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Introduction

In the last years great attention has been addressed to the studf/lmht con-

trol with the purpose to realize all-optical signal processingA lot of research
works have been focused on nonlinear e ects in semiconductoaterials and
on their exploitation to manipulate optical signals. One of tie main key to
realize high performances optical devices by using nonlimggs, is essentially
that to obtain the best compromise between speed of processes aequired
power consumption. Ultra-fast nonlinear dynamics with low empyment of

power can be reached in nano-photonic structures by enginggy material

and geometrical features. From this point of view, one of the ost attractive

framework to achieve strong light-matter interactions and @nsecutively en-
hance optical nonlinearities are, of course, small volume resmt cavities. In

such systems a careful design can lead to maximize the e ciency aamini-

mize the required power to trigger a given nonlinear process.

Within the general overview of optical signal-processing, atiptical switching

is one of the most important target for photonics. Switching foctionalities

can been achieved by exploiting the nonlinear modulation ahe refractive

index induced by electromagnetic optical intensity. To thispurpose, ultra-
small and high-quality factor (high-Q) cavities must be realied as switching
elements. In fact, by con ning the light in a small volume and foa long time,

the eld intensity inside the cavity is enhanced by a factor of @/, where

V is the modal volume. At the same time, the frequency shift reqred for

switching is decreased by a factor of Q, and a high switching coast becomes
possible with very small frequency shift. As a result, high-Q, smallolume

cavities exhibit switching power that generally decreases &%=Q. Switching

resonators based on semiconductor materials such as GaAs [1] dic& [2],

[3] have been demonstrated to require very low power consumpti How-



ever, the tread-o between small volume V and high quality faior Q with
conventional optical cavities did not lead to ful Il the envisaged achievements
and nowadays the research of new solutions is still a fascinatiogallenge.
Among the di erent investigated optical nano-structures, phobnic crystals
(PhC) are, perhaps, one of the most interesting environment thallows for
the design of highly-e cient optical switching devices. High-Q small vol-
ume cavities created by defects and coupled to line-defecaveguides allow
for implementing photonic functionalities with great exibility [5]- [10]. Fur-
thermore, air-hole semiconductor membranes are very pronmgi structures
where optical switching can be achieved by tuning the cavityhtough the
nonlinear response of the material. In this respect, I1l-V senanductors and
in particular GaAs have been demonstrated to be viable candites due to
their fast carrier dynamics, weak nonlinear losses, and low powerquire-
ments [7]-[11].

The aim of this thesis is to deeply analyze the more importantanlinear ef-
fects exhibited by semiconductor materials in order to undstand how to ex-
ploit their functionalities for the design of all-optical devices. Insight into the
nonlinear semiconductor dynamics is obtained by both analgal approach
and numerical modeling. To this end, Coupled Mode Theory (CW) models
[24] able to investigate the linear response of di erent topotpes composed by
optical resonators and waveguides are developed, and noan CMT mod-
els that account for the whole relevant semiconductor nonlkgarities such as
the Kerr e ect and two photon absorption (TPA) are used. Furthemore,
a two dimensional nite di erence time domain (FDTD) code is sé up in
order to numerically model the nonlinear behavior in semicaluctor devices.
In particular, a 2D-FDTD code that incorporates all of the nanlinear e ects
such as, precisely, Kerr and two photon absorption nonlinearés, as well as
free carriers dispersion (FCD) and free carriers absorption F3) induced
by TPA, is realized. Finally, in order to give an accurate desgution of the
carriers dynamics that takes place in semiconductors, a rate@ation that
includes both bulk recombinations and di usion e ects is diseetized in the
FDTD code.

Then, after discussing the tools of analysis, this thesis is primbrconcerned
with the design of optical devices, in particular, in the frameork of the pho-



tonic crystal technology. Indeed, as explained, they are otlee most promis-
ing environment to enhance nonlinear processes. Dierent Ph@pologies
in various nonlinear optical regimes are analyzed and discuddgy means of
nonlinear CMT and FDTD models with the purpose of building up aset of
tools aimed at designing these types of devices. Once such set ofd@re ne
tuned, they are employed to investigate new PhC switching cogurations.
In particular, at the end of this thesis, some optimized All-Optial-Gate
topologies are designed. These designs are the basis for one ef rtfain
target pursued in the framework of the EU.Copernicus (Compact OTDM
/ WDM Optical Receivers based on Photonic Crystal Integrated @cuits )
project. The aim is to supply a starting point for future develpments of
ultra-fast high-performances all-optical signal processingedices.

The thesis is organized as follows:

- In the rst chapter a preliminary description of the most rele\ant nonlinear
e ects in standard semiconductor materials is outlined. The @thematical
models of the nonlinear response including Kerr e ect and twohmton ab-
sorption are developed, and this formalism is then extended the case of
polarized light in a two dimensional domain.

- In the second chapter photonic crystals are described with garular care
for two-dimensional periodic structures such as photonic crystmembranes
that, due to their feasibility in recent fabrication processesare becoming
promising environments for phtonics.

- In the third chapter the Kerr e ect is deeply analyzed. Bistdle response
induced by Kerr nonlinearity in optical resonators is invesgated by means
of CMT models and nonlinear 2D-FDTD codes. In the last sectiond ¢his
chapter some possible con gurations of PhC devices that can beatized by
exploiting nonlinear Kerr bistability are presented. In partcular, a simple
all-optical serial-to-parallel converter is designed.

- In the fourth chapter the two photon absorption in semiconduor mate-
rials is investigated. Free carriers dispersion is analyzed lbyeans of CMT
equations, and bistable dynamics induced by FCD is demonstratén optical
resonators. Moreover, it is shown that the FCD associated with TPAan
lead to the onset of spontaneous oscillations (self-pulsing) whée nonlin-
ear losses are not too high. The 2D-FDTD code is completed witltl af the



nonlinear governing equations. The correctness of the FDTD de is veri-
ed by comparison with experimental results. Finally, some opthized PhC
switching designs are presented and discussed.



Chapter 1

Nonlinear e ects In
semiconductor materials

1.1 Introduction

The purpose of this chapter is to acquire the basic knowledge dgréssed
to the set up of an useful tool for the design of high-performanseptical
devices. To this end, the most relevant nonlinear e ects in seconductor
materials are studied. In particular, e ects such as Kerr andwo photon
absorption are both physically analyzed and mathematicallyebscribed. The
analysis of nonlinearities in semiconductor materials is tneextended to the
case of polarized light with the aim of modeling the nonlinedrght behavior
in periodic structures by means of numerical methods.

1.2 Physic of Kerr and two photon absorp-
tion e ects

Nonlinear optics is a wide eld of study that involves a large nmber of phe-
nomena. A rst distinction concerning the atomic quantum-mehbanical state
can be made between parametric and nonparametric processey.[1

Parametric processes are those in which the initial and nal engy states
of the system are the same. In a parametric process the populatiohthe



Figure 1.1: Two photon absorption scheme.

electrons can be removed from the ground state only for briefitervals of
time and resides in a virtual level for a time interval of the oder of ~=E,,

where E , is the energy di erence between the two energy levels. Morey
in parametric processes the photon energy is always conservedtsat they

admit a purely real susceptibility.

In the nonparametric processes, on the contrary, the populatis can be
transferred from a real state to an another real state. The photoenergy is
not conserved because can be transferred to or from the materrakdium
then, unlike the parametric processes, nonparametric processesgst be de-
scribed by a complex susceptibility.

Kerr e ect is a third-order process which results in a change tfie refractive
index that linearly depend on the optical intensity. The Kerre ect is a para-
metric process and then does not require real electronic trsitions. Also, it

is considered as a instantaneous e ect, because its speed is @& trder of
electronics vibrations.

In two photon absorption (TPA) processes, two photons are simultaously
absorbed by exciting an electron to transit from its ground sta (valence
band) to an excited state (conduction band). This can only hagpen if the
total energy of the two photons exceeds the energy di erendeetween the
valence and conduction band, i.e. if 2 > E 4, where Eq is the energy
gap (see Fig. 1.1). The result of two photon absorption is the aon of



free carriers which in turn change the electrical and opti¢groperties of the
medium giving rise to additional nonlinear e ects. In fact, a fee carrier
can absorb a photon and move to a higher energy state inside thenoia
This is the free carriers absorption (FCA) phenomenon, also kmm as the
plasma e ect induced by TPA. Free carriers absorption is then mponsible
for both losses and change of the refractive index (also known fase carrier
dispersion (FCD)) in the medium. The modulation of the refraave index
induced by free carrier generations exhibits a characteristspeed limited by
the relaxation time of the carriers.

1.3 Mathematical formalism for Kerr and two
photon absorption

Formally the Kerr e ect can be considered as a perturbation ahe refractive
index that occurs in presence of an electromagnetic eld. Thiperturbation
linearly depends on the light intensity, i.e.:

N=nNng+ Nyl (11)

where ng is the linear refractive index of the material,n, is the Kerr co-
e cient, and | is the optical intensity. Since the optical intensity can be
expressed in terms of the electric eld as follows

0CoNoj Ej? (1.2)

NI =

the Eq. (1.1) can be written as
n = ng+ NnyjEj? (1.3)

with o = 8:854 10 ?F=m the free space permittivity andc, = 2:997
10°m=sthe speed of light in the vacuum. The Eqg. (1.2) leads to the faiing
relationships between the nonlinear coe cients

0o (1.4)




Equivalently, the absorption e ect linearly depends on the ntensity under
the following relationship
= ot 2l (1.5)

that, by Eq. (1.2), can be written as
= ot SEJ? (1.6)

where o is the linear lossy coe cient and , the two photon absorption
coe cient.

The origin of such e ects can be related to a linear perturbatin of the
material polarization due to the presence of light intensityln particular, the
polarization can be expanded in a power series as

P(t)= PO+ PA(t)+ PO (1) (1.7)

where P(M / E ". This proportionality relationship can be expressed by
means of then th order susceptibility:

P(t)= o DEM)+ @E(t)+ OE1):: (1.8)

In the case of scalar susceptibility, taking into account a monbicomatic wave
on the form

1 o, 1 .
E(t)=E(!)e" + SE (1)e"

&z | (1.9)
P(t)=3P(! et + 5P ( )et

and considering only the rst and third order terms of the Eq. (18), one
obtains the following expression for the polarization

PO)= o O+ oo O 51 )EMF EC)  (L10)

where O(1:1)and @ ;1; 1;1) are responsible for the one photon
and three photon processes respectively. By this expression itpisssible to

calculate the complex refractive indexn, = n  iK, with n the refractive

index and K the extinction coe cient de ned by [19]

P(1)= o n3(') 1E() (1.11)



For semiconductor materials in whicm K, the approximation (n iK )?
n(n 12K) holds. The refractive index is then given by
r
n 1+Re O(1;1)+ 2Re @ ;L L1I)E(®))?

q T
1+Re O(;1)+ —p Re O¢;L L) (1.12)
8 1+Re W :1E(!)j2

= no+ nyE(! )jz

with
q
Nnp= 1+Re M(;!)
3Re O(1:1; 1)
- 8ng

(1.13)

n;

that holds for small nonlinear e ects g noE(!)j?). Equivalently, the
extinction coe cient can be expressed as

Im @1y 3m @ 1), >
K E(!
2Ng 8ng : ( )J (114)
= Ko+ KyE(!)j?
where
@ -
Ko = Im ; ;")
Mo (1.15)
K. = 3m @ L)
2- 8n0

Finally, the single and two photon absorption coe cients are @& ned by
means of the extinction coe cient Ky, and K, as

= 21K o=c (1.16)

=2IK ,=c (1.17)

where is in unit of m=W.
This analysis explains the physics of third-order polarizatin, and how Kerr
and two photon absorption are related to the third-order suscejbility.



1.4 The plasma e ect

As previously explained, a secondary e ect of TPA is the plasma ect in-
duced by carriers generation. The excess of charges modi d® toptical
properties of the material causing absorption as well as chan the refrac-
tive index. These a ects can be suitably described by means ofetiollowing
Drude model [20], [21]

12 12
°= i (1.18)

with ! the frequency of the incident light, the linear dielectric constant, ,
the carrier relaxation time, and! , the plasma frequency de ned as
s

eN
om

p= (1.19)
where e is the elementary chargeN the carrier density, o the dielectric
constant of the vacuum, andm the e ective mass of the charges. The
imaginary part of the Eg. (1.18) accounts for the losses with aabsorption

coe cient given by
|1 2

P (1.20)

f:
!2r

The real part of the Eq.(1.18) models the change index induddy free carrier
dispersion. In fact, from Eg. (1.18) the index modulation can & obtained
as follows r

e B o, E
12 % 2nyl2
The Eq. (1.21) highlights that owing to the amount of generatd charges,
the refractive index decreases linearly with respect to the éers density.
The time scale of the e ects inherent to the free carriers geraion is related
to the recombinations and di usion processes that, in turn, degnd on the
material engineering and geometrical features of the strugte.

= no + nplasma (1.21)

10



1.5 Thermal e ects

The absorption of incident power from matter is always relat to a gener-
ation of thermal energy. The carriers generated by two photoabsorption,
when recombine, transfer energy to the material in the form dfeat. Because
of the increasing of the temperature, the optical propertiesf the material
can be changed, manifesting as a modulation of the refractiredex that can
increase or decrease according to the material type. Therelgermal e ects
are responsible for strong nonlinearities that are often parasi or unwanted.
The time scale of the thermal nonlinearity is very long, of therder of 100s ,
i.e. much larger than the characteristic temporal scale of thgulses involved
in optical signal processes.

The phenomenological dependence of the index from the temateire can be
expressed as

n=nNg+ % 1 (122)

where @ n=@i% the modulation of the index with respect to the temperature
T,and T, = T Ty is the change of the temperature induced by a heat
source. The di erential equation that governs the temperatte evolution in
the time for a given sourcel (r) (measured in unit of W=nv) is the heat
transport equation:

oc% kr 2Ty = 1 (r) (1.23)

where (C is the heat capacity per unit of volume and is measured in units
of J=mK, , the material density, andC the heat capacity per unit mass.
k is the thermal conductivity measured in units o W=mK, and the linear
absorption coe cient. By means of the Eqg. (1.23) the change ithe refractive
index can be evaluated in any point of the material. Importatty, due to the
fact that thermal e ects lead to a degradation of the perfornances, they must
be avoided by lowering the power level of the used optical sigaa

11



1.6 Analytical investigation of Kerr and TPA
e ects for TE polarized light

The majority of the devices that are analyzed and designed wain this study
exploit the strong potential of nonlinear e ects in semicondator materials.
To enhance these e ects, nanophotonic periodic structures ataken into
account. These structures, in fact, for strong light con nementcan exhibit
ultrafast all-optical signal processing with relatively low paer consumption.
To model the nonlinear dynamics that occurs in structures imrested by TE
polarized light such as, for example, photonic crystals in a mdarane of high
index material, it is useful to extend the previous formalismd the case in
which the electric eld has two components in the plane of therystal. To
this end, the starting point is the wave equation

e 1@E_ @PY
r°-e - = 0
¢ @1 @1
with ¢ = ¢=n(r), ¢ the speed of light in the vacuum, andn the linear
refractive index (note that semiconductors as Silicon or GaAare linearly
isotropic). In the (x;z) plane of the crystal the Eq. (1.24) is separated in
the two following equations

(1.24)

1 P

r 2E @%ix = 0@@% (1.25)
1 P

r 2E, @@;Z = 0@@% (1.26)

In section 1.3, the nonlinear third-order e ects have been deribed by an
isotropic susceptibility . However, semiconductor materials such as Sil-
icon or GaAs, have cubic symmetry and then their nonlinear suscelpility

is a tensor with three independent components [22]. There&rfor a cubic
crystal the nonlinear third-order polarizations are given ¥

PO (t) = OEL2Ex+ YEZE, +2 PJE,’E, e ™ + cc

o

(1.27)

PO(t) = OiE,i?E, + PEZE,+2 DIEGE, e ™ + cc

ol wol w
o

12



- XXXX  — ZZZZ, 2 = XZXZ — ZXZX y - XXzz — ZZXX

with @= Q= @, ©= @.= @oand O= &, = Yy the

susceptibility values along the crystalline axes of the semiocductor. In Eq.

(1.27) the terms multiplied for (23) can be written in the following form:

E E = ]EzlzeI2 z E = jEzszxe 12
X
(1.28)
E2E, = jExj%€? XE— , = JExJ’E,€?
z

with  (t) = 4(t) .(t) the phase di erence. The Egs. (1.28) yield

g B 9E 2+ QjEj%e 2 12 OE e ™ + cc

3 (1.29)
= S oE: PIES+ PR +2 PIE e ™ +co

PI(1) =

By introducing the Egs. (1.29) in the wave equations (1.25-26) and using
the paraxial approximation:

_@EX 21 %

@ - @t
(1.30)

@az 21 %

@1 @t

one obtains

OF g, LEj2+ sEj% 2 + SEf

@t (1.31)

@E o o o
ai- E: HEZj*+ 2Exj?d? + 5E,j?
where the coe cients ;, , and 3 have been de ned as follows
= = — = — 1.32
17 8ng, ! 8ncy 2 4ncy ° (1.32)

1.6.1 Analysis of the nonlinear system with Kerr e ect

In the case of materials in which the Kerr e ect is dominant, tke third-order
susceptibility takes real values. From Egs. (1.31) and the cosponding
conjugate equations one has

i2
T =2 JEfERsie )
(1.33)

i2
T - 2 JEfES i@ )

13



from which it follows that 1. = jE,j2 + jE,j? is a conserved quantity, i.e.
@i=@t 0. With the ansatz

E,=s’ 3¢+ Ez=sl5e- (1.34)
by the changes x = , ;, = ¢ and = ;, from the rst of the
Egs. (1.33) one obtains the equation of motion for:

=2 52 (le )sin(2) (1.35)

with _= @ =@ftFurthermore, by replacing the relationships (1.34) into Es.
(1.33) and equaling real and imaginary part one has
%= 1x*t 2 z€082)+ 3,

(1.36)
== 121t 2 xCOS(2)+ 3 X

from which it follows the equation of motion for the phase:
—=le( 3 1)*+*2 (1 3)+ 2le 2)cos(2) (1.37)

The Hamiltonian H, of the system (i.e. the conserved quantity so that
@H=@¢t 0) results to be

Hr:71(22 21+ 1)+ 5, (le )cos)+ 3 (le ) (1.38)

and the motion of the variables and can be obtained as

S L L (1.39)

B @ @

In Figs. (1.2) and (1.3) the phase plane for di erent ratio 1= j;j =2;3 is
shown. When the values of , and 3 are some order of magnitude smaller
than 4, the dynamical system has points of equilibrium at multiplesfo = 2.
The points at odd multiples of =2 are centers, where the equilibrium is
stable. Conversely, the points at even multiples of 2 are saddle ones (see
Fig. 1.2), and then they give rise to an instability of polarizéion. For ,
and 3 of the same order of magnitude than ; there are still the points of
equilibrium at multiples of =2 but they are all points of stability (see Fig.
1.3).

14



Figure 1.2: Phase plane corresponding to level curves of Eq..39) when

»=0:1 ;and 3=0:01 ;. The system shows equilibrium points at integer
multiples of =2 with = 1,=2. The points at odd multiples of =2 are
centers, whereas those at even multiples are saddle points.

1.5

flp

0.5

o

Figure 1.3: Phase plane corresponding to level curves of Eq..39) when
»= iand 3= ;. The system still has equilibrium points at multiples
of =2 but they are all points of stable equilibrium.

In the framework of this thesis it is assumed to work within the plarization

stability regime described in Fig. 1.3, that means to consider aterials where
the susceptibility values ;, , and 3, are almost of the same order. In fact,
it is reasonable to assume that in photonic crystal cavities reaéd in semi-

15



conductors, the condition of polarization stability is satis el and then that
the electromagnetic eld is locally linearly polarized (ths assumption has
been veri ed by means of numerical simulations of the electrield polariza-
tion inside some kinds of cavities). In this case, the third-ordeolarization
induced by Kerr e ect takes a trivial form, so that the Egs. (1.D) are sig-
ni cantly simpli ed neglecting the phase mismatch between theslectric eld
components and can be treated as equations with isotropic sugtbility.

1.6.2 Study in presence of dissipative third-order non-
linearities

When the dissipative e ects inherent to third-order polarizéion are taken
into account, the values of the susceptibility are complex wht an imagi-
nary part that represents the losses induced by two photon absdipn, i.e.

i = jr*1 ;] =1,23. As explained in the previous section, when lo-
cally linearly polarized light is treated, the third-order susceptibility takes a
drastically simpli ed form and the Egs. (1.29) become

pe = 0 S) + |(3) jEXj2+ jEzj2 E.e L
(1.40)

ol wol w
o

R+i P JEGP+JE? Ese M+ e

Replacing these expressions in the Eqgs. (1.25) and (1.26) gives
D+ P 1eEy

@k _ i3!
@t 8 | (1.41)
@QE_3 o,;0 ¢
@t 8 R booTeE
with 1o = jE4j? + JE,j%. From the corresponding conjugate equations, it is
easy to obtain a rate equation that describes the losses as a fuontof the
time:

@_ 3P,
Q- aw | 2 (1.42)
By properly dening | = ocn=2l with | the optical intensity, the Eq.
(1.42) yields
@_ 39 ,
ac 20c0n3| = ol (1.43)

16



where  describes the strength of the nonlinear process and can be relht
to the known two photon absorption coe cient (accounting for the losses
per unit length) by = co=n. Free carriers absorption induced by TPA, in
turn, can be described by the following rate equation

eN__1 @' N (1.44)

@t 2, @t
where | is the recovery time of the charges (typically of the order ofew
picoseconds), and- = 6:626 10 34Js is the Planck constant. Therefore, by
using the Eqg. (1.43) one obtains

@N_ ¢ , N

— = I — 1.45

@t 2~cp! ( )
From this analytical study for TE polarized light in nonlinear regime, it be-
comes quite feasible to obtain the governing equations thaae be discretized
by means of time domain numerical methods.

1.7 Summary

In this rst chapter the main nonlinear e ects in standard semi@nductors
have been introduced. The purpose of such a study has been to netiat-
ically describe Kerr and TPA nonlinearities in a general way rad then to
extend the study to polarized light with the aim to implement rumerical
tools able to model the nonlinear e ects in photonic crystal evices.

17



Chapter 2

Photonic crystals

2.1 Introduction

One purpose of this thesis is to extend the analysis of the thirkder nonlin-

earities to periodic structures, where the interaction betwen light and matter

can be strongly improved and the nonlinear e ects enhanced.oTthis end,
in this chapter a description of widespread periodic structuseis developed.
In particular, photonic crystal structures are introduced aw their relevant

properties era described. Furthermore, the most important eoponents such
as photonic crystal slabs, waveguides and cavities are analgize-inally, to

highlight the operative contribution that such periodic structures can o er
in the manipulation of the optical signals, an example of photoc crystal

ltering process is demonstrate.

2.2 Properties of the periodic structures

Photonic crystals (PhC), studied for the rst time by Yablonovitch [15] and
John [16], are periodic arrangements of materials with dirent refractive
index [17], [18]. This spatial distribution gives rise to a peodic dielectric
function that, as for the periodic potential generated by rgular arrays of
atoms and molecules, produces an energy band structure in whizand gaps
may occur. The presence of photonic band gaps forbids the pegation
for speci c frequencies and in certain directions. This feate makes the
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periodic in periodic in periodic in
one direction two directions three directions

Figure 2.1: Examples of 1D, 2D, 3D PhCs [17].

photonic crystals an excellent framework to engineer the matals for the
optical control and manipulation. Fig. 2.1 shows three di eent examples of
how two materials can be stacked to obtain 1D, 2D and 3D periadty. The
spatial period is namedattice constant and it is chosen on the order of the
wavelength of the incident light involved in the optical praess. The discrete
translational symmetry of a photonic crystal makes possible to a$sify the
electromagnetic modes with respect to their wavevectords The modes
can be expanded in Bloch form consisting of a plane wave modudtby a
periodical function that takes into account the periodiciy of the crystal [17].
Therefore, for example, the magnetic eld into a PhC can be witen as

He(r) = éX"u(r)= €“"u(r + R) (2.1)

whereR is the spatial vector that accounts for the lattice periodidy and it
is namedlattice vector. De ning the reciprocal lattice vector G as the vector
that satis es the relationshipexp(iG R) =1, from Eq. (2.1) it follows that
a mode with wavevectork and a mode with wavevectok + G are the same
mode. This means that it is convenient to restrict the attenton to a nite
zone in reciprocal space (space &) in which it is not possible to get from
one part to another of the lattice by adding anyG; this zone is known as the
Brillouin zone. Fig 2.2 shows an example of triangular lattice (left), of its
reciprocal space (central), and of the corresponding Brillau zone (right).
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Figure 2.2: The Real space (Left), the corresponding recipracspace (cen-
ter), and the Brillouin zone (Right) of a triangular lattice [17].

2.3 Dielectric multilayers

In order to give an intuitive understanding of the photonic bads, band gaps,
and Bloch modes, it can be useful to examine a 1D crystal [18]. Fig.3 shows
a dielectric multilayers where the single layer has size The electromagnetic
wave is considered linearly polarized in thg direction and propagating along
the x axis in the direction perpendicular to the surface of the diettric layers.
The wave equation is then given by

¢ @E _ @E
x) @%x @t

where c is the light speed in the vacuum, and (x) the relative dielectric
constant accounting for the spatial periodicity. Because(x) is a periodic
function of x, i.e.

(2.2)

(x+a)= (x) (2.3)
1(x) is also periodic and then it can be expanded in Fourier series follows

2m

X .
Y(x) = Kme€ "a ¥ (2.4)

m 1

wherem is an integer andk,, are the Fourier coe cients. Since it is assumed
that (x) is real,k n = k. The well-known Bloch's theorem that holds for
the electronic eigenstates in a ordinary crystal, also holdsrfthe description

of electromagnetic waves in periodic structures. Thereforthe eigenmodes
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X
Figure 2.3: Multilayered structure (a). Dispersion relation ér the 1D PhC
(b) [18].

in the 1D photonic crystal can be characterized by a wavenumbéd and
expressed as
E(x;t) = ug(x)e® '«h (2.5)

where! ¢ denote the eigen-angular frequency, ang(x) is a periodic function
of x. The electric eld can in turn be expanded as

R T
Ex(x;t) = Epme (ke 2a)x (2.6)

m=1

with E., the Fourier coe cients. For a simple analysis, it can be assumed
that the components withm = 0; 1 are dominant in Eq. (2.4), so that
1(x) can be approximated as follows

1(x) ko+ ki€TX+k e (5 (2.7)

By replacing Egs. (2.4) and (2.6) in the wave Eq. (2.2), the flwwing relation
is obtained

1) ° 2m+1) *?
kl k+M Enm 1+k 1 k + M Ems1
" a # a 28
X +
C2 0 a m
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that evaluated for m = 0 gives

" #
c2 2 2 2 2
E() W k]_ k E E 1 + k 1 k + E E]_ (29)
andfrom= 1
n 2 #
E 1 c ke k 4 E »+ k 1k’Eq (2.10)

12 koc?(k 2=a)?

If k jk 2=aj(ie k =a), and if ! 2 koc®k?, then Eq and E ;
are dominant in Eq. (2.6). In this case, by neglecting the otligerms, the
following set of equations is obtained

'E koC2k2 Eo k102 k 2; E 1:O
" Nid (2.11)
2
kK 1CCEo+ 2 ko& k - Ea1=0

This linear system has non-trivial solutions when the determant of the
associated matrix vanishes. This request, by replacifg= k =a, yields

ch — ac jKaj?
ly — ko j kij ——Pp= kb h? 2.12
K o Ko ki itk 0 g (2.12)
as far asjhj =a. Therefore, Eq. (2.12) describes a dispersive relatioh (

versusk) in which, due to spatial modulation (accounted for the ternk,), a
band gap is open for frequencies in the interval

PoTricic Pkrikg (2.13)

2.4 Photonic crystal slabs

In recent years a class of photonic crystals known as photonigystals slabs
have been intensively investigated, in particular thanks to sahisticated tech-
nologies such as electron beam and lithography recently déged for their
fabrication. Photonic crystal slabs are two-dimensionally pedic dielectric
structures that have a band gap for propagation in a plane andhat use index
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Figure 2.4: Examples of photonic crystal slabs. Square lattiagf dielectric
rods in air (a). Triangular lattice of air holes in bulk dielectric material (b).
Rod slab (c) and hole slab (d) bands diagram. The blue shaded armsathe
light cone. Below the light cone are the guided bands locadid to the slab:
blue and red bands indicate the TM and TE modes respectively {1

guiding to con ne light in the third dimension. Examples of sub structures
are shown in Fig. 2.4. Because of translational symmetry in two réictions,
the in-plane wavevectork; = (Ky;Ky) is conserved, whereas the verticat,
wavevector is not conserved. Fig. 2.4 (c)-(d) shows the bandagjram (!

versusk) of a triangular lattice photonic cristal slab of air holes in delectric
(Fig. 2.4 (c)), and of a square lattice photonic crystal slab ofads in air
(Fig. 2.4 (d)). The extended modes propagating in air form aight cone
when ! gk;j. Below the light cone, due to higher index, the modes are
tight con ned inside the slab, and they decay exponentially irvertical direc-
tion. Because of the symmetry of the structure, the modes can bkassi ed
as TE-like (transverse electric) which have two electric congments in the
plane of the crystal and one magnetic component in the vertitalirection,
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and TM-like (transverse magnetic) which have two magnetic coponents in
the plane of the crystal and one electric component in the vecal direction.

As displayed in Fig. 2.4 (c)-(d), the rods slabs exhibit TM gapsréd lines),
and the hole slabs favor TE gaps (blue lines). The presence of gapakes
possible to control the ow of light by means of defects. Defectsan be intro-
duced in PhC membranes by removing, for example, rods in a sgedattice

of dielectric rods, or holes in a triangular lattice of air has. This breaks the
periodicity of the crystal giving rise to localized states insiel the band gap.
Thereby, by means of defects, it become possible to trap or guitlee light

as the eld is tight con ned inside the band gap and can not escaptoward

the crystal.

2.5 Tuning the dispersion in photonic crystal
waveguides

In this study some di erent topologies of PhC slabs based devicedble to
manipulate both TM and TE polarized light are developed. In ach con gu-
ration, light enters the structures by traveling toward waveguides realized by
line defect into the photonic crystal. In this respect, it is vey important is to
ensure suitable features of light that travels in the wavegu& such as group
velocity and vertical con nement. Furthermore, it is essenfil to provide a
speci ¢ coupling between waveguide and resonators to transfiére required
amount of energy into the cavities. These attainments can eagibe pursued
by engineering the characteristics of the waveguides, withéhadvantage that
the high exibility o ered by photonic crystals allows to realize ne tuned
geometries.

Unlike conventional linear dielectric waveguides that opate by index con-
nement, waveguides realized in PhC slabs [4], by trapping # light into
the band gap and by using the index con nement in the vertical idection,
prohibit radiation losses. The dispersive features of the PhC weguide can
be tuned by means of some perturbations of the slab. One possiiilis to
create a decreased index waveguide by lowering the amount aflrindex
material in a PhC air holes slab. Fig. 2.5 shows the projected bds of a
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Figure 2.5: Projected band diagram of the TE modes for a linestect waveg-
uide realized in a hole slab with thickness 2@@n surrounded by air. The
holes radius of the nearest rows are increased by32a (green line), 033
(blue line), and 034a (red line) (a), resulting in a group velocity (group
index) that decreases (increases) with the holes size (b).

waveguide realized in a triangular lattice PhC slab of air helk, where the
hole radius of the two nearest rows in the waveguide is incredsglane wave
simulations are performed by using the tool described in [23]As it can be

seen in Fig. 2.5 (a)-(b), an increase of the holes radius causesh#t of the

cut-o frequency of the waveguide toward higher frequencyral, simultane-

ously, induces a decrease of the group velociy (or an equivalent increase
of the group index de ned asny = c=\ ) leading to the limit of slow light

regime.

2.6 Localized light in photonic crystal cavi-
ties

In an optical cavity light can be stored for a long time and in a s@ll volume,
and the trapped eld can reach very high levels of intensity. A particular,
photonic crystal cavities, by exhibiting high Q factors and tyht con nement
of light in very small volumes, are an ideal environment to entmae light-
matter interactions. The Q factor is de ned as the ratio betwen the resonant
frequency and the full width at half maximum (FWHM) of the cavity: Q =

o= 1. It represents the lifetime of the photons trapped inside theavity
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Figure 2.6: Pro le of the modes in a monopole (a) and hexapo(b) cavity.

and then de nes the time scale in which optical processes can WworThe
modal volume de ned asV = (r)E*(r)d®r= (r)E*(r) __, accounts for
the spatial con nement of the energy stored inside the cavity. f®m this
de nitions it is straightforward to understand how the ratio Q=V determines
the strength of the various cavity interactions. The cavity eergy leaks out
according to the following equation

@ED) _ 1 oE(t)
@ Qu

where E and ! o are the energy and the resonant frequency of the cauvity,
respectively. The total radiate power (£Q) can be decomposed into a ver-
tical contribution (1=Q.ert) and an in-plane contribution (1=Qn) according
to the following relation

(2.14)

1 _ 1 1
Qtot Qvert Qhor

The Qe accounts for inherent optical losses of the energy, as the itape
losses can be reduced by increasing the number of PhC periods sunding
the cavity. When a cavity is coupled to a waveguide, the in-phe quality
factor is mainly determined by the strength of the cavity to waeguide cou-
pling. In fact, the bulk of light leaves the cavity via the waweguide, whereas
the losses through the crystal remain very weak. In this case, the-plain

(2.15)
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quality factor Qyor is referred as loaded quality facto), . If the vertical qual-
ity factor is much higher than the loadedQ_, from the Eqg. (2.15) it results
that the cavity lifetime is dominated by the losses through thewaveguide.
Thereby, the cavity lifetime is entirely accounted for the avity to waveguide
coupling coe cient that, in this case, results to be related to the loaded
quality factor through the relation = = 1 ,=2Q, . The strength of coupling,
in turn, depends on the nearness between the resonator and theel defect
as well as on dispersive features of the waveguide. In this respe¢he design
of high intrinsic quality factor Qe as well as the achievement of a suitable
coupling , become essential targets for the realization of dggal structures.
The optimization of the PhC cavities in terms of both intrinsc quality factor
Q and modal volume V can be pursued by investigating di erent tpologies.
In this perspective, various kinds of defects can be realizég molding the
geometrical features of the crystal [32], [33]. As examples efcellent ex-
ibility o ered by engineering the PhC geometry, two eld proles stored in
isolated defects realized in a PhC triangular lattice slab ofiaholes are shown
in Fig. 2.6. The defects are obtained by removing a single halmonopole
(a)) or by shifting the six nearest neighbor holes (hexapole (b) By means
of numerical calculations it has been demonstrate that the nmopole cavity
exhibits a Q factor of almost 10000, whereas the hexapole dgwieaches a
Q factor of almost 150000 and exhibits an e ective volume V ohe order of
cubic wavelength.

2.7 Design of photonic crystal structures

By composing PhC cavities and waveguides, and by tailoring thepologies
of the crystal, it is possible to e ciently manipulate light. As an example,
Fig. 2.7 shows a lIter composed by a cavity and two waveguides & 2D
triangular lattice of air holes. As depicts in Fig. 2.7 (b) the avity, realized
by removing three adjacent holes, exhibits resonants modeside the band
gap of the crystal. When the wavelength of incoming light liesnside the
linewidth of the resonator (determined by the loaded qualityfactor of the
cavity), it is partially dropped toward the output ports and partially back
re ected. The amount of energy that is guided through a giveoutput port,
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can be controlled by an artful design of the PhC topology. In tis perspective,
as suggested in [34] the ltering performances are successfullyproved by
modifying the radii of the edge holes in the waveguides. By egiting the
fact that light below the cut-o frequency can not entering the waveguides
with largest holes, this design prevents light to travel towardgorts 2 and 4,
and ensure high drop e ciency toward port 3. In fact, with a caeful design
of the waveguides boundary barriers, the resonant tunnelingter has been
demonstrated to achieve maximum drop e ciency of almost 100%.

2.8 Summary

In this chapter the relevant features of periodic structurehave been ana-
lyzed with the purpose to describe an excellent framework whethe ow
of light can be controlled. An overview has been made about thaescrip-
tion of di erent basic components such as photonic crystal slabsavities
and waveguides. Especially, two dimensional PhC slabs have begken into
account because of the accessibility o ered by current well-edilished stan-
dard fabrication processes. Tunability of the dispersion in PhC aveguides
has been studied, and optical characteristics such as the mod® fe, the Q
factor and the modal volume of PhC cavities have been analyzeFinally,
the high exibility that these periodic structures exhibit for the design of
optical devices has been demonstrate.
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Chapter 3

Photonic crystal devices
working with Kerr
nonlinearities

3.1 Introduction

In this chapter the Kerr e ect is deeply studied. In particular, the bistable
response typical of resonators based on Kerr materials is anagz Then it
is shown how this characteristic behavior can be properly expted to design
optical devices. The main tool that is used to model and designéke devices,
is the nonlinear 2D nite di erence time domain (FDTD) method. The well
known linear FDTD scheme (described in appendix A) is developéa extract
the linear characteristics of the structures. Then, the discreded equations
are extended to simulate the Kerr nonlinearity. Finally, somghotonic cystal
topologies implementing optical devices such as switches asetial to parallel
converters are modeled by means of the nonlinear code.

3.2 Optical bistability

Optical bistability is a behavior exhibited by resonant structires that have
two di erent stable steady transmission states depending on the s$tory of
the input. Bistability occurs when the e ects of nonlinear rgime causes hys-
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teresis in the transmission and re ection of the resonant system. Aogsible
mechanism that gives rise to bistability is a strong dependencé the refrac-
tive index on the optical intensity, as it can occur in a high qality factor

cavity realized in Kerr materials.

By considering the driven-damped model of a cavity discussed i8] [in the
limit of dominant Kerr instantaneous response, the governinggeation is
then of the form

at ilo 'U i ejuifu u + Ecpin (3.1)
wherejuj? is the cavity energy, ot =2 IS the loss coe cient, ¢ = ! o=Q

being the inverse cavity lifetime, . = ! o(1=Q Qo) is the transmission or
coupling coe cient, and ! o;! | are the cold resonance and the laser frequency
respectively. For theoretical analysis it is useful to rescaléhé¢ model into
dimensionless units with minimum number of parameters with uh lossy
coe cient:

?: ia+ija2a a+S() (3.2)

One can simply convert back to dimensional quantities using thillowing
scaling

(3.3)
To be more general, the sign of nonlinearity can be = 1. The dynamics
discussed below occurs for both signs of nonlinearity with suitibchange of
the detuning sign.
The steady state responsa = A =constant from constant excitation P; =
S? can be easily found in terms of normalized intracavity energy = jAj? as

PP=P 1+( + P)? (3.4)

The response is bistable for
ji> 3 (3.5)
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IAl?

Figure 3.1: Bistable behavior.

and have knee values of the bistable response (such th#® =dP = 0) at
intracavity levels P = P :

P 2
“1) < Y 3 p = 2 B 3
(3.6)
P 2 2 3
= 1 < P =
) 3 3
If =1, a high optical intensity can lower the resonance frequencgo that

when! | <! 4 one has the tuning of the driving frequency. Two stationary
intensity values then became possible. Sinceis related to the response time
of the cavity, the condition (3.5) implies that the frequeng o set (i.e. the
frequency detuning ) must be su ciently large compared with the resonator
bandwidth. In Fig. 3.1 it is shown how the energy of the system el@s un-
der increasing input powerP;, for dierent detuning values. For < =~ 3 a
bistable behavior is not allowed, therefore the cavity eneyggrows with the
increasing of the input intensity. When > 3, at low intensity there is
only one possible value of the energy for a given input power, edeas for
su ciently high input power there exist two di erent energy values corre-
sponding to the change of the resonator state. The lower and upplaranch
of the response coincide with two di erent states in which the onator can
reside depending on its previous state. For a low initial interal energy, as
one moves to higher input intensities, the normalized energy ithe cavity
rises to a critical value and when the input power increases ther, the en-
ergy jumps to a higher state and then continue to rise. On the o#r hand, if
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edge of the pulse. Top left: driving Gaussian pulse. Top right: dout
transmitted pulse (blue curve) compared with input. Bottom right: internal
cavity energy. Bottom left: phase-spac&e(a) Im (a) reconstruction of the
dynamics. Here 7.

the cavity is in an initial high level energy, with decreasingnput power the
internal energy decreases as well and then jumps to a loweruel
Linear stability analysis can be performed with the ansata(t) = A+ a(t),

which leads after linearization to the system for the unknowa=[ a a ]:
!
ib 1 iP
da_ b '_ a 3.7)
dt iP (ib+1)

where has been séb= +2 P . The dynamics of the perturbation is ruled
by the eigenvalues of the above matrix

= = 1 P P2 ( +2 P )2 (38)

The eigenvalues are either real on the negative slope brandhtioe bistable
response and conjugate pairs on the positive slope branches. @leahe
eigenvalues rule the temporal evolution of the perturbatio when a small
deviation from the stationary state is imposed. In this case theawity relaxes
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Figure 3.4: Same with relaxation oscillations on the trailig edge of the
driving pulse.

to the stable branch of the stationary response with oscillationsxhibiting a
periodT, =2 jim( )j. Simple simulations based on numerical integration of
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Eq. (3.2) with P;(t) being Gaussian pulse, shows that bistable jumps occurs
with relaxation oscillations which can be manifested eitherrothe leading or
trailing edge of the pulse, depending on the peak value of theidng signal,
as shown in ngg. 3.2 and 3.3. These gures show both the transmitte
power P« = j P;  aj? and the internal energyjaj?, as well as a phase-
space representation of the dynamics. In order for the relaxati oscillations
to appear it seems rather crucial to have a driving pulse whoseatacteristic
time (duration) is somehow longer than the cavity time constan(normalized
to one in this scaling). As shown in Fig. 3.4 relaxation oscillains tend to
disappear for shorter pulses. This kind of dynamics is visible alby means
of nite di erence time domain method (described in appendies A and B)
as it is analyzed in the next section.

3.3 FDTD modeling of Kerr-type photonic
crystal based devices

In order to model the bistable nonlinear behavior studied in th section 3.2,
2D nite dierence time domain simulations involving nonlinear periodic
structures are performed.

The domain analyzed is a photonic crystal composed of a squardtitz of
rods with index 34 in air [31]. The lattice constant is 60@m and the width
of the rods is 15@m. The crystal has a band gap for TM polarized modes
for wavelength between 130tm and 180Gim (see Fig. 3.5). Moreover, the
material of the rods is considered to have a nonlinear behawiwith a third
order susceptibility © arbitrarily chosen to be 008m?=V?2. For wavelengths
inside the band gap, a waveguide can be created by removing reeliof rods.
Furthermore, as explained in chapter 2, when a defect is imtduced into a
periodic structure, high transmission state with a sharp and narm resonance
peak appears in the band gap of the crystal. Fig. 3.6 shows the @wtture
composed of a waveguide and a cavity realized by removing tereods (a).
In the same gure it is illustrated the corresponding resonant TMpattern of
the cavity mode evaluated by means of the discrete fourier tnaform (DFT)
at resonant frequency (b). In this topology the cavity is sidesoupled to the
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waveguide so, when the system is on resonance, the energy in theitga
increases abruptly and the transmission through the waveguideegs to zero.
Speci cally, the side-coupled cavity shows a resonance ag = 1573nm with

a loaded quality factorQ = 297 that corresponds to a decay constant =
2Q=!, of almost Q5ps. The nonlinear dynamics can be suitably described
by the following CMT model

r

il a%a+  's 3.9
fo eff JA7A 20 (3.9)

d_a—ila !_Oa
dt 2Q

In order to compare the FDTD results with the predicted CMT dyramics
studied in the section 3.2, the e ective value of the susceptiliy in Eq. (3.9)
has been de ned as
R
3 OjA(r)j*dr

- R 3.10
T8 (DA ? &1
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Figure 3.6: Left: photonic crystal topology of the domain simlated. Right:
DFT calcuated pattern of the resonant TM mode at o = 1573nm.

The 2D-FDTD simulations are performed by discretizing, accding to the
method described in appendices A and B, the following TM equans

eH_ @5
@t  @x
@H _ @F
@t @z (3.11)
@ 0 rEy+ 0 (S)jEyszy _ @"z' @h!
@t T @x @z

For a su cient accuracy, a number of 19 cells for period have @& cho-
sen. The domain of simulation is surrounded by perfectly matchelayer
(PML) boundary conditions. The structure is excited by injecing a 1(Qos
Gaussian pulse with optical carrier at , = 1583nm in the waveguide so that
the normalized detuning results &( , 0)= o = 3:75. According to Egs.
(3.5) and (3.6) the frequency o set is su ciently large to ensue a bistable
e ect for input power above the threshold of bistability (P; > P *). In high
power regime the intense energy stored in the cavity causes adbchange
of the refractive index that decreases proportionally with lie increasing of
the optical intensity leading to a red shift of the cavity resonace. When the
red shifted resonance becomes close to the driving frequendye tsignal is
switched in the cavity causing a strong enhancement of the inteal energy.
Further increasing of the intensity leads the resonance to e the signal
frequency so that the energy in the cavity tends to decrease. &hrsystem
is then self-balanced by this feedback mechanism. The bistatyil behav-
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Figure 3.7: From (a) to (d), top left: FDTD power dynamics in the waveg-
uide. Top right: FDTD energy dynamics in the cavity. Bottom left: FDTD

power envelope in the waveguide (solid blue curve) compared the CMT

output power dynamics (dashed red curve). Bottom right: FDTDenergy en-
velope in the cavity (solid blue curve) compared to the CMT enrgy dynamics
(dashed red curve). The input powers calculated by means ofdflCMT sim-
ulations are Pj, = 0:335mW=m (a), P, = 0:33"mw=m (b), P, = 1:36
mW =m (c), Pj, =6:83mW=m (d).

ior is evaluated for di erent excitation intensities and, aspredicted by the
CMT model, relaxation oscillations appear in the leading orrailing pulse
edge depending on driving excitation intensity. Fig. 3.7 shawmthe results of
FDTD simulations. The signal has been captured in a point of the aveg-
uide and in the cavity; then the envelope has been calculatéy means of a
low-pass lItering. The nonlinear FDTD dynamics are then compred to the
corresponding CMT model in which the parameters are in turn eluated by
linear FDTD simulations.
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3.4 All-Optical switching in nonlinear pho-
tonic crystals

One of the simplest photonic crystal devices that can be real@®&y exploiting
the nonlinear e ects is a switch based on a cavity side-coupled two waveg-
uides. A waveguide (bus) is dedicated to transport signal data dtequency
out of the cavity linewidth, whereas the other waveguide (ap) extracts the
signal when the cavity is on resonance. To tune the cavity resamee close to
the signal frequency it is necessary to locally change the reftave index of
the medium inside the cavity by using the nonlinear propertiesf the mate-
rial excited via optical intensity. All-optical switching can be realized in two
di erent ways. In the rst one, the switching is obtained by controlling the
intensity of the input signal so that, by means of a sort of self-swihing, the
signal data triggers optical switching by itself. In the secondre, the nonlin-
ear e ects can be exploited by launching a control beam (pumgo trigger
optical switching for the signal (probe) which is maintained arelative low
intensity. The switching contrast (SC) in the drop waveguide othe probe
intensity evaluated as the ratio between the ""On™ and the "O " states,
I.e. Pprope(PUmp = ON)=Pyope(pump = Off ), determines the e ciency of
the process. Itis easy to understand how, in pump-probe operati® because
the optical switching is driven by the external pump light, the major proper-
ties of the process, which are the response speed and the switchiogti@ast,
can be suitably controlled by the intensity and duration of thepump light.
Two examples of such switching devices are shown in Fig. (3.8)) (&nd
(c), where the photonic crystal has the same properties (latte constant,
size of square rods, refractive index and third order nonlineausceptibility)
described in the previous section. Here the cavity is made by reming only
one rod. The corresponding TM polarized resonant mode is shown Fig.
(3.8) (a) where the pattern of the mode has been calculated bypeans of
numerical DFT. The feasibility of pump-probe operations to swch signal
data by exploiting the potentiality of Kerr nonlinearity are investigated in
both topologies by performing nonlinear 2D-FDTD simulatios.
In the rst structure, where the two waveguides has been reakd by re-
moving two parallel lines of rods, the probe is injected in th&eft waveguide
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Figure 3.8: Resonant TM polarized mode of a cavity realized gmoving
one rod in a square photonic crystal of rods in air (a). Examplefali erent
switching topologies (b)-(c).

(bus), whereas the pump is launched in the right waveguide (dp). The
loaded cavity presents a resonant frequency af, = 1535nm and a quality
factor Q = 86. The wavelength of the probe is ¢ = 1565nm, whereas the the
pump is at , = 1595nm, so that the normalized detuning are s = 3:36 and
p = 6:72 respectively. Either, probe and pump, are 13 Gaussian pulses.
When the optical intensity of the control signal is su ciently high to lower
the cavity resonance close to probe frequency, the signal dat switched
from bus to drop. In Fig. (3.9) the results of FDTD simulations @& shown.
The intensity of the signal is extracted in the bus, in the cavityas well as in
the drop waveguide. When the pump power is increased of the 6%#lbove
the bistability critical power, the probe signal is switched fom the bus to
the drop with a switching contrasr of about SC= 2.
In the second con guration the drop waveguide is terminated ext to the
cavity and is directed perpendicular with respect to the bus aveguide. The
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Figure 3.9: Top left: probe intensity in the bus waveguide. T right: probe
intensity in the drop waveguide. Bottom center: energy in theavity. In each
gures the state ""O ™ (blue curve) and the state ""On™ (red c urve) that
correspond to low and high input power of the control signal reggtively,
are shown. The ratio between the "On™ and the " O ™ state in the drop
de nes the switching contrast.

probe is launched in the bus waveguide, whereas the pump pagates in
the drop. The loaded cavity resonates aty = 1538nm with a quality factor
Q = 64. Pump and probe are two 10 ps Gaussian modulate pulses with
optical carrier , = 1619nm and s = 1578nm respectively, so that the
normalized detuning result to be , = 6:74 and s = 3:33. The nonlinear
dynamics obtained by 2D-FDTD simulations is shown in Fig. (3@). For
a pump power above the 56% of the critical switching power, theontrast
of the probe intensity in the drop waveguide iSSC = 1:5. It is interesting
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Figure 3.10: Top left: probe intensity in the bus waveguide. dp right:
probe intensity in the drop waveguide. Bottom center: energin the cavity.
In each gures the state O " (blue curve) and state ""On™ (r ed curve) that
correspond to low and high input power of the control signal reggtively, are
shown. The ratio between the ""On™ and the ""O ™ state in the drop de nes
the switching contrast.

to emphasize that in this topology the critical power that gies rise to the
switching is about the 32% of the power needed in the rst con gtation. To
understand this fact it is useful to resort to a linear CMT descripon of the
two systems.

By de ning ki; the coupling coe cient between the cavity and the uninter-
rupted waveguide [25], (note thak;, can be expressed in terms of the loaded
quality factor as jki1j? = ! g=2Q), for the rst con guration the maximum
power transferred to drop waveguide can be easily evaluated imeans of the
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following CMT model:
%f: it pa  2jkij%a+ kus (3.12)

In fact, in the rst con guration where the structure is completely symmetric,

the linear losses (accounted for the termgk,j2 in Eq. (3.12)) are the same
in the bus and drop waveguides (explaining the factor 2). Th#ansmission
at the drop port is given by ty = k;;a=sand results to be

tg = jhaaf” (3.13)
T o)+ 2jka? |
Therefore, on resonance the maximum drop e ciency is
- .2 — 1
Ta = jta(* 0)i° = - (3.14)

4

irrespective of the value ok;;. Conversely, for the second con guration, by
de ning ki, the coupling coe cient between the cavity and the interrupted
waveguide, the CMT model is written as

Ly
%‘} il oa j kuj’a "‘1221 a+ kys (3.15)
and the transmission in the drop waveguide is
tg= - k12_k11_ — (3.16)
i(0 o)+ jkoj2+ B

This latter relation gives the following transmission e cieng/ when evaluated
at resonant frequency

kZ,k11

To = jta(l 0)j° = —2——
[SHERE

(3.17)
that results to be maximum whenjki,j = P 2jkq1j leading to a 50% of power
transferred from bus to drop. Finally, in order to evaluate tke e ective drop
e ciency, the coupling strength between the cavity and the two di erent
(uninterrupted and interrupted) waveguides should be detenined. This can
be easily obtained by comparing the values of the quality fagt of the two
con gurations. For the rst topology Qi = 86 that yields a total loss ;
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Figure 3.11: Photonic crystal structure for the serial to pard¢l converter.

I 01=2Q;. Equivalently, in the second structureQ, = 64 that results in a
total loss , !0,=2Q,. The ratio ,= ; is approximatively equal to 43
that gives a value ofjkioj = 10=3jk1,j with a drop e ciency for the second
topology of about 47%, i.e. very close to the ideal optimum va¢. This
analytical formalism explains the major switching e ciency d the second
structure with respect to the rst one.

3.5 The serial to parallel converter

A more complex device that can be realized by using the switclyrmpump-
probe method described in the previous sections is the all-agal serial to
parallel converter that processes a data stream composed by a saue of
bits. The bits are at the same optical carrier so, the discriminan of the
informations is ensured by reserving a di erent time slot for ezh bit. This is
known as an optical time division multiplexer (OTDM) system. The function
of the serial to parallel converter is the simultaneous switchg of theN serial
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bits from a common channel (bus) td\ di erent channels (drop). Thereby,
the parallelism of the informations is obtained by spatial dission of the bits
stream that travel synchronously in the output channels. To re#te the serial
to parallel converter, a structure in square photonic crystalfarods in air has
been designed. The same features of previous models, i.e. adatconstant
of 600m, a width of 150hm for the square rods, a refractive linear index of
4:3, and a third-order susceptibility of 008m?=V? for the Kerr e ect, have
been considered. The structure is shown in Fig. (3.11) and consisif a
bus waveguide that carries the serial data stream, two drop waguides for
the parallel conversion, and two single-defect cavities to &&ct the signal
by injecting the pump control signals. The loaded Q-factor ofhe cavities
is Q = 64 and the resonant wavelength is , = 1538nm. The bits are
two 10ps Gaussian pulses at s = 1578nm that corresponds to a detuning
of ¢ = 3:33. The pump signals are also 10 ps Gaussian pulses but with
carrier wavelength , = 1619nm giving a normalized detuning of , = 6:74.
Thereby, the bistability e ect induced by Kerr nonlinearity can be triggered
for the data stream as well as for the pump signals. To obtain a gect
synchronism, the two control signals are properly timed so thathe rst bit
is switched in the high drop waveguide and the second bit in thew drop
waveguide. Fig. (3.12) shows the nonlinear 2D-FDTD temporaynamics of
the data stream outgoing from the drop waveguides for two dieent values
of the control power. When the power pumped into the system is lmsv
the bistabilty threshold no appreciable switching contrast is etected in the
output channels (yellow curves in Fig. (3.12)), so that the tw bits have the
same intensity in each channels and cannot been discriminatethis is what
happens for a pump power of about:ZmW=m , that is not able to excite the
cavities. Instead, when the drivers are brought above bistaliy threshold,
each of them carrying a power of about:2mW=m, the bits are switched
into the corresponding output waveguides. In fact, as shown inottom of
Fig. (3.12) the rst bit is detected in the lower drop waveguic (green curve),
whereas as shown in top of Fig. (3.12) the second bit is detectiedhe higher
drop waveguide (blue curve).
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Figure 3.12: Temporal dynamics of signal data processed by theiakto par-

allel converter. Bottom: stream bit outgoing from the high dop waveguide
for a pump power below (yellow curve) and above (green curvé)reshold,
that yields the detection of the rst bit. Top: stream bit outgoing from the

low drop waveguide for a pump power below (yellow curve) andave (blue
curve) threshold, that yields the detection of the second bit.

3.6 Summary

In this chapter the Kerr e ect has been studied in detail. The an has been
to investigate the properties of high-Q cavities in photonicrystal based
devices realized in Kerr material and to exploit the bistables ect in order

to realize all-optical devices. In particular, the design mébd has provided
the realization of a nonlinear FDTD code that incorporates e governing
equations for Kerr nonlinearity. The obtained results have &en compared
with those predicted by a theoretical CMT model, showing a gooalgreement.
Finally, switches and more sophisticated devices such as opticanverters
have been demonstrated to work in nonlinear Kerr regime.
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Chapter 4

Modeling and design of PhC
based devices operating in the
two photon absorption limit

4.1 Introduction

The aim of this last chapter is to set up a code able to model the nmanon-
linear e ects in semiconductor materials to be used as a toolrfthe design of
new optimized optical devices exploiting these e ects. To tkiend, an anal-
ysis of the relevant nonlinear e ects such as two photon absoiipt (TPA),
free carriers dispersion (FCD), free carriers absorption (FCARnd carriers
di usion, is performed. The governing nonlinear equationsra incorporated
in a 2D-FDTD code that accounts for all of these nonlinear e ds. The real-
ized FDTD tool is tested by means of a theoretical CMT model anéurther
by comparing the numerical outcomes with experimental ressl The good
agreement of the FDTD results with both theory and experimerg allows
the use of the nonlinear code to design new optical topologies &ll-optical
signal processing. In particular, in the last section of this chaer, two op-
timized con gurations for a three-ports All Optical Gate (AOG) that show
better performances than those known in literature are devgbed.
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4.2 Theoretical and numerical methods

In this section, the theoretical Coupled Mode Theory (CMT) mé&éod and
the numerical Finite Di erence Time Domain (FDTD) scheme aredeveloped
with the purpose to investigate the nonlinear dynamics emengg in the two
photon absorption regime. As demonstrated, the two methods arery ef-
cient tools for the analysis of the nonlinear response in optat structures,
each of them providing di erent advantages with respect theiuse and dif-
ferent insights into the nonlinear behavior.

4.2.1 The nonlinear CMT model

Dispersion induced by free carriers causes a reduction of théraetive index
and, similarly to the Kerr e ect, it is also capable to give rise 6 a bistable
response for feedback mechanism. To understand this e ect, it isseful
to model the nonlinear dynamics that occurs inside a single medcavity
resonants at frequency o and pumped via a waveguide by a pulse at laser
frequency! | . In such a structure, the set of coupled equations that govern
the nonlinear behavior for the internal cavity energy are th following [8]:

r

@a .
@t i(tot !'ne !o)a ;ta"‘ ?Cpin (4.1)
where . is the inverse cavity lifetime and . = !'¢(1=Q 1=Q) is the

cavity to waveguide coupling coe cient that depends on therntrinsic quality
factor Qo and on the loaded quality factorQ. !y is the nonlinear change
of the frequency and it is given by

0 nac . ., dn
ajc+ —N(t 4.2
No No rIOVKerr 19 dN ( ) ( )
with cthe light speed in the vacuumpng the linear refractive index of the bulk
material, n, the Kerr coe cient and Vker the Kerr nonlinear volume [35],
[36]. N is the free carriers density that induces the change in the rettive
index according to the following equation

1 2
dn _ 's

am_ _‘p 4.3
dN ~  2no! 2N (4.3)
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where ! FZ, = &N=oym is the plasma frequency, withe the electron charge
and m the e ective electron mass. In tush model the total losses argy, =
0=Q+ tpat rca,With ! s=Qrepresenting the inverse linear cavity lifetime.

TpA IS the nonlinear coe cient that accounts for the losses due towo-
photon absorption and it is given by

2 ..
TPA = 2 Jal2 (4.4)

ngVrea
being , the TPA coe cient and Vipa = Vkerr the nonlinear TPA volume.
The nonlinear losses due to free carriers absorption are takema account
by the rca coe cient proportional to the carriers density as follows
N (t)

No

Fca = ¢ ¢+ n) (4.5)

where .and |} are the cross sections for free-electron absorption and fordre
hole absorption, respectively. The rate equation which goves the evolution
of the carriers density is the following
@N G, . N (t)
— JaJ4

= = 4.6
@t 2~ on§VrpaVear r (4.6)

with , the e ective carriers lifetime andV;, the relevant volume in which
the carriers spread and recombine [35].

4.2.2 2D-FDTD modeling

As analyzed in the chapter 1, the equations that govern the Kerand the
two photon absorption dynamics in two-dimensional structuresan be easily
written for TE polarized light. This allows to model the noninear dynamics
by means of a FDTD code that fully accounts for the nonlinearasponse
of the material. By following the method used in [12] for the 1B-DTD
implementation, the set of the equations that models the nomlear dynamics
can be extended to two dimensional domain for TE polarized g The
starting point are the Maxwell's equations:

@

@
@ @t (4.7)
o1

r E=

r H=
t
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where the electric eld has two in-plane polarized compon&s) whereas the
magnetic eld has only one component polarized in the perpdicular direc-
tion with respect to the PhC plane. The electric displacemerD is given by
the constitutive equation

D= g+ P (4.8)

with P that accounts for the third-order nonlinear polarizations:

P =Pxer + Prpa+ Prca + I:)plasma (4.9)
where Pxerr = o ker E IS the Kerr polarization with Kerr susceptibility
given by

Kerr — (':'ncz)nZIjEj2 (4.10)

with c the light speed in the vacuum,ny the linear refraction index, and

ny the Kerr nonlinear coe cient. Ptpa = o tpaE is the polarization that

accounts for the losses induced by two photon absorption. The sagtibility
tpa IS modeled by the following partial di erential equation

@ 1P
@t

in which the term is the TPA nonlinear coe cient. The free carriers absorp-
tion polarization Prca that describes the losses induced by TPA generated
carriers, is expressed as a partial di erential equation in théorm

@)FCA

@t

where gca is the cross section for free-electrons and free-holes absinpt

and N is the free carriers density. Free carriers, in turn, cause a rattive
index change nyasma (N) related to the plasma polarization as follows

= & on jEj? (4.11)

= Cohg rcaNE (412)

I:)plasma =2 oNp npIas;maE (4.13)

in which the nonlinear index change depends on the free cams density
according to the equation

eN

 — 4.14
2 oM nNg ( )

Nplasma =
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The free carriers density dynamics can be modeled by means loé following
rate equation

%:': —CZSEH(E iEj* ﬂr+ Dr 2N (4.15)
Nevertheless the CMT equations, here the carriers transport iogerned not
only by optical intensity and carriers recombination but alsdoy the di usion
e ect that, as described in the section 4.5, in nonlinear regienheavily a ects
the carriers lifetime inside the nanostructures, and then canat throughly
ignored. Therefore, the di usion e ect has been incorporattinto the FDTD
code by means of the last terms of the Eq. (4.15).
All of these equations are incorporated in a 2D-FDTD code by mea of
time domain discretization (a detailed description of the digetized nonlin-
ear equations is reported in appendix B). The FDTD code is testl in the
following sections by means CMT models and experimental data

4.3 Self-pulsing induced in two photon ab-
sorption regime

The bistabilty e ect induced by free carriers dispersion can banalyzed by
means of the set of Egs. (4.1)-(4.6) that describe a structure wigean optical
cavity is coupled to a waveguide in a nonlinear medium. The ects that are
considered are TPA induced pump depletion, absorption by TPAenerated
free carriers, and free carriers dispersion. In order to deritbe relevant
conditions that carry out the nonlinear frequency tuning ofthe cavity, the
coupled mode governing equations are written as follows

Qa8 i tN)a a jafa Na+ P

@t 4.16
@N_ . N (20
@t_JJ

where a, N, and P are time-dependent variables opportunely normalized
that represent the cavity energy, the carriers density induckby TPA, and
the incoming optical intensity, respectively, and wherd is a dimensionless
temporal variable. Here, the two dimensionless coe cients and has been
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de ned as

;

= o,= —
0 0
where o= 1!,=2Q = 1= ; is the cavity lifetime, whit ! ( the cavity resonance
and Q the quality factor, whereas , is the e ective carrier lifetime. The
system (4.16) is deduced starting from the conventional coupleequations
outlined in [8] by normalizing the u (cavity energy), N¢ (carriers density)

and P;, (input intensity) variables as follows

(4.17)

P — N _ P in

a=u N =

(4.18)
0 0

The dimensionless coe cients and , and the coe cients in units of m3
and in units of J 2 m 3, are given by

_ & _ A
© 02 on3! om T 02~ gN2VrpaV,

0< oNg’ o ] 04~ oNgVTPA Vear (4.19)
_ CloP — Vear _ S et n)onom!o

e 02 Vipa e?

wherec is the light speed in the vacuumn, the linear refractive index,~ the
Planck constant,e the electron chargem the electron e ective mass, , the
TPA coe cient, . and j the cross sections for free-electron absorption and
free-hole absorption, respectivelyyrpa the nonlinear TPA volume, and Vg,
the volume in which the charges spread and recombine.

4.3.1 Analytical study of bistability in low lossy regime

In order to investigate analytically the nonlinear response,sa rst approxi-
mation, the system (4.16) is studied by neglecting the nonlinedosses. When
the lossy coe cients and are set to zero the system (4.16) becomes

%?:i( + N)a a+'P
Y (4.20)
@t g —

The stationary solution of Egs. (4.20) yields to a bistable respse described
by the relation
P=E 1+( + E??2 (4.21)
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Figure 4.1: Bistable behavior ruled by the Eq. (4.20) when= 3.

written with respect to the time-independent cavity energyE = jAj?, inci-
dent optical intensity P and carriers densityN. From Eq. (4.21) it is possible
to nd that the normalized detuning needed to give rise to bisthility must
satisfy the condition < 5=2. Fig. 4.1 shows the relationshie =f( P)
according to Eq. (4.21) for di erent detuning . For < 5=2 the response

is a threefold function of P exhibiting knee values at internal cavity energy
S

——
En = _° 54 > (4.22)

As pointed out in [37], it is expected that the nonlinearity rded by the rate
equation in the system (4.20), gives rise to instability owing t¢the presence of
a characteristic recovery time (accounted for the therm) that is comparable
to that in which the system evolves. In order to verify this, it is seful to
resort to the linearized system by rewriting the cavity energyrad the carriers
density in (4.20) as their steady-state values with a linear pairbation in
the forma(t) = A+ (t) and N(t) = N + n. These simple ansatz yield

= i( + jAjHY 1 +iAn
—= i+ A 1 A (4.23)
n=2jA%A + A) 2

The linearized system has two complex conjugate eigenvaluexiaa purely
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Figure 4.2: Real (green lines) and imaginary (red lines) parf the eigenvalues
of the system for = 3 and =0:15(@), =1 (b),and =3 (c).

real one. In Fig. 4.2 are shown the real (green lines) and imagny (red
lines) part of the eigenvalues when = 3 for di erent values of . When
the eigenvalues have negative real part the dynamics shows @ damped
oscillations that occur with normalized frequency = jIim( )j, whereas the
presence of a eigenvalue with a positive real part gives rise tsiability. The
latter occurs always in the negative slope branch of the bistbresponse
and causes the jump from low (high) energy to high (low) energgtates.
A more detailed analysis reveals that in the upper branch the stem can
experience Anrdonov-Hopf bifurcation yielding an unstable sation. The
bifurcation results to be supercritical emerging in a limit cgle oscillating
with period 2= . The Hopf bifurcation happens for energy values that
satisfy the following relation

(D Dre@E ) e 1+t”

E, = R (4.24)
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Figure 4.3: E, , and E,, values as a function of for = 3.

From this latter, it follows that the Hopf bifurcation exists only for values of
the detuning that satisfy

22 2= 3 (4.25)

Furthermore, when 2 the Eq. (4.24) admits the two solutions with
di erent sign. This means that the system can start from a stable @g@me,
undergoes bifurcation and nally returns to a stable regimeFig. 4.3 shows
the valueskg, as a function of . The point of bifurcation denoted byE, ex-
ists for > O (red curve). As expectedE, moves toward increasingly higher
energy values when approaches to zero becoming unde ned for= 0. This
is consistent with the fact that the characteristic time of the mnlinearity
becomes negligible with respect to the cavity lifetime, andhe system ex-
periences the dynamics typical of the systems subjected to instaneous
nonlinearities. The E, solutions (blue curve) appears for 2, and leads
to an instability behavior that does not fall into chaotic regme. When the
relation in Eq. (3.7) is satis ed for a given critical value , the two energy
point E, disappear because of the presence of their imaginary part. Mere
over, as shown in Fig. 4.3, the bifurcation point always liesbeve the point
E, (green curve) corresponding to the jump in the bistable respons@his
means that the unstable response always occurs.

As it can be seen, the energy pulse experiences stable periodidllations
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Figure 4.4: Self-pulsing dynamics of the intra-cavity eneyg(a) and carri-
ers density (b) when = 3 and = 1. Limit cycle emerging from the
bifurcation point corresponding to periodic stable regime {c

resulting in a limit cycle (see Fig. 4.4 (c)) as it falls into a stee of the upper
bistable branch. Interestingly, it is found that the existenceof the bifurcation
does not require the bistable regime. Fig. 4.5 shows, for=4 and =1,
self-pulsing behavior of the cavity energy (a), eigenvalue$ thhe system (b),
and limit cycle (c).

Eigenvalues

!

Figure 4.5: Self-pulsing behavior in the absence of bistablesponse: =4
and = 1. Cavity energy evolution (a), system of eigenvalues (b), ahlimit
cycle (c).
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Finally, it is investigated how the critical switching power c&epends on the
quality factor Q and modal volumeV of the cavity. By simple manipulations
of the Egs. (4.21)-(4.22), the power threshold that triggershe jump from the
lower to the upper bistable branch results to b&°¢/ = | j= . From the de -
nition of the coe cients in Eq. (4.22), the minimum required switching power
in dimensionless units (evaluated for = 5=2) results to beP¢ / P -,
consequently the dimensional power turns out to by / V:QD Q. This
demonstrates that a system in delayed nonlinear regime, proas lower e -
ciency than systems a ected by instantaneous nonlinearities.

4.3.2 Bistability in regime of TPA and FCA losses

In this section, it is investigated how TPA and FCA losses a ect tle results
previously outlined. Before proceeding, it is useful to redathat in TPA
regime, two photons are absorbed to generate a free carriemdahen it is not
correct to thoroughly ignore the lossy coe cient in Eq. (4.16). However,
as de ned in Eq. (4.22), depends on ratio between the carrier volume and
the TPA volume. The carrier volume in turn, is related to the arriers length
di usion and size of the cavity, therefore it can be opportungl reduced by
material and geometry engineering. Analogous considerat®mold for the
losses induced by free carriers absorption. In particular, isiexpected that in
high-Q small volume cavities, the nonlinear losses can drastilyabe reduced.
Therefore, the previous approximate analysis becomes an wsetudy to fully
understand the dynamics in what follows.

The stationary regime of Eq. (4.16) in which are present TPA and~CA
losses is given by

P=E (1+ E + E ?2+( + E?? (4.26)

Fig. (4.6) compares the bistable response without losses (blacasthed line)
seen in the previous section with the bistable behavior when TP&ed line)
and FCA (blue line) losses are introduced. To take into accountealistic
parameters, here it is used/rpa = 1:7( 0=no)°, Vear = 0:6( 0=no)® (where
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Figure 4.6: Comparison between bistable responses for the thréiesrent
regimes: lossless system (dark dashed line), system a ected by TPA uwed
losses (red line), and system a ected by TPA and FCA losses (blue &h
Here = 3, =05 =0:1and =0:1

o = 2 c=! ¢ is the resonant wavelength of the cavity), . =6 10 %> m?,
and , =9 10 > m?. These values yield =0:1 and = 0:1. Obviously,
as shown in Fig. 4.6, losses a ect the bistable response by loweritige
e ciency in the frequency tuning of the cavity. It is worth noting that,
unlike the lossless system, in this case it is not possible to obtain anclition
that triggers the bistable response depending on the detuningvalue alone.
This can be seen in Fig. 4.7 where the maps Bf (in logarithmic units) as
a function of and E (in logarithmic units) for xed = 3, are compared
for the two regimes: with nonlinear losses (a) and without noniear losses
(b). It is found that, despite the lossless case in which for< 5=2 and
irrespective of P is a threefold function ofE, in presence of losses, for
small values of the bistability does not occur. This consideration is further
highlighted in Fig. 4.8, where theP values are reported as a function of
and E by xing =0:1. As it can be seen from Fig. 4.8, when nonlinear
losses are neglected, the bistable behavior takes place fer 5=2 (Fig.
4.8(b)), whereas in presence of nonlinear losses the detunirggeded to trigger
bistability must be decreased until = 2:27 (Fig. 4.8(b)).
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Figure 4.7: Map of input power in logarithmic units (og(P)) as a function
of andlog(E) for = 3 for the lossy regime (a) and lossless regime (b).
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Figure 4.8: Map of input power in logarithmic units (og(P)) as a function
of andlog(E) for =0:1 for the loss regime (a) and lossless regime (b).
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Figure 4.9: Real (green lines) and imaginary (red lines) parf the eigenvalues
of the system for = 3 and =0:03(a), =0:5(b),and =2 (c).

The stability of the system (4.16) is investigate by consideringe follow-
ing set of linearized equations:

= i(+E?%» 1 2 E2 A2 ( DAn
_= i(+E» 1 2B E? AZ (+DAn (427

n=2jA(A + A) 2L

The eigenvalues of the system (4.27) are shown in Fig. 4.9 whers 3 for
=0:03 (a), =0:5(b), and =2 (c). Depending on , for su ciently
small values of , it is still found the bifurcation point (see Fig. 4.9 (a) and
(b)). Moreover, by solving numerically the eigenvalue prokim, it is observed
that always exists a second point in which the real part of the genvalue that
gives rise to Hopf bifurcation becomes zero. This means thatdlunstable
dynamics never undergoes a chaotic regime. In order to und&nd the de-
pendence of the bifurcation on the normalized time, in Fig. 4.10 are shown
the two energy values€, (red curve) andE, (blue curve) accounting for the
bifurcation point and the further transition through zero of the eigenvalue,
respectively. The pointsE, and E, become unde ned as approaches to
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Figure 4.10:E, values as a function of for = 3.
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Figure 4.11: Self-pulsing dynamics of the lossy system wher= 3 and
= 0:5. Intra-cavity energy (a), Carriers density (b), and limit ¢ycle (c).

zero. Additionally, as in the lossless regime, a critical value is found, so
that when ¢ the two points collapse and then vanish.

Finally, the self-pulsing dynamics by perturbing the system thtaevolves
from an unstable initial condition beyond the bifurcation paent is investi-
gated. Results are shown in Fig. 4.11, where periodic oscillats of the
intra-cavity energy (a) as well as of the carriers density (h)and the occur-
rence of the limit cycle (c) con rm the supercritical nature @ the bifurcation.
Moreover, it must be noted that again, the bifurcation can appar regardless
of the bistable regime.
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Figure 4.12: Time evolution of the carriers density with resp to the pulse
time scale (blue dashed curve). Energy in the cavity for input @wver below
the critical threshold (red dash-dotted curve) and for input mwer above the
critical threshold (red solid curve).

4.4 Spectral broadening induced by free car-
riers

To understand the spectral modulation of an optical pulse inveéd in non-
linear dynamics where the free carriers dispersion dominati,is useful to
resort to a numerical implementation Eqs. (4.1)-(4.6) in whit Kerr e ect
and nonlinear losses are neglected. Fig. 4.12 depicts the gtadive evolution
of the free carriers density on the time scale of the optical me [36]. The
relevant normalized time =40 is chosen, so that the recombination time is
much larger than the cavity lifetime. With a normalized detining = 3,
when the input power is below of the critical threshold, no apgciable self-
switching happens (red dash-dotted). Conversely, for pumpedwer above
the critical threshold, the pulse is fast switched in the cavity xéhibiting weak
relaxation oscillations due to the feedback mechanism (red gbturve). The
shift induced in the optical phase is proportional to the numbeof generated
carriers for unit of volume. Since the free carriers densitptfows the integral
of the pulse shape, the trailing edge of the pulse sees a higher shahift
than the leading edge. This causes an asymmetric spectral breathg. As
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Figure 4.13. Spectral response in the case of input power belovitical
threshold (dashed line) and in the case above critical thresholdolid line)
for the pulse in Fig. 4.12.

it is shown in Fig. 4.13 the spectrum of the pulse results blue-stati and
broadened as result of the index change.

4.5 Carriers diusion in semiconductor pho-
tonic crystals

Another relevant e ect that must be considered in the limit of two photon
absorption dynamics, is the di usion of free carriers, that can é&come one
of the main causes that a ects carriers recombination in pesdic nanostruc-
tures. This section is focused on the analysis of photogeneratioaused by
TPA, in particular, the purpose is to investigate how the carries lifetime is
a ected by the PhC geometrical features.
The rate equation that rules the dynamics of carriers geneied by illumina-
tion with an optical source of intensity | 2 is given by
2

%: le ﬂb+ Dr 2N (4.28)
where  is the recovery time of the bulk semiconductor material, is the
nonlinear TPA coe cient, and 2~! is the two photon energy, with~ the

63



Planck constant and! the frequency. The SRH term in the Eq. (4.28)
describes the di usion of the charges weighed by the di usion eccient D (in
unit of cm?=s). The di usion e ect is the mechanism according to which the
carriers spread proportionally to the gradient of their conentration, and gives
a signi cant contribution to the carriers lifetime and then to the switching
recovery time. In fact, surface recombinations are relatea tdi usion e ects
according to the following Neumann boundary condition

Dr njs = vgnjs (4.29)

with S the surface where charges recombine, and the surface velocity of
the recombinations. Surface recombinations in semiconductodescribe the
annihilation of charges at discontinuities or defects of therystal and play
a critical role as the device dimensions become small. The etee carriers
lifetime is then given by

1 _1,1 (.30
eff b S

where , arises from recombinations in the bulk semiconductor, and; is
determined by recombinations which occur at the surfaces di¢ sample. Al-
though it is still under investigation, by following the disseration in [38], [39],
here an expression ofs is obtain by evaluating the steady state @ N=@ 0)

of the rate equation Eq. (4.28). In two dimensions the contirity equation

becomes 7 7

¢ ' ds= r?nds (4.31)
S r S

whereG = | 2=2~! is the generation term andS is a 2D surface. In a PhC
triangular lattice with period a and holes radiusr = a (with 0 < < 0:5),
Eq. (4.31) can be evaluated by considering the integral ovehe hexagonal
unit cell of areaS = = 3=2a?. By the divergence theorem, the SRH of Eq.
(4.31) can be expressed as the one dimensional integral arouhé turve s

that bounds the S surface:
Z Z Z

Dr?ndS= r (Drn)dS= Drn Id (4.32)
S S S

wherel is the unit vector perpendicular to the path of integration,and ¢
is composed by both the hexagonal perimeter of the unit cell drthe hole
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boundary. By considering the boundary condition in Eq. (4.20with vg =
on the external cell edge ands 6 0 on the hole edge, the Eqg. (4.32) becomes

z N z
G — ds= nvg |dl (4.33)
S b s
The integration can be easily performed in polar coordinatds, andl = )

by considering the optical intensityl ? spatially uniform in the domain and
a surface velocity direct along the radial coordinate. The sailt is

p_ !
3
c I 7a2 r2 =2rvs (4.34)
b

The e ective recombination time ¢+ = G=nis then given by

1

eff

1 2
=Ty Vs (4.35)
b

_3 2
Sa a

from which follows the expression for the time of surface recomhations :

p

wl

2

A (4.36)
S

M)

The latter expression highlights as the recovery time induceoy surface re-
combinations can be tailored by means of the geometrical feges of the
crystal. The ratio between the holes radius and the lattice constarst

seems to be a critical parameter. As an example, when the recandiion

velocity is vs = 10*m=s in a PhC with period a = 430nm and = 0:20, s

is about 25s. An increasing of up to 0:30 leads 5 to be almost 13s, and

with a further increasing until = 0:40, s decreases to approximately &

becoming comparable to the temporal duration of the signalsrgcessed in
the devices.
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4.6 Testing the 2D-FDTD FCD modeling by
comparison with the CMT theory

0.57
0.4r
0.3f

TM modes
0.2t

frequency fa/c

01l TE modes

G M K G

Figure 4.14: Photonic band structure for a triangular lattie of air holes in

bulk material with n = 2:73. The crystal shows a complete band gap for TE

modes (red curves), whereas the gap is close for TM modes (blugves).

The frequency is expressed as dimensionless rdie-c wherea is the lattice

constant and c the speed of light. In the horizontal axis are reported the

in-plane wavevector values at the edges of the irreducibleiBouin zone from
to M to K.

Free carriers dispersion has been deeply analyzed in sectioB. 4.In
this section the 2D-FDTD results obtained by numerical implerantation of
the nonlinear equations previously described, are comparedttwthe CMT
model. The structure studied is a 2D PhC of air holes in a triandar lattice
with period a = 430nm, holes radius @®2a and linear refractive index of the
bulk material n = 2:73. As shown in Fig. 4.14, the structure exhibits a
complete band gap for TE polarized light. A high-Q HO cavity isrealized
by shifting of 0:16a two nearest holes [40]. The cavity is side-coupled to a
waveguide obtained by removing a row of holes in theK direction (see Fig.
4.15). In the side-coupled con guration, the transmission at ta end of the
waveguide is ""O ™ when the cavity is on resonance. This can é obtained
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Figure 4.15: 2D PhC domain. The structure consists of a HO cavityotained
by shifting two nearest holes and a linear defect realized bymeving a line
of holes. The cavity is side-coupled to the waveguide resulting a deep of
the transmission when the cavity is on resonance.

by the following linear CMT model:
@a_
t

— =il oa j kij®a+ Kysin

@

Sout = 1 kla

(4.37)

where ! o is the cavity resonancek; the coupling coe cient between the
cavity and the waveguide, ands;, and s, are the intensities in the input
and output waveguides, respectively. The output transmission, stwn in Fig.
4.16, is then given by
jkaj?

(! Vo) + jkij?
To investigate the nonlinear frequency blue-shift induced biyee carriers dis-
persion, FDTD simulations are performed by means of the set of wations
described in the section 4.2.2 without the implementation ofhie Kerr e ect

and nonlinear polarization responsible of losses, namdktpa and Peca .

The TPA coe cient used is = 10:2cm=GW, while the carrier lifetime has
been xed at , = 8 ps. For the diusion e ect, a value of the di usion

Tou =1 (4.38)
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Figure 4.16: Linear transmission of a cavity side-coupled to waguide. The
transmission is O™ (blue curve) when the cavity is on resonane (red
curve).

coe cient comparable to that is measured in Silicon, i.e.D = 35cm®=s, has
been used. The structure is pumped via a p8 Gaussian pulse lunched into
the waveguide with a detunign of Am with respect the cavity resonant wave-
length. The cavity resonates at ( = 1718nm and exhibits a loaded quality
factor Q of about 250 corresponding to a loaded cavity lifetime of abbu
0:46ps. Therefore the driving pulse detuned by Am results in a normalized
detuning = 1:16, just su cient to trigger self-switching. The energy stored
in the cavity is extracted by numerical calculation of the fdowing surface
integral

E, = % o rJEj?dS (4.39)

where S is restricted to an area around the cavity. The result is shown in
Fig. 4.17. Subsequently, the envelope is evaluated by lowsgsaltering of the
energy waveform. Fig 4.18 shows the energy envelopes for twermnt values
of the pumped power. In the rst case, the optical intensity injeted in the
waveguide is not su cient high to trigger the switching, and the energy level
in the cavity remains low. In the second case, when the input ietsity is large
enough, the signal is fast switched in the cavity by the bistableect. In Fig.
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Figure 4.17: Nonlinear 2D-FDTD time evolution of the energy sired in the
cavity when bistable switching is achieved.

4.18 the red dashed curve is referred to the below critical thshold case and
the red solid curve to the above critical threshold case. The tienevolution
displayed by the blue thin curve, is the result obtained by a CMTsimulation,
where the relevant coe cients are extrapolated by linear FOND calculations.
The qualitatively bistable behavior evaluated by the CMT moel is in good
agreement with respect to that obtained by the nonlinear FDTDsimulations.
However, the CMT curves can not perfectly overlap with the FDD ones,
due to the FDTD implementation that takes into account the adlitional
contribution of di usion e ects in the carriers temporal evdution. Fig. 4.19
shows the spectral shapes in the case in which the signal is not sied
(dashed blue curve) and in the case in which the signal is switchéd the
cavity (solid blue curve). Moreover, when the bistable e ects achieved, the
spectrum is broadened and shifted towards lower wavelength.
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Figure 4.18: Nonlinear 2D-FDTD time evolution of the cavity @ergy enve-
lope when switching is not achieved (red dashed curve) and whigre bistable
switching is triggered above threshold (red solid curve). TheFTD dynam-
ics is qualitatively compared with a CMT simulation (thin blue curve).
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Figure 4.19: Spectral shape of the energy waveform in the twases of Fig.
4.18: when the switching is not triggered the spectrum is undistted (dashed
blue curve) whereas, when the input power is high enough to givise to a
bistable e ect, the spectrum is broadened and blue shifted (sdlblue curve).
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Figure 4.20: CMT modeling of bistable switching triggered byrée carriers
dispersion in the case in which nonlinear losses are neglectedl(cerve) and
in the case in which nonlinear losses are taken into account (elicurve).

4.7 The e ect of nonlinear losses

An issue of great interest is to investigate how the nonlinear lossdse to
two photon absorption and absorption for free carriers gendexd by TPA
can degrade the switching performances.

The structure modeled is still the PhC cavity side-coupled to te waveguide
analyzed in the previous section. Fig. 4.20 compares the CMTYymamics for
the two cases: bistable switching induced by free carriers disggm with-
out nonlinear losses (red curve) and bistable switching when TPAonlinear
losses are accounted for (blue curve). By analyzing the tempbrevolution
displayed in gure, it is clear that the e ect of losses induced Y two photon
and free carriers absorption, produces a smoothing e ect ofélenergy wave-
form during the bistable dynamics. The same qualitative evoludn can be
observed by comparing the temporal dynamics obtained by nonéar FDTD
simulations. To this end, all nonlinear third order polarizatons have been
included into the 2D-FTDT code. For the cross-section that acemts for the
losses induced by free carriers absorption, a coe cientca = 9:3( o=m )23
has been used. This coe cient is comparable to that known by nasures in
semiconductor materials such as Silicon or GaAs. Fig 4.21 showe tresults
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Figure 4.21: 2D-FDTD modeling of bistable switching inducedybfree car-
riers dispersion when TPA losses are not incorporated into the de (red
curve), and when nonlinear losses are included (blue curve)h& energy is
plotted in (pJ=m) units. Comparison between the intensity peaks shows
that owing to the nonlinear losses, a degradation of:39dB is observed in
the switched energy.

for the two di erent modeling: bistable dynamics induced by rfiee carriers
dispersion when losses are not included (red curve), and bistalgdgnamics
when losses are incorporated into the code (blue curve). As preted by
the CMT simulations, the temporal evolution of the cavity enegy results to
be smoothed by the nonlinear losses. Furthermore, by compariniget peak
values in the two cases shown in Fig. 4.21, a degradation of abdu59dB in
the switched energy caused by the nonlinear losses is observed.

4.8 Switching by pump-probe operations

The required operating energy for a cavity based switch scales =@ or
V=Q Q by exploiting Kerr or TPA nonlinearity, respectively, whereQ is the
cavity quality factor and V the modal volume. Small volume and high-Q
photonic crystal cavities can therefore realize optical swahing with a large
reduction in operating power due to their strong light con nenent.

As discussed for the switching in Kerr photonic crystal, the pump+pbe op-
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erations, where the excitation of the cavity for the signal proessing is driven
by a pump signal, can be very interesting due to their potentialith respect
to the control of speed and switching e ciency.

In this section pump-probe operations are studied in a PhC HO cidty coupled
to two waveguides in an in-line con guration. The PhC has thesame prop-
erties as those analyzed above. In detall, it is a triangulaattice of air holes
in high contrast bulk material with refractive index n = 2:73. The period of
the crystal is a = 430nm and the holes radius ig = 0:22a. To enhance the
coupling between the cavity and the two waveguides, the holeadius of the
rst two rows in the waveguides has been increased nfy = 0:34a. Thereby,
the cavity exhibits a resonance at o = 1583nm with a loaded quality factor
Q =980. The structure is depicted in Fig. 4.22. In the in-line co guration
the cavity is coupled to two separated waveguides, so that theansmission
in the output port is in the "OnN™ state when the cavity is on resonance.
This can be suitably predicted by the following linear CMT moel:

@a . -
— =il sa j kijca+ kis
@t 0 J lJ 19in (4.40)

Sot = kja

with ! o the cavity resonancek; the cavity to waveguide coupling coe cient,
Sin the input and s, the output signal, respectively. The system gives the
following output transmission

jkaj?
i(! 1o)+ jkaj?
that exhibits ""On™ output transmission at the cavity resonance.
Pump-probe operations have been analyzed with the nonlinre@D-FDTD
code. In order to investigate the bistable switching induced bfree carri-
ers dispersion, Kerr e ect and nonlinear losses have been netgec The
nonlinear parameters of the material are the same as those usedpirevi-
ous section, i.e. = 10:2cm=GW for the TPA coe cient, , = 8ps for the
carriers recovery time, andD = 35cmd=s for the di usion coe cient. For
this con guration it is of particular interest the analysis of the tuning and
detuning performances by switching ""On™ and " O ™ the probe signal by
means of the control signal. In the rst case, both, pump and probare s

Tout = (4.41)
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Figure 4.22: 2D PhC domain. The structure is composed by a HO cti
coupled to an input and an output waveguide in an in-line corguration.

Gaussian pulses detuned of = o= 10nm with respect to the cavity
resonance. This means that the driving signal switches " On"tgelf and, at
the same time, switches ""On™ the probe signal, resulting in andancement
of the probe output transmission that follows the cavity dynants. Fig. 4.23
shows the cavity energy for di erent values of the control sigad. The energy
has been normalized with respect to its value whePy,m, = Off so that the
switching contrast is emphasized. As it can be seen, the contrasinereased
according to the level of the driving intensity.

In the second case, pump and probe are twp$Gaussian pulses. The pump
has a negative detuning = o= 10nm, whereas the probe has been
setup to have a positive detuning = o = 5nm. Thereby, when the
pump self-switches by increasing the optical energy inside thawty, owing
to the blue-shift of the frequency induced by free carriers sjpersion, the
probe is switched ""O ", resulting in a decrease of the output tansmission.
Fig. 4.24 shows the results of the simulations for di erent vales of the peak
power of the control signal. As expected, by increasing the dmg intensity,
the cavity energy is switched ""O ™ with deeper contrast.
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Figure 4.23: Tuning of the cavity by pump-probe operation. Te en-
ergy curve are shown for dierent values of the input driving pwer:
Pin = 109mW=m (dark curve), P, = 246mW=m (green curve),P;, =

438nW=m (blue curve) and P, = 685mW=m (red curve). The energy
curves show an enhancement in the switching contrast as a resutlt the

increased optical control intensity.
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Figure 4.24: Detuning of the cavity by pump-probe operation The en-
ergy curve are shown for dierent values of the input driving pwer:
Pin = 109mW=m (dark curve), P, = 246mW=m (green curve),P;, =

438nW=m (blue curve) and P, = 685mW=m (red curve). The energy
inside the cavity is decreased when the input control intensitis increased.
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4.9 Comparison between 2D-FDTD nonlin-
ear results and experimental data

Up to now the 2D-FDTD nonlinear code has been checked by compsm
with CMT models and by testing qualitatively the correctness bthe results
concerning to the tuning and detuning operations in PhC caties. The goal
was to demonstrate the potential switching features of such strtures in
nonlinear regime induced by two photon absorption, as well de check the
right code operations. Nevertheless, to keep down the computaial cost,
simulations have been performed by modeling a PhC domain of@lt 15 15
periods, that does not corresponds to the realistic dimension$ structures
employed in experimental frameworks. In particular, the smbkize of the
simulated domain was responsible for the low quality factor ohe cavities
seen so far. Hence, while the small PhC domain allowed us to perffompor-
tant tests with very low computational cost, it did not give any knowledge
about the realistic performances of the devices. Moreover,gmonlinear pa-
rameters employed so far do not correspond to the realistic panaters of
the semiconductor materials used to build the signal processingwces. In
this section, in order to set up a simulation tool aimed at invesgjating the
dynamics of PhC switching, the correct operations of the codee validated
by comparing the numerical results with experimental data.
Measurements are performed over a GaAs PhC slab sample, involyia
single HO nano-cavity coupled to two (input and output) sectios of a line-
defect waveguide, in an arrangement equivalent (topologilty) to the one
reported in [9]. The cavity, whose spectral response is shown ingFi4.25
(top) resonates at o = 1551:84nm with a loaded quality factor Q = 1800,
which corresponds to a spectral FWHM = 0:56nm. In order to investi-
gate the nonlinear behavior of the sample, non-degeneraterpp-probe ex-
periments have been performed, the nonlinearity being dew by the strong
pump pulse. Figure 4.25 (bottom) shows the typical outcome inetms of
the dynamics of the transmitted probe pulse, when the pump walength
is held on resonance while the probe is blue-shifted to the3dB point of
the cavity spectral response. By increasing the pump power up tev tens
of W , a dramatic increase of the probe transmission is observed whereth

76



Ay = 1591.84 nm | Qlactor = Z200

=]
o

SFPD (a.u.)
=
2

0A4r

0.2r

Probe Transmission{a.u.)

=30 -Z.O -!Il‘.l 1; 10 2.0 SIO 4Iﬁ

delav (ps)
Figure 4.25: Spectral response of the GaAs HO nanocavity (top) dnime-
resolved dynamics of the probe transmission (bottom) in a waveigle side-
coupled to the nano-cavity. High probe transmission (switchings obtained
in pump-probe con guration with the pump on resonance and therobe
blue-shifted at -3 dB point of the spectal response.

probe overlaps temporally with the pump. This is a signaturehat the re-
sponse of the cavity is dominated by the plasma e ect (carriersegerated via
TPA) which is responsible for a pump-induced blue-shift of the smnance,
while the e ect of nonlinear losses remains marginal. The datshows that
the dynamics of the carriers is extremely fast with a relaxadbn time of few
psec, while a good switching contrast of 1 : 3 is achieved at a purppwer
of 6mW . The use of membranes allows to give a reasonable description in
2D employing e ective index method in the vertical directim, with a value
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Figure 4.26: Dynamics simulated by means of the nonlinear 2EDTD code
of the structure characterized in experiments.

n = 2:67 and perfect matched layer (PML) absorbing boundary condadns
in the plane of the PhC. To account the nonlinear e ects in GaAsa Kerr

coecient ny =1:5 10 Mcm?=W and a TPA coe cient = 10:2cm=GW

have been used. For the carriers dynamics the recovery timeshbeen taken
= 6ps with a di usion coe cient D = 237;86cm?=s. To obtain the exact
linear response, a su ciently large domain of simulation (23 41 cells) has
been chosen, that sets the realistic cavity quality factor to ba ected only

by the coupling with the waveguide. Moreover, to obtain opative informa-
tions about the transmission e ciency, in the FDTD code the calalus of the
Poynting ux at the bus output port has been implemented, andhe outcome
has been processed with a low-pass Iter to extract the envelop&he results
are shown in Fig. 4.26. By comparing with Fig. 4.25 it turns outhat the

outcomes of the simulations are in good agreement with exp@ental data,

and this con rm the correct set up of the code.
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Figure 4.27: Schematic of a three-ports AOG operating in a denerate fash-
ion with a pump and a probe at di erent wavelengths.
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Figure 4.28: Domain of simulation.

4.10 Design of a three-ports switching device

In this section a rst three-ports con guration for ultra-fast optical switching
(see scheme in Fig. 4.27) is studied. The device is composed byiangu-
lar lattice PhC of air holes in GaAs membrane. The lattice conant is
a = 430nm and the holes radius is @2a. As depicted in Fig. 4.28, the struc-
ture consists of a HO cavity side-coupled to a bus (low) waveguided a drop
(high) waveguide. The radius of the two rst rows in both, bus ad drop
waveguides, has been increased to enhance the coupling witk tavity.
FDTD simulations aimed to investigate pump-probe operationfave been
performed with the same nonlinear parameters for GaAs matelias de-
scribed in the last section. As shows Fig. 4.29, the cavity preserdsreso-
nance at o = 1456nm. In order to obtain the best performances in terms
of switching contrast, some tests have been made by changing theolpe
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Figure 4.29: Linear drop transmission in dB

detuning with respect to the cavity resonance and maintainingxed the
frequency pump blue shifted by ®nm. In Figs. 4.30-4.35 the normalized
(Pout(pump = On)=Py(pump = Off )) power ratio in the bus and drop
waveguides for probe detuning fromrdm to 3nm are shown. As expected by
the knowledge concerning to the performances of switchinga¥PhC cavities
[9], and in good agreement with them, the maximum switching otrast not
exceed &H. This occurs with the probe blue shifted by 8m, as displayed
in Fig. 4.35, where the required pump power and the correspand probe
switching contrast obtained have been also indicated. Furthencreasing the
probe detuning does not lead to any improvement in the switchg perfor-
mances.
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Figure 4.30: Bus switching e ciency with probe detuned by hm.
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Figure 4.31: Drop switching e ciency with probe detuned by hm that shows
a maximum SC achievable of about:B (red curve).
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Figure 4.32: Bus switching e ciency with probe detuned by 8m.
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Figure 4.33: Drop switching e ciency with probe detuned by 2m that shows
a maximum SC achievable of about:B (red curve).
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Figure 4.34: Bus switching e ciency with probe detuned by 8m.
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Figure 4.35: Drop switching e ciency with probe detuned by 3m corre-
sponding to the best performances: maximum achievable SC of ab@:3
(red curve).
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4.11 Three-ports All Optical Gate (AOG):
optimized design

Finally, in this section some optimized topologies of a thregerts All Opti-
cal Gate (AOG) are developed. The aim is to enhance the perfoances of
the three-ports switching device previously described. The tiom line idea
is that a better switching contrast can be obtained by exploitig the inter-
ference between multi-resonators that can exhibit very sharansmission.
In this perspective, the optimization is pursued by numericé} investigating
di erent PhC topologies.

The basic structure is the same PhC discussed in the previous sectibat
has been modeled by means of the 2D-FDTD nonlinear code by ugithe
nonlinear coe cients for GaAs membrane material. As before,he device
is made of a photonic crystal triangular lattice of air holesn a thin semi-
conductor membrane. All the con gurations share the same latte constant
a = 430nm, while holes radius isr = 0:22a. The waveguides are W1 ones,
with an inner row of holes with radius 029. A set of two or three HO cou-
pled cavities with di erent parameters is used.

In the rst topology shown in Fig. 4.36 (a), two coupled HO cavites with
shifts of 018a and 019 act as multi-frequency resonator to switch the sig-
nal from bus (bottom waveguide) to drop (top waveguide). As shan in Fig.
4.36 (d) the interference between the cavities makes a veryesp peak of
transmission that can lead to high switching performance in pumprobe op-
erations with very low driving power when the probe is slighyl blue-detuned
with respect to the maximum of the drop transmission. The linearrans-
mission along the through channel exhibits an insertion loss of22dB at
the operating (probe) frequency (see Fig. 4.36 (c)). Furtherore, the linear
transmission evaluated in the drop channel exhibits a sharp chge (3@B) in
the transmission as the frequency changes byrh. Switching in pump-probe
regime has been investigated by employing g6 Gaussian pump pulses to
drive a continuous-wave probe. The dynamical response (pumpepe degen-
erate operation) modeled by means of the 2D-FDTD nonlineande exhibits
a switching contrastSC = 55 in the drop channel and a switching contrast
SC = 0:45 in the through one (see Fig 4.37). This has been obtained twit
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Figure 4.37: Two-cavities design. Nonlinear transmission at trdrop (a) and
through (b) port evaluated for di erent levels of input powe.

(estimated) input peak powerP,  350nW, which is comparable to that
required to have aSC = 3 in the simple device realized with only one cavity.
In the second topology, a system of three cavities with shifts ohé holes
set to 022a, 0:1% and G16a is used (see Fig 4.38 (a)). Figs. 4.38 (b) and

(c) show the linear transmission in the through and drop port, resgctively.
The linear transmission in the drop presents a sharp change ofd® as the
frequency is shifted by bhm. The insertion loss in the through channel evalu-
ated at the probe frequency is BdB. In this case, in pump-probe degenerate
operation, the expected SC is 205, still with the same power kvas above
(see Fig. 4.39 (a) and (b)).
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Figure 4.39: Three-cavities design. Nonlinear transmission ae drop (a)
and through (b) port evaluated for di erent levels of input power.

Both con gurations with two and three cavities exhibit a highly improved
switching contrast by means of interference between the resamecavities
introduced in the gate section. The e ciency in terms of the SUs shown at
di erent values of input power in Figs. 4.37 and 4.39. The dro ciency
(power transferred from input bus to output drop) is about 30%or the rst

88



con guration and about 40% for the second con guration. The & ected
power is of about 50% in both cases.

4.12 Summary

In this chapter the most relevant nonlinear e ects present in saiconduc-
tor materials such as two photon absorption and free carriersagpersion as
well as absorption induced by TPA have been analytically studd. All of

these nonlinear e ects have been incorporated in a 2D-FDTD de in order
to model high-performances PhC switching devices. Finally, ;@ optimized
designs of a three-ports All Optical Gate have been analyzedn particu-

lar, two di erent con gurations have been reported, that in a pump-probe
degenerate operation show a switching contrast &C 50 andSC 200
respectively, resulting far superior to the performance of a gjle-mode cavity
device operating at the same input power levels.
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Conclusions

This thesis has been focused on the study of nonlinear e ects iptcal de-
vices realized in semiconductor materials. The Kerr and two jion absorp-
tion nonlinearities have been deeply analyzed as dominaneets in standard
semiconductors. In particular, the study has been developed loyvestigat-
ing device topologies based on photonic crystals but it shoul&elemphasized
that the results obtained here can be easily extended to any ah settings
involving di erent types of optical structures such as ring reonators and po-
htonic wires.

A rstinteresting target of this thesis, was the analytical studyof the bistable
response in systems a ected by TPA nonlinearities by means of tHeMT
model. In fact, this theoretical investigation highlighted some important
features about the switching performances of an optical céyicoupled to a
waveguide. In particular, the conditions in terms of the deining between
the cavity resonance and driving frequency able to trigger thswitch have
been obtained, and the performances in terms of switching eiency have
been related to the quality factor and the modal volume of theavity.
Another important result is the implementation of a 2D-FDTD nonlinear
code in which all the nonlinear e ects have been incorporate The real-
ization of this numerical tool has rstly required to extend the governing
equations that ruled the nonlinear e ects to frameworks in \Wich the elec-
tromagnetic eld acquires a speci c polarization. Furthernore, in order to
validate the correctness of the simulations, di erent tests sucas comparisons
between the numerical outcomes and CMT models as well as carpons
between the FDTD results and experimental data have been perfmed.
Finally in the last part of this work, the knowledge acquired hout the physic
of the nonlinear e ects, the analysis of theoretical models, & implemen-
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tation of numerical tools, has been exploited for the design afew high-
performances switching devices aimed to realize ultra-fasi-aptical signal-
processing. This latter results are currently the basis for thebrication and
characterization of a new generation of optical devices.
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Appendix A

The Finite Di erence Time
Domain (FDTD) method

In this study numerical methods based on time domain techniqaehat use
spatial and temporal discretization of the electromagneticicrential equa-
tions are applied. One of the best known and widely di used is # nite
di erence time domain (FDTD) approach [26] whose general gdelines and
advantages are brie y described in this appendix. The purposs to intro-
duce a scheme that is next extended to study the nonlinear dynaes in
semiconductor materials.
The FDTD scheme applies the Yee's algorithm that solves Maxwial curl
equations for both electric and magnetic elds in time and sp=. In the
Yee's algorithm the spatial domain is divided in cubic cells, sthat the edge
of each cube forms the three dimensional space grid. TBeand H spatial
components are positioned in this grid structure so that everlg component
is enclosed in a square of four circulatingl components and vice versa (see
Fig. A.1). Thereby, the method implicitly applies the Farady and Ampere
laws. In the time, the Yee's algorithm calculates th&e and H components
at temporal instants that di er of half time step t=2 (see Fig. A.2).
Insight into FDTD method can be obtained by considering for simiity
the homogeneous Maxwell's equations in a Cartesian coordi@asystem in
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Figure A.1: Yee's scheme.

linear, isotropic, nondispersive three dimensional media:
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With the notation
Exjijk = Ex(i X;j y;k 2) (A.2)

where the grid spatial points are denoted byiyj;k ) = (i Xx;j y;k 2z)with

X, Yy and zthe spatial step along the three directionx, y and z, and i,
j and k integer number, by space and time discretization, the rst equ&on
of (A.1) for the Ex component becomes
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Figure A.2: The 1D space-time Yee algorithm showing central derences
for the space derivatives and leapfrog over the time derivags. k represent
electric eld node numbers and n is the time step.
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(A.3)

For the other eld components analogous discretized expresss hold. It
is clear that a rst advantage of this technique is that the newvalue of a
electromagnetic component at any grid point depends only oits previous
value and previous values of the other elds at adjacent paois. Then, in
very simple way, the Maxwell's equations are fully solved. Mebver, the
discretized equations result explicit, thus numerical implaentations do not
require solving for matrix inversion. Another advantage is thathe conti-
nuity of the tangential components ofE and H elds is naturally ensured
by the gird structure. Finally, it must be noted that due to their de nition,
the central nite di erence expression for the derivatives hae second-order
accuracy.
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A.1 Reduction to two dimension: TM and
TE modes

If the structure extends to in nity along the z coordinate without any change
in both the geometry and the electromagnetic properties, thelectromagnetic
wave is also uniform inz direction and all partial derivatives with respect to
z are zero. In this case the Maxwell's equations become

@H _ 1Q@E

@t @y

@y _1@E&

ot @x

@H_ 1 @k @F

@t @y @x

@E_1 @4 . A4
at @y X

@ _ 1 @H .

@t @x y

The equations that involve onlyH,, Hy, and E, are designed as transverse
magnetic modes (TM):

@H_ 1@E

@t @y

@H _ 1@E

@t @x (A-5)

@E _ 1 @f @K

@t @x @y
whereas the equations that involve onlyE,, Ey, and H, are designed as
transverse electric modes (TE):

@k _ 1 @H

E.

=Xz - =2 E,
@t @y
@ _ 1 @H
@~ ex' Et (A-6)

@H_1 @k @§

@t @y @x
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Discretization for the TM modes yields

!
t

=

-n+l=2 _ 2 -n 1=2
Ba)i 1j+12 = 1+ 1 Ea)i 15417
| 2 |
t _t
X in in y in in
+ r Hylja= Hyli g * t Hui 1= + Hyli 12250
1+ 1+
2 2 )
t 1=2 1=2 !
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in+l - N+ .n+1=
yJIj+1_2 HyJIJ+1‘2+ X ZJ|+1—21+1 =2 ZJI 1=2;j+1=2
(A.7)
and discretization for TE modes yields
! !
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N t n+1=2 n+l=2

Evii 1251 EViisio2ja
(A.8)

These very simple expressions are suitable for numerical implertagion of
electromagnetic propagation in structures that support polazed light. In
particular, since this is the situation of interest for the dewes analyzed in

this thesis, they are often applied to the analysis of nonlineadynamics in
photonic crystal devices.

A.2 Boundary conditions: Perfectly Matched
Layer

At boundaries the set of Egs. (A.4) must be modi ed by alternativeequations
(boundary conditions) to treat the edge of the computationadomain. To
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(a) (b)

Figure A.3: Partially lled cells: (a) interface orthogonal to the electric eld
component. (b) interface parallel to the electric eld compnent [29].

this end, di erent constrains (perfectly electric or magndt material, or pe-
riodical conditions) can be imposed depending on the di ererdgituations. If
the structure is thought as an inde nitely extended domain, hen the bound-
ary conditions should guarantee the propagation toward in ite without any

spurious re ection. In this case the boundary conditions areamed Absorb-
ing Boundary Condition (ABC) [26]. When ABC satisfy the two constains:
- are extended over a thin layer so that the number of cells inlk@d is very
low and the computational e ort is not a ected by their preserce

- absorb outgoing waves from the interior of the domain withdure ecting

them back

then they are said Perfectly Matched Layer (PML) conditions%7].

A.3 E ective permittivity

E ective permittivity method accounts for the boundary condition of the
electromagnetic eld at dielectric interfaces. Di erent shaged dielectric sur-
faces, such as periodic array of holes in a PhC, can generatetaély lled

FDTD cells [28], [29]. An approach to minimize the computatioal errors
emerging to this not ne tuned of dielectric boundary is to asgin an ef-
fective permittivity for partially lled cells. The calcula tion of the e ective
permittivity requires both the tangential and the normal canponents of the
electric eld. If the electric eld is parallel to the interface, the e ective
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permittivity can be derived from the integral form of Amperes law, whereas
if the electric eld is perpendicular to the interface (see K. A.3), it follows
from the integral form of the Faraday's law. Both parallel anl perpendicular
contributions to the e ective permittivity can be treated with the following
expression for the dielectric constant [30]:

j=f 2+ f)a (A.9)

1
f,
2 1
wheref is the ratio of the lled area of the cell to the whole cell areand .,
o are the dielectric permittivity of media 1 and 2 respectively For curved
surfaces, the e ective permittivity is the superposition of thenormal and the
parallel e ective permittivity with respect to the angle between the electric
eld and the boundary, therefore the following phenomenotgical relation can
be used

(A.10)

?:

eff = ijOS2 + ')(1 0052) (All)

where is the angle between the electric eld vector and the normalector
to the boundary.
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Appendix B

Nonlinear FDTD scheme

In this appendix the discretized 2D-FDTD equations that fuly account for
the TE polarized light in nonlinear regime are described. Thepatial grid is
discretized in cells of size x z in a two-dimensional domain X; z) where
the i; k indexes denote the coordinates of the single cell. The equats are
updated at the time (n + 1=2) t for the electrical eld, and at the time
(n+1) t forthe magnetic eld, being t the temporal step.
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B.1 Main equations

The coe cients accounting for the nonlinear evolution of the electric eld
are set up as follows

p—

GLM (k) = S (k) + k) + 20T i (ks
+ Z0 a2 k) + $;1A=;§tored (i;kgl L G Op; FCA N\ n+1=2j: k)
G2,(i k)™ = —Othr:x(i;k)Jr V2 e () 2O 2 (k)
+ Z0 a2 k) + 2;1A=;§tored (i;k)l L Op; FCA N\ n+1=2j: k)
Gl (k)™ = —‘}hr;z<i;k)+ cerr (i k) + 2°pt_f Miiasma (i K)+
+ ZO A2 K) + Toaored (i;kp))l Q0 rFoa Op; FCA N M1=2(j: k)
G2 = % 1K)+ ke (5K)+ 20T L2 (k)
+ ZO PA" R K) + A R k) + Co op; FOA N ML=2(j; k)
(B.1)

where gca is the cross section for free-electrons and free-holes absinpt
Following the order in RHS of Eqgs. (B.1), each coe cients storethe linear
polarization, the Kerr e ect, the plasma e ect, the losses indaed by TPA,

and the losses due to FCA, respectively. It is worth to note that th relative
dielectric permittivity is separated in two component and z in order to take
into account the e ective permittivity seen by the two electic components
Ex and E, as described in last section of appendix A.

By means of these de nitions, the time-step equations for the edtric eld

are written in compact form as follows

. G2(i+1:2) _ - 1. HG+1k+1) H (G +1:K)
n+1l=2 . — X n 1=2 . y y
BT L= g iv e (LK 2GL(i + 1.K)

- G2(i+1;2) - H,("(i+1;k+1)+ H,"(i +1;k)
n+l=2 . — A n 1=2 . y y
B+ L= Grivner (Ll ZGL( +1,K)
(B.2)
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For the Kerr susceptibilty, at the step (1 +1=2) t, the old ..~ must be

rstly stored and then the corresponding equation can be update

n+l=2 . _ n 1=2,..
Kerr;stored (I’k)_ Kerr (|1k|2|

n+1=2.. i fE N+1=20001,\i2 4 i N+l=20; -2i (B.3)
kerr (5K) = Co o 1Nz (i5K) JEK"- (i K)j= + JE." (i K)j
wheren, is the nonlinear Kerr coe cient.
Equivalently, the update equations for the TPA losses are gineby
?’ElAz;gtored (i; k) = ?P'l:z(i; k) h i (B 4)
.. [ ,
miik = 220 1ealR) e vz pe + B0 2 kP
with 1pa being the TPA coe cient.
The rate equation discretized for the carriers densitiN writes as
Nn+1 (I,k) — ictz) or TPA(':k) jEXn+l=2(i;k)j2+ jEzn+1=2(i;k)j2 +
Colco 8~1g .
Co2 /- 3 . . . .
+ =N(@;k)+ =[N"(+1;k)+ N"(i L K]+ =[N"(i;k+1)+ N"(i;k 1
1 (i k) Col[ ( ) ( )] Col[ ( ) ( )]
(B.5)
where the coe cients ¢,, with p=1;2;3;4 are de ned as follows
1= ~5 . 1= —~ .
2, t 2, t
) ) (8.6)
Co3z = 5 %2 Cos = 5 52

with | the carriers recovery time and the di usion coe cient. The same
constraint applied for the Kerr and TPA coe cients must be followed for the
plasma e ect, that is rstly stored and then updated:

n+l=2 . _ n 1=2 ,..
nplasma;stored (I’ k) - nplasma(l’ k)

(B.7)

- €
+1=2 /-, _ .
Nprasma (1 K) = WB_TN (i k)
wheree is the electron charge andn the e ective mass of the charges.
Finally, the time-step equation for theH, eld is given by
t

HY(i+1;k+1)= H) "(i+1;k+1)+ ~ EM2(+1:k+1)  EM2(ik +1)

—tz EMI=2(+1;k+1) EMT(i+1;k)
0

(B.8)
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Figure B.1: Computational domain.

B.2 Computation of energies and powers

Other useful discretized equations are those set up for the tint®main cal-
culation of the energy in a cavity and the power in a waveguidéAs sketched
in Fig. B.1, by identifying with the indexesile, 12, il. and i2, a Carte-
sian region including the cavity, at each time-step the energstored inside
the cavity can be evaluated by means of two nested loops thataleze the
discrete spatial integration:

doni=ilgi2e
do nk = kle; k2
Energy"™" = = Energy™" %+
.. (B.9)
+ w JEXT 2 (ni;nk)j? + JER(nipnk)j? x z
end do
end do

Equivalently, the temporal evolution of the power ux that crosses a section
of a waveguide (see de nition of the indexes in Fig. B.1) can bmumerically
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integrated as follows

do nk = k1y; k2,
Power" = Power" E}*™ (ip;nk)H) (ip;nk) z (B.10)
end do
Finally, it is worth to emphasize that in simulations involving pump and

probe signals, it could be useful to maintain the pump and the phe equa-
tions stored in two di erent lines.
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