and the amplitudes
are adjusted such that the pump power is approximately 10 times higher than the
probe. The final signal feeds the RS setup, and it is eventually detected and
analyzed by a LI amplifier, controlled by a computer data acquisition system. The
modulating frequencies are generated by a two-channel function generator.
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5. Thermo-optically induced transparency

the first AOM and the modulating signal m(t) = 1
2

[1 +mLI cos(ΩLIt)] is

sent as reference to a lock-in (LI) amplifier (Ametek Signal Recovery 7265).

Ultimately, the probe field so generated is recombined with the pump signal

at the first arm of the MZI, and the resulting field is used as feed for the RS

setup. This is given by the expression:

sin(t) = sine
−iωCt +m(t)δsine

−i(ωC+Ω)t (5.18)

where |δsin|2/|sin|2 ≈ 1/10. At the output of the RS setup, the light from the

cavity is collected by a single-mode optical fiber and photodetected (Thorlabs

PDB450C photodiode). The signal from the detector is sent at the input of

the LI amplifier for comparison with the reference.

The whole apparatus records both the amplitude of the output compo-

nent oscillating at frequency ΩLI and its phase. The input signal (5.18) has

the same form of the one introduced in section 5.3, except for the lock-in

modulation, which can be considered quasi-static as long as ΩLI � |Ω|.

The expression of the output signal is much more complicated owing to

the nonlinear response of the system, which introduces many frequency com-

ponents. However, the LI amplifier detects only the component oscillating

at ΩLI . Selecting only these terms from the expression of the photocurrent,

we derive the following expression for the measured photocurrent:

ILI(t) = σPD
ηΓ

4
RLI cos (ΩLIt+ φLI) (5.19)

where σPD = 1.0 A/W is the detector responsivity, while RLI = mLI(|A−p |2 +

|A+
p |2) and φLI are the terms proportional to the final amplitude and phase

redouts of the instrument. The latter quantity in particular is linked to the

group delay (5.15) via the relation:

τd =
φLI
ΩLI

(5.20)
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The whole experimental apparatus is automatized via a computer-based con-

trol over the instruments. In particular, the probe frequency Ω is scanned by

controlling the function generator driving AOM 2, while the LI readouts are

recorded point-by-point. Additionally, the computer-based interface varies

the output power and the wavelength of the driving laser, thus allowing

scans of the experimental parameters over different degrees of freedom.

Given the extremely highly precise control over the modulation frequency,

the spectral resolution of the system is ultimately limited by the linewidth

of the laser, which is specified < 100 kHz.

Results

Preliminary results were obtained using standard pump and probe technique,

consisting in two dedicated ECL sources for pump and probe, in combina-

tion with the RS apparatus. These measurements do not have the required

resolution for the characterization of the phenomenon, but they allow to ap-

preciate some qualitatively aspects. Fig. 5.11 shows three unresolved probe

transmission spectra obtained with this technique at different pumping con-

ditions, namely large and slight blue-detuning and red-detuning. Although

the spectral feature under investigation is not fully resolved, the qualitative

behavior above discussed can be already appreciated, with a positive or nega-

tive transparency window which sign depends on the detuning between pump

and hot cavity resonance.

The results from high-resolution (HR) pump and probe measurements

with the technique discussed above are presented in fig. 5.12. Here the pump-

probe detuning Ω (horizontal axis) is varied together with the pump-cavity

detuning ∆ (vertical axis). The crossover from absorption to gain regime

can be appreciated along the vertical direction, with a dip visibility (left

panel) approaching unity. In correspondence of the “hot cavity” resonance

frequency (∆ ≈ 0), the phenomenon is not observed. The maximum visibility

is observed for Ω ≈ 0, while for pump-probe detuning greater than few

MHz, the usual cavity RS signal is observed. An analogous behavior can

be appreciated for the group delay (right panel), acquired together with the
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Figure 5.11: Broadband spectra of the probe signal (normalized on the cavity
resonance) obtained in a standard pump and probe configuration. Upper and
central panels show the effect at blue-detuning of the pump with respect to the
hot resonance, which are associated to a spectral dip. The third panel shows
the same measurement performed at red-detuning regime, where a gain peak is
observed. The measurement is not fully resolved due to the limited accuracy of
the laser sources, but the qualitative behavior of the effect can be appreciated.
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5.4. Experiments

Figure 5.12: Intensity (left) and group delay (right) plots for measured probe
transmission as a function of both the probe-pump detuning Ω and the pump-
cavity detuning ∆. The measurements were acquired at constant and relatively
low nominal power. Horizontal slices are independent scans, and a total of 51
scans were acquired for the measurement. The vertical slice in the intensity plot
at large probe-pump detuning matches the usual resonance spectrum for the bare
resonator. Note the crossover from induced gain to absorption regime in the ver-
tical direction in correspondence of Ω ≈ 0.

probe signal amplitude. Here, the phase response is associated with a positive

(negative) value of τg when the pump is tuned on the blue (red) side of

the resonance spectrum. Although the hereby spectral measurements are

acquired at low input power, the group delay response is still much more

intense than the background phase response from the bare resonator.

Fig. 5.13 shows a scaling result for the phenomenon for varying coupled

power, at blue-detuning regime. The dip visibility increases for increasing

coupled power, until it approaches unity. It should be remarked that, owing

to the static TO shift of the cavity resonance, the detuning ∆ is also varied,

and the overall response normalized on the input power is consequently af-

fected. The left panel of the same figure shows the group delay, calculated

from the phase response of the instrument, which reaches a peak value of ∼ 4

µs for the maximum coupled power and vanishing pump-probe detuning.

In contrast with the theoretical results discussed so far, the experimental

data here presented highlight a limitation of the model. The experimen-

tal data are here fitted by the sum of two Lorentzian lineshapes, with good

accuracy, while a single Lorentzian fit, which would approximate well the
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Figure 5.13: Measured intensity (left) and group delay (right) plots for TOIT at
blue-detuning regime. The coupled power Pc is estimated by monitoring the RS
signal. The probe amplitude spectra are normalized on the tails of the spectral
dip. Solid black lines are best fit of the experimental data obtained with a two-
Lorentzians model (see main text). The group delay is similarly referenced on the
values corresponding to large pump-probe detuning.

expression for transmission that we derived in sect. 5.3 for Ω ∼ γth, fails

to predict correctly the experimental result. We believe this behavior is as-

sociated to the diffusive dynamics of the thermal process which originates

TOIT: in particular, the assumption of a single thermal decay rate γth gov-

erning the whole thermal decay seems to be not sufficient to well approximate

the physics of heat diffusion. The solution we adopted, already investigated

by other authors [47], is to include to the model two (or more) distinct ther-

mal decay rates γth,1 and γth,2, associated to different thermal volumes (see

section 5.4.3): qualitatively, we can imagine the heat being first generated

within the localized mode region, and then to diffuse more slowly towards

the rest of the PhC structure. In a simplified picture, the two decay pro-

cesses can be considered independent: for this reason, as aforementioned, we

fitted the experimental data with the sum of two Lorentzian lineshapes, both

centered at Ω = 0, assuming the width and intensity of each of them to be

associated with the respective thermal processes.

Fig. 5.14 shows the phenomenon behavior at red-detuning regime, with

increasing gain peak visibility and associated group advance for higher cou-

pled power. The measurement at this regime is complicated by the emergence

of TO static shift and TO bistability: the scaling of input power results

138



5.4. Experiments

-6 -4 -2 0 2 4
f
pump

 - f
probe

 (MHz)

1

1.2

1.4

1.6

1.8

N
or

m
al

iz
ed

 a
m

pl
itu

de

TOIT amplitude (normalized)

P
c
=0.56 W

P
c
=1.16 W

P
c
=1.84 W

-6 -4 -2 0 2 4 6
f
pump

 - f
probe

 (MHz)

-1.5

-1

-0.5

0

G
ro

up
 d

el
ay

 (
s)

TOIT group delay

P
c
=0.56 W

P
c
=1.16 W

P
c
=1.84 W

Figure 5.14: Measured intensity (left) and group delay (right) plots for TOIT at
red -detuning regime.

eventually in a crossover from red- to blue-detuning regime, as shown by the

contour plot in fig. 5.15. This feature is also observable in the asymmetric

response in the maximum group delay (advance) achieved as a function of

the pump-cavity detuning (fig. 5.16).

Following the two-Lorentzians model (two thermal decay rates), we pro-

vide the significant scaling trends for the quantities of interest. Fig. 5.17

shows the visibility of the dip (related to the data in fig. 5.13) as a func-

tion of the coupled power, following an approximately linear trend. Fig.

5.18 shows the FWHM obtained from best fit of the same data with two

Lorentzian lineshapes. Following a similar argument as [128], we can es-

timate the natural thermal decay rate from the intercept of the linear fit

with the vertical axis, obtaining two distinct rates γth,1/2π ≈ 0.2 MHz and

γth,2/2π ≈ 3 MHz. Treating the two decay rates as two separate phenomena,

it can be shown that the width of the transmission window increases propor-

tionally to the coupled power Pcoupled ∝ fi(Ω = 0)/Γ = G|a|2βi/γth,iΓ =: Ci.

Following this analogy, the quantity Ci represents the cooperativity of the

coupled thermo-optical system, and the FWHM of the two Lorentzians is

given by:

ΓTOIT ,i = γth,i(1 + Ci) (5.21)

The presence of two distinct decay rates makes non-trivial the estimate

139



5. Thermo-optically induced transparency

-4 -2 0 2 4
Probe-pump detuning (MHz)

5

10

15

N
om

in
al

 p
ow

er
 (

m
W

)

Probe signal (amplitude)

0.2

0.4

0.6

0.8

1

1.2

-4 -2 0 2 4
Probe-pump detuning (MHz)

5

10

15

N
om

in
al

 p
ow

er
 (

m
W

)

Probe signal (phase)

-1.5

-1

-0.5

0

0.5

1

1.5

2

G
ro

up
 d

el
ay

 (
s)

Figure 5.15: Probe intensity (left) and group delay (right) as a function of
pump-probe detuning Ω and of the nominal pump power. The intensity signal
is normalized on the value obtained for Ω ≈ 5 MHz. For low pump power, the
driving field is in slight red-detuning conditions, and a gain peak, associated with
group advance, is visible. As the power increases, the resonant mode experiences
static TO shift, which brings the pump at blue-detuning regime. The maximum
intensity of the phenomenon is identified for a pump power of approximately 7
mW, after which the large static TO effect reduces the overall efficiency of the
phenomenon.
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Figure 5.16: Peak group delay (advance) as a function of the pump/cold-cavity
detuning, referred to the measurement shown in fig. 5.12. The crossover from gain
to absorption regime is appreciable. The asymmteric shape of the curve is due to
the presence of the static TO red-shift, which makes the gain region less stable.
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Figure 5.17: Dip visibility as a function of the coupled pump power. The ex-
perimental data are referred to fig. 5.13. The calculated visibility is obtained
from two-Lorentzian fit (combined dip intensity) of the probe spectral response
and normalized on the background signal.
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Figure 5.18: Estimated dip width (FWHM) ΓTOIT ,1 and ΓTOIT ,2, calculated
from best fit of the experimental data shown in fig. 5.13 with a two-Lorentzians
model. The two panels correspond to the volues for the two Lorentzian lineshapes
involved.
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of the maximum group delay achievable. In the two-Lorentzian approach,

one can associate each Lorentz-type response to a group delay, such that the

overall value will be given by τg = τg,1 + τg,2. Because of time-bandwidth

limit, the maximum delay theoretically achievable is τg,i ≈ 2/ΓTOIT ,i, which

corresponds to the data presented here. This value is larger than the best ones

reported for OMIT [129], being the phenomenon bandwidth more narrow.

Moreover, the measurement here described are limited by the finite linewidth

of the laser source δωlaser, which makes the spectral region Ω < δωlaser not

accessible5 to measurement. Nevertheless, the phenomenon may exhibit an

even slower thermal response, characterized one or more additional ther-

mal decay rates, for extremely small detuning, making the maximum delay

achievable even higher. Similarly, different geometries characterized by larger

mode volumes (e.g. ring resonators) and thus exhibiting slower thermal de-

cay, could be used to achieve higher values of group delay. Notably, this

property is inherently subject to the limitation set by the time-bandwidth

relation, but given the arbitrary tunability of the control field in frequency,

they can be in principle extended over a wide set of frequencies by exploiting

multiple resonators in cascade.

5.4.3 Dynamical response

In order to validate our model and to better estimate the characteristic ther-

mal rates, we performed a systematic study of the dynamical TO response

of the cavity. The dynamical measurements were obtained by exciting the

sample in the RS configuration with a step-like driving field tuned on the red

side of the cold resonance.

The experimental apparatus is shown in fig. 5.19. The light from the ECL

source is modulated by an intensity electro-optical modulator (EOM), biased

at the Vπ voltage. This is driven by a function generator which outputs a

square wave with rise time < 1 ns and sufficiently low frequency (∼ 50 kHz).

The signal at the output of the RS setup is detected with a fast InGaAs

5In these conditions, the coherent interference between pump and probe at the MZI
results in experimental artifacts.

142



5.4. Experiments

fast
PD

P

A

BS

MO
Sample

TEC stabilized

RS setup

CW tunable laser
(1500-1630 nm)

Oscilloscope

EOM

Square wave
f = 50 kHz

Figure 5.19: Schematic of the experimental setup used to probe the time-domain
response of TO effect. The light emitted from a tunable source is modulated
by a square-wave signal with fast rise time. This is also used as trigger for an
oscilloscope where the RS signal is visualized. The electrical bandwidth of the
system is approximately ∼ 600 MHz.

photodiode and recorded by a wide-band oscilloscope.

Fig. 5.20 shows the recorded data for four different values of laser power

and varying initial cavity-laser detuning. The dynamics occurs on a timescale

of the the order of few microseconds, consistently with the previous consider-

ations, and it is faster for lower detuning and higher input power. The peak

value of the plotted diagrams corresponds to the crossover from red- to blue-

detuning regime, and it is associated to the maximum power coupled to the

cavity. The asymptotic settling value is associated to the equilibrium solu-

tion |a|2 to eq. (5.5), and it is larger for higher values of detuning. Similarly,

the different values of transmitted signal at the switch-on time correspond to

different initial detunings from the cold-cavity resonance.

A similar result is shown in fig. 5.21, where instead of the detuning, we

varied the nominal input power, and the normalized RS signal is plotted.

The black dotted line represent the numerically calculated response of the

system according to the model of eqs. (5.5), where we chose the heat capac-

ity Cp,1 = ρcpVth,1 = 2.4 × 10−12 J/K , corresponding to a thermal volume

Vth,1 = 1.5 µm3, which is approximately the physical volume of bulk silicon
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Figure 5.20: Time-resolved measurement of thermo-optic response under intense
driving field. Each panel corresponds to a different nominal laser power (Pnom).
The legend inset shows the initial laser-cavity (red) detuning, which is associated
to a slower or faster TO response. The coupled power on the vertical axis is
estimated from the peak signal from each set of experimental traces. The driving
field is switched on at t = 0.
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Figure 5.21: Time-resolved TO response of the resonator for different nominal
pump power and fixed initial laser-cavity detuning (∆ ≈ −Γ/2). The response is
normalized on the peak signal for each trace and the driving field is switched on
at t = 0. Points represent experimental data. Solid black lines are the theoretical
prediction according to a 3 thermal rates model. Dotted and dashed lines represent
the theoretical prediction for a model with 1 and 2 thermal rates respectively.
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material in the region where the mode is localized in the DA cavity [48]. As

a thermal conductivity, we chose K1 = 1.25× 10−5 W/K, which is consistent

with literature results [79] for similar PhC cavities. The detuning ∆ is calcu-

lated from the initial transmission at the beginning of time-evolution and the

pumping field intensity sin is adjusted in accordance with the experimental

conditions. The numerical integration matches the experimental result within

the first 300 ns of time evolution, and it is consistent with the thermal decay

rate retrieved from experimental results, being γth,1/2π = K1/(2πCp,1) ≈ 1

MHz, but it eventually fails to describe the dynamics of the system on a

longer timescale.

As aforementioned, in order to correctly describe the evolution of the

system while keeping a discrete approximation of the heat diffusion equation,

we expanded our model by introducing more than one thermal volume. In

this framework, eqs. (5.5) become:

da(t)

dt
=

(
i∆− Γ(U)

2

)
a(t)− iω0α∆T (t)a(t) +

√
ηΓ(U)sin(t) (5.22a)

Cp,1
d(∆T1)

dt
= Γabs(U)|a(t)|2 −K1∆T1(t) (5.22b)

Cp,2
d(∆T2)

dt
= K1∆T1(t)−K2∆T2(t) (5.22c)

. . .

Cp,n
d(∆Tn)

dt
= Kn−1∆Tn−1(t)−Kn∆Tn(t) (5.22d)

where ∆T =
∑n

i=1 ∆Ti. The former two equations describe the absorp-

tion of optical energy within the confined mode region, while the remaining

n − 1 equations model the diffusion towards the rest of the physical system

[47]. Although the model can be in principle refined arbitrarily, we notice

that truncation at n = 2 already provides an accurate description of the

temporal dynamics, as shown in fig. 5.21 (dashed line), where we choose

K2 ≈ K1 and Vth,2 = 6Vth,1. This approximation yields a thermal decay

rate γth,2/2π = K2/(2πCp,2) ≈ 100 kHz, which is again in agreement with
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the spectral measurements. In order to correct for the asymptotic decay of

the measurement, we included in the final model (solid black lines), a third

thermal rate (truncation n = 3) γth,3 ≈ 15γth,2. This is not associated to any

appreciable spectral feature at this resolution, but the phenomenology of the

effect suggests the possibility to exploit it as an additional source of group

delay.

Remarkably, the model we formalized correctly predicts the temporal dy-

namics for any value of input power and detuning, upon appropriate choice

of the physical parameters involved. Further investigation, involving a more

quantitative matching between theory and experiments in multiple config-

urations are currently undergoing. Accordingly to the preliminary results

presented here, we believe that a more accurate model for the spectral inves-

tigation of the phenomenon could be generalized from eqs. (5.22).

5.5 Conclusions

In this chapter, we described an effect of induced transparency observed in

PhC resonators as a consequence of a Kerr-type thermo-optical interaction.

The phenomenon bears similarities with induced transparency phenomenol-

ogy in different physical systems (atomic, opto-mechanical and vibrational),

but it is associated with a non-resonant first-order thermal response. Due

to the intrinsically slow nature of thermal phenomena compared to the op-

tical timescale, the effect is extremely narrow-band, with a bandwidth of

the order of γth/2π ∼ 1 MHz, and it is observed by probing the spectral

region where the cavity is resonantly driven by a strong control field. In

order to physically model the effect, we developed a theoretical framework

based on coupled equations of motion involving temperature and cavity field

as dynamical variables. We showed experimentally that the model predicts

qualitatively the spectroscopic and time-resolved measurements, while a more

quantitative agreement can be found by refining the formulation in order to

accurately describe the spatial and temporal thermal dynamics. Besides the

novelty of the results presented here, we point out that the appropriate study

of the effect may lead to technological applications which benefit from the
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high group delay achievable with this technique. While in this discussion

we presented a maximum value of τd = 4 µs, we believe this could be sig-

nificantly extended, also by implementing the technique to other types of

thermo-optically coupled resonators, and possibly in a cascaded fashion.
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Conclusions

In this thesis, we studied several aspects of the nonlinear optical response of

planar photonic crystal cavities. Although the scientific literature provides a

solid theoretical background and an established technological knowledge con-

cerning the experimental fabrication and characterization of this specific kind

of optical microresonators, their employment in practical devices is still very

limited, despite several unique advantages due to the extreme field enhance-

ment effect achievable in this type of devices. Aim of this work was to explore

several properties of photonic crystal microresonators which specifically ben-

efit from the high Q/V figure of merit, in the perspective of applications to

photonic devices.

In chapter 3, we presented an integrated cavity design aimed to support a

“comb-like” resonance spectrum, similar to the one of the archetypal Fabry-

Pérot optical cavity, which does rely on a PhC-type confinement principle

instead of whispering gallery modes. We achieved this result by exploiting

the effective potential created by superposition of two mismatched dielectric

lattices, which produces a comb of high-Q resonances equally spaced in en-

ergy and characterized by Hermite-Gauss mode envelope. We showed from

theoretical arguments how the device layout allows to tune the modes’ rel-

ative dispersion in order to achieve a set of three resonances equally spaced

within the linewidth, thus able to support triply resonant nonlinear processes

such as stimulated and spontaneous four-wave mixing. We implemented and

refined state-of-art nanofabrication techniques for PhC cavities such as elec-
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tron beam lithography and reactive ion etching to fabricate samples with

extremely high Q factor (Q > 106) and unprecedented values of finesse

(F = 8 × 103), in order to demonstrate experimentally the feasibility of

the designed devices. From the experimental point of view, we developed a

tuning technique to compensate a posteriori for the unavoidable error intro-

duced by fabrication in terms of spectral detuning, and we showed how this

can be used to achieve the required condition for triply resonant frequency

conversion. Although the experimental study of the four-wave mixing im-

plementation was still under development, we provided a numerical estimate

of the expected generation efficiency, with promising results in comparison

to other types of state-of-art microresonators. Specifically, the PBG-type

confinement mechanism for in-plane localization allows to surpass the per-

formance, both in terms of finesse and nonlinear coupling, of any silicon

microresonator. From an application standpoint, the devices still need fur-

ther development for efficient implementation to photonic integrated circuits.

The most critical points, in terms of design are 1) the integration to a buried

(encapsulated) geometry and 2) the on-chip coupling with waveguides. The

latter point, in particular, would allow to fully exploit the potential of non-

linear coupling between all the three modes while keeping high the coupling

efficiency.

In chapter 4, we investigated on the optical properties of a specific type

of silicon rich silicon nitride for the applications to photonics in PhC based

resonators. We showed how the material, based on an amorphous PECVD

deposition, exhibits high optical quality at telecom wavelength in a CMOS-

compatible platform, such that it enables the fabrication of PhC cavities with

quality factor as high as Q = 120, 000 in a suspended membrane with low

refractive index contrast. Moreover, we performed a systematic study of the

nonlinear properties of SRSN by second- and third-harmonic generation ex-

periments, quantifying generation efficiencies of ρSH = 4.7 × 10−7 W−1 and

ρTH = 5.9×10−5 W−2 respectively for the two processes and, remarkably, we

observed absence of two-photon absorption quenching for coupled power up

to few milliwatts. Despite the generation efficiencies are lower compared to

other materials used in photonics, such as silicon, the absence of TPA consti-
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tutes an intrinsic advantage compared to these platforms, paving the way to

high-power technological applications. The material is particularly suited for

the implementation to photonic devices, thanks to the low temperatures re-

quired for its growth, which make the fabrication process CMOS-compatible.

In this perspective, a key point for further investigation would be to reduce

the residual linear absorption at telecom wavelength, which remains the main

limitation to the fabrication of ultrahigh-Q microresonators and to nonlinear

operation in general.

In the last chapter of the work, we presented a novel phenomenon ob-

served experimentally in PhC cavities, consisting in a narrow-bandwidth in-

duced transparency effect. We developed a theoretical model which explains

our observations as a consequence of thermo-optic effect, resulting in an effec-

tive Kerr-type interaction, namely a power dependent shift of the resonance

wavelength. The model predicts qualitatively and partially quantitatively

our experimental observations, which are based on a systematic study of

the optical response of a PhC microresonator in a pump and probe scheme

performed with sub-MHz resolution at optical wavelength. Our results are

corroborated by a comprehensive analysis of the thermo-optical properties of

the PhC cavity, consisting in linear and nonlinear characterization of the res-

onance spectrum at the thermal equilibrium and in the temporally resolved

measurement of the dynamical response of the resonator. Our results pro-

vide the first description of a temperature-mediated induced transparency

phenomenon in integrated resonators, which bears similarities with analo-

gous induced transparency phenomena associated with slow-light, while it

shows unique and completely novel phenomenology and features, such as a

group delay as high as several microseconds, a typical linewidth of the order

of 100 kHz and the absence of a physical resonance supporting the effect. An

associated peak group delay the order of 1 µs was observed without incurring

in nonlinear (bistable) regime, a value comparable to the best results from

other slow-light systems [129, 127]. In the perspective of integration, the phe-

nomenon would enable to achieve extremely high group delay performances

in a fully technology-compatible fashion, especially in view of cascaded res-

onator arrangements. Further studies in different cavity geometries (e.g.
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whispering gallery mode resonators) are currently under development.

All the topics discussed here bring about further development perspec-

tives, several of which are currently object of investigation by this and other

research groups.
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[77] K. Hennessy, C. Högerle, E. Hu, A. Badolato, and A. Imamoğlu, “Tun-
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