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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree; Doctor of Philosophy Program. Microsystems Engineering
Name of Candidate: Rami A. Wahsheh

Title: Nanophotonic and Nanoplasmonic Couplers:jsia and Fabrication

Mode mismatch between waveguides of different geneseand propagation mechanisms causes
radiation and back reflection, which results im#figant loss of optical power. This is considered
one of the obstacles that prevents multiple aptidina of the optical integrated circuits. In this
dissertation, we design, fabricate, and experintigntemonstrate four novel photonic couplers
that achieve mode matching between hybrid waveguidéese hybrid waveguides include
conventional optical waveguides, photonic crysR) waveguides, and plasmonic waveguides.
First, we propose a novel method to enhance theliogu efficiency between a dielectric
waveguide and a planar PC. This method is baseiitmyducing structural imperfections that
cause a change in the mode size and shape ingdaghr to match that of the PC line-defect
waveguide. These imperfections are introduced @angimg the size and position of the inner
taper rods. Our results show that introducing thectural imperfections increases the coupling to
96% without affecting the transmission spectrumtlod structure. Second, we demonstrate
through numerical simulations and experiments tbat crosstalk between two crossed line-
defect waveguides formed in a square lattice P@ctire can be achieved by using a resonant
cavity at the intersection area. The PC resonabmsists of cubic air-holes in silicon. The
theoretical and experimental crosstalk values ppeaximately -40 dB and -20 dB, respectively.
Third, we introduce a novel silicon microring veeti coupler that efficiently couples light into a
silicon-on-insulator (SOI) waveguide. A specific deois excited to match the effective index of
the SOI guided mode by oblique incidence. The wsartieakage from the microring forms
gradual coupling into the SOI slab. Coupling e#fitty up to 91% is demonstrated numerically.
The coupler is fabricated and tested to confirmahalytical results. Fourth, we present a novel
design, analysis, and fabrication of an ultracorhpamupler and a 1 x 2 splitter based on
plasmonic waveguides. In addition, we present tanoascale plasmonic devices: a directional
coupler and a Mach-Zehnder interferometer. The svare embedded between two dielectric
waveguides. Our simulation results show a coupdfiiziency of 88% for the coupler, 45% for
each splitter’'s branch, 37% for a 2 x 2 directionalipler switch, and above 50% for the
proposed designs of the Mach-Zehnder interferoméiesrder to confirm the analytical results,
the plasmonic air-slot coupler and splitter areitatted and tested.

Abstract Approval: Committee Chair

Program Director
Dean KGCOE
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Chapter 1

Introduction

Optical fiber interconnects and optical integraw@ctuits (OICs) are replacing their

electrical counterparts mainly due to their lownsmission losses, small size, large
bandwidth, and high speed. Silicon-on-insulator IjS@chnology is used in the

fabrication of both the optical and electrical gri&ted circuits, which makes it possible
for future miniaturization of optoelectronic commits and integration on the same chip.
A class of photonic waveguides that have been widséd is based on SOI. The main
source of losses in the SOI waveguides is fromsidewall roughness which can be
reduced by oxidation smoothing and anisotropic ietchmethods [1]. Other sources
involve coupling light into and out of the OIC a®livas connecting different types of
waveguides on the same chip. Mode correction islesevhen coupling light between
two waveguides that have different mode profilese Tnismatch in the mode profile
causes radiation and back reflection losses. Tiublgm is considered one of the main

obstacles that prevents the multiple applicatiohshe optical integrated circuits. The



future of dense optical integrated circuits requitiee use of hybrid waveguides. Three
main types of waveguides are used in OICs: conweatioptical waveguides, photonic
crystal (PC) waveguides, and plasmonic waveguidé® first guides light by total
internal reflection, while the second by Braggeefion, and the third by surface plasmon
polariton. Integrating and connecting these wawdggii which usually have different
geometries and propagation mechanisms, is neededilt efficient optical integrated
circuits. Butt coupling is not the optimum solutimachieve high coupling efficiency due
to the existence of mode mismatch [2]. The interfaetween these waveguides should be
designed to achieve high power transmission. Theggefthe proposed methods in the
literature aim to match the mode profile in eachveguide so that high coupling
efficiency is achieved.

One way that is widely used to achieve modal caigaris by using a taper to change
the mode size adiabatically [3-10]. The key poita change the waveguide dimensions
so that the mode size matches that of the inpoutput waveguide. Theoretically, as the
taper length goes to infinity, all modes coupl¢he fundamental mode. Practically, taper
lengths are finite and in turn total coupling canibe achieved. To achieve high coupling
efficiency, the light beam inside the tapered wangg should be perturbed by means
other than the linear geometry of the tapered waideg Sanchi®t al. [10] used both a
PC tapered waveguide and two extra defects ahtbdace between a dielectric and a PC
waveguide. They achieved over 80% coupling efficgenVe advanced their work by
using a nonlinear tapered waveguide and extra wefdd-14]. We achieved 96%

coupling efficiency by changing the size and positf the inner taper rods.



Tapered waveguides are also used to couple lighiteles dielectric waveguides and
plasmonic waveguides [15-17]. Veronis and Fan Hdlieved 93% coupling efficiency
between a silicon waveguide and a silver-air-siplasmonic waveguide. Their proposed
taper is long (400 nm) and its design requiresusee of special software. We designed a
compact taper of a length of 33 nm and achieved 868pling efficiency [18]. Then we
designed different optical devices [19-22]: spidtedirectional couplers, and Mach-
Zehnder interferometers. To the best of our knogdedhis is the first time that one
reports optical devices that couples light fromlatigic waveguides into plasmonic
waveguides. We fabricated and tested the proposegler and splitter to confirm the
analytical results.

Coupling light from one waveguide into another dsnachieved by placing them
close to each other so that the evanescent tthkeainode in one waveguide overlaps with
that in the adjacent waveguide [23-29]. The twopted waveguides can be placed next to
each other or on top of each other with an isatatayer in between. Due to the mode
overlap, light couples from one waveguide into #ugacent one. Total beam switching
occurs when phase matching occurs between the tadesnover a specific interaction
length. Lu [29] applied the vertical coupling methim couple light from a single mode
fiber into an SOI waveguide. First, light is coupléom a single mode fiber into a
dielectric waveguide that is terminated by a ritap (layer). Then, the circulated light in
the ring performs many attempts to couple light ithte SOl waveguide. Coupling occurs
when the refractive index of the microring is stigHarger than the effective refractive
index of the SOI waveguide. This requires usinfgdéint dielectric material than that used

in SOI. To simplify the fabrication process, weidasd a microring coupler that has the



same material as that of the SOI waveguide [30¢ d@tupling occurs when the incident
angle of the microring mode matches that of the 8@te. The theoretical coupling
efficiency is 91%. We fabricated the proposed nriagp coupler and experimentally
demonstrated its operation.

Another way to couple light between waveguides ysuking a resonant coupler
[31-34]. The disadvantage of this coupler is thatincrease in the coupling efficiency is
only going to be within the resonance linewidthhrdgonet al. [31] proposed a resonant
cavity that supports two orthogonal modes at thersection area of two line-defect
waveguides in a two dimensional (2D) square lati€estructure. Their proposed design
cannot be experimentally realized because themeoiut-of-plane confinement. We
proposed transverse magnetic (TM) and transveesgriel (TE) PC devices that achieve
crosstalk reduction for telecom wavelengths [35-3%je former one consists of silicon
pillars in oxide and the latter one consists ofales in silicon. The proposed TM devices
achieved crosstalk reduction lower than those teddn the literature. We fabricated the
proposed TE devices and experimentally achieved d¢oosstalk reduction as small
as -20 dB.

Although many methods were proposed to increasedbpling efficiency between a
single mode fiber and a dielectric waveguide ad a®lbetween a dielectric waveguide
and both a photonic crystal and a plasmonic wawegufurther development on
increasing the coupling efficiency and simplifyitige fabrication process is still needed.
The goal of this dissertation is to introduce édfitt and compact couplers at the interface
between the waveguides under investigation thaticarease the coupling efficiency

much more than those reported in the literature. V8ed tapered waveguides, vertical



couplers, and resonant couplers to achieve ousgdhk second goal is to fabricate some
of the proposed couplers and experimentally dematestthat the proposed couplers

achieve high coupling efficiency. The third goatasdemonstrate potential applications of
the proposed plasmonic coupler in designing vegrtamanoplasmonic devices: splitters,

directional couplers, and Mach-Zehnder interferarset

This dissertation is divided into several chapters.

In Chapter 2, the concepts of operation of the conventionaicaptwaveguides,
photonic crystal waveguides, and plasmonic wavesguigre discussed. Also, coupling
light from one waveguide into another is explainsthg the coupled mode theory.

Efficient coupling between dielectric waveguidesd dAC waveguides is of great
significance. InChapter 3, different devices were presented for a planart&tered
waveguide to enhance the coupling between a digleataveguide and a PC. The
proposed couplers are based on changing bothzéesd position of the inner taper rods
before and after adding extra defects. We shovdésggn steps and the numerical results
associated with each step.

A method to achieve ultra-low crosstalk in crosstigb waveguides using a PC cavity
is reported inChapter 4. We design, fabricate, and experimentally demorestfad and
TE devices for telecom wavelengths. We proposeitt@secting waveguides formed in
a square lattice PC structure. One supports TM mdide, silicon pillars in oxide) and
the other supports TE modes (i.e., air-holes iicasil). Both structures provide index
guiding and confinement in the vertical directi@®y. doing so, the size of the device can
be dramatically reduced and ultra-low crosstalk loamealized. These two structures are

practical for applications with index guiding apaliin the out-of-plane direction. Our



simulation results show that our proposed TM deviesulted in crosstalk reduction
lower than that reported in literature. We haveritatted several different variations of
the devices where the waveguides are separatediiffgi@ent number of rods or air-holes
to improve the coupling efficiency and reduce thesstalk.

In Chapter 5, we present the design, fabrication, and experiah@@monstration of a
vertical microring coupler to couple light fromiagle mode fiber into an SOI waveguide.
To simplify the fabrication process of the proposaitroring coupler introduced by
Lu [29], we propose another design for the couplerusing silicon as the fabrication
material for the microring which matches the mafensed in the SOI waveguide. High
coupling efficiency is achieved by controlling tineident angle of the light beam into the
vertical microring coupler.

In Chapter 6, we propose a direct yet efficient short plasmaagpler of a length of
33 nm to increase the coupling efficiency between aptical waveguide and a
silver-air-silver plasmonic waveguide. Based ors ttoupler, we also propose a splitter
that delivers light from a silicon waveguide intot plasmonic waveguides. To the best
of our knowledge, this is the first time a 1 x 2Zitsgr from a silicon waveguide into two
metal-dielectric-metal plasmonic waveguides isadtrced. The fabrication procedure
and the experimental results for the proposed ewuphd splitter are shown. Two
potential applications of the proposed coupler aptitter in directional couplers and
Mach-Zehnder interferometers are also demonstrdésl.also show other benefits of
using the proposed coupler in improving the alignmtlerance of the plasmonic
waveguide with respect to the dielectric waveguated broadening the spectrum

response of the splitter.



In Chapter 7, we describe the fabrication processes that weed tor each fabricated
device in this dissertation. The fabrication is maging SOI wafers. The fabrication
process includes electron-beam lithography, dry watl etching, dicing, and polishing.
The fabrication processes are optimized by perfognai dose test to find out the required
dose to fabricate the desired devices. The reetilise dose tests are presented for each
fabricated device.

In Chapter 8, we summarize our research findings and propasettns for future
work.

Our research work resulted in 15 publications [#]118-22,30,35-39]. We provide a

copy of three publications [39,21,22] in AppendixB\ and C, respectively.
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Chapter 2

Background Concepts

In this chapter, we discuss the concepts of operati three types of waveguides that are
relevant to this dissertation. These waveguides @vaventional optical waveguides,
photonic crystal waveguides, and plasmonic wavesguiiVe also discuss mode coupling

between waveguides using the coupled mode theory.

2.1 Types of Optical Waveguides

Different optical waveguides have been proposedctieve compact optical integrated
circuits. The three main types of waveguides amnventional optical waveguides,
photonic crystal waveguides, and plasmonic wavegiidhe physics of operations and
the properties of guiding light in each type ariedent. Interfacing these waveguides to
other optical devices, such as light sources, ttgcand optical fibers requires optical
couplers. Couplers are very critical in order amsfer optical power with high efficiency

and low loss between different types of waveguides other photonic devices.
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To achieve that, one should understand the priacgdl operation in each type of
waveguide. Herein, the basic physics of how lighguided in these waveguides will be

explained.

2.1.1 Conventional Optical Waveguides (Slab Waveguides)

A slab waveguide is the most fundamental guidingiade It is made of a core that is
surrounded by a material, called cladding, whick &ddower refractive index than that of
the core. Two methods are used to describe the srindiele a slab waveguide: one is the
ray optic method and the other is the physical avevoptic method [1]. Based on the ray
optic method, slab waveguides guide light by totedrnal reflection. To achieve that, the
incident anglefincidgens Should be larger than a critical angle. As shawhkigure 2.1, the
refractive index of silicon should be greater thithat of the substrate and cladding
(i.e., Nsilicon> Nsubstrate™ Neladding)- T he critical angle at the silicon interface wilie cladding
is given by Ogadding = SIN"(NeladdingNsiicon) and that with the substrate is given by
Osubstrate= SN (Nsubstradsilicon).  The  latter angle is greater than the former one
(i.e., Osubstrate™ Ociaading because the refractive index of the substraggeaater than that of
the cladding. A waveguide can support three tyganares based OfAncigen: A guided
mode occurs Whefsupstrate< @incident < 90° (as shown in Figure 2.1(a)), whereas, a leaky
mode into the substrate occurs Whé@kdding < Oincident < Osubstrate (@S Shown in
Figure 2.1(b)). Another leaky mode into both thésitate and cladding occurs when
Bincident< Ociaading(@s shown in Figure 2.1(c)).

Not all incident angles given bfsubstrate < Oincident < 90° are guided modes. Only
discrete values oficigen: Can be guided. The smaller the incident angle,higber the

mode order and the larger the evanescent tail. flihdamental mode is the mode that
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occurs whemncgen= 90°. All guided modes are orthogonal to each otherdélcoupling
may occur in the case of surface perturbations.

Based on the physical optic method, the modes stgapby a slab waveguide should
satisfy both Maxwell's equations and the boundamgditions at each interface with the
guided layer. The propagation constant of the stpdanode is as shown in Figure 2.2.
The propagation constants in th@ndz directions are given bk = KmodgeCOPincident and
Kz= KmodeSiNincidens respectively, wherkmnoge= Kohsiliconandko = 27/ /,.

ncladdmg

/ Nsilicon
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incident

substrate
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nc\addmg
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Figure 2.1: Types of modes supported by a slab wavedpzsided on the ray-optic approach: (a) guided
mode in silicon, (b) radiation mode in substrate, andagdjation mode in both the substrate and cladding

[1].
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Figure 2.2: Propagation constant of the supported mode.
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Maxwell's equations in a linear, isotropic, souraed charge free, frequency

independent, and lossless periodic dielectric nradian be written as:

O.D(F,t) =0 2.1)
0.B(F,t) =0 (2.2)
Ox E(F,t) = _108(".Y (2.3)
c ot
OxH(F,t) = 19Db(r,Y) (2.4)
c ot

Solving Maxwell’'s equations by the frequency donmaiethod requires expanding the
fields into harmonic modes to cancel out the tirapahdence.
E(F,t) = E(F)e™ (2.5)
H(r,t) = H()e™. (2.6)
The wave equation of the electric and magnetidsigre given by

_ n?(F) 92E(F,t) I n?(F) 82H (F t)
OH(r,t)=
c? ot? and (.0 c? ot?

2.7)

Substituting Egs. (2.5) and (2.6) we obtain

O?E(F) +kZn*(T)E(F) =0 and D°H(F) +k;n*(T)H(F)=0.  (2.8)
The electric and magnetic fields of a plane wawpagating in the-direction (as shown
in Figure 2.2) are given by

E(F) = E(x )€ and H(F) =H (x, y)&'**. (2.9)
The slab waveguide supports two orthogonal moded #re independent of the

y-direction. One is called the transverse eledffie) mode and the other is called the

transverse magnetic (TM) mode. The TE mode equatoa described by
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0°E
asz’f( :n’ - B*)E, =0 (2.10)

_~B
H,=—"E,

i,
1 OE, : (2.11)

jau, ox

z

where the refractive index, is not as a function of position. The same kihéguations
can be written for the TM mode by replacikg Hy, H;, andp, by Hy, Ex, E, ande,,
respectively.

The field distribution of the supported modes bg thaveguide can be found by
solving Eq. (2.10) at each boundary with the ggdayer. The transverse electkg at

each boundary is given by

Cladding: E, = AeXPPuaingX), 0 X<
Core of thickness (T): E, = BCOS@eon X+ ®), -T<x< 0 (2.12)
Substrate: E, = Cexpld psrae(X+ T)], —w0< x<-T,

_ 2 1a2 2 — 2 2 Hov4
Where ¢cladding - ko\/nsiliconSln g n cladding? ¢si|icon - ko\/nsilicon ~ Nijigon SIN gincident !

incident

. = ¢I ddi
¢substrate: k o\/nzsilicor'sln2 H incident n2 substrat? CD = tan == 1 A = BCOSCD 1 aan = Bcos@siliconT - CD )

silicon

Solving the above equations far, T , results in the eigenvalue equation

¢si,iconT:(n+1)n—tan'1(;S‘”°°”)—tan'l((fs"m), wheren is an integer number that denotes the
substrate cladding

mode number.

17



The electric field distribution d&y is as shown in Figure 2.3.

,, D

T TE, TE; ’
: \ > -\5 E,(z) g,

1/ > D
Ty 7 .

(@ (b) (©)

Figure 2.3: Types of modes supported by a slab gude based on the physical-optic approach:
(a) guided mode, (b) radiation mode in substrate] éc) radiation mode in both the substrate and
cladding [1].

A

M

mf\f‘lm

2
cladding *

The decay rate inside the cladding is given;zﬁct;ggmg:ko\/n2 sin® @

silicon

n

incident
When the effective refractive index of the moderapphes the refractive index of the

cladding by reducing the size of the come,(=rZ,,,sin*8 " .aand» the decay rate

incident —>
d..cangAPProaches zero. The closer the decay rate to trerdarger the mode size [2,3].

The minimum mode size is limited by the diffractiomit (Ao/2nNsiiicon)-

2.1.2 Photonic Crystal Waveguides

The field of guiding and controlling light has beenhanced since the invention of the
photonic crystals (PCs) [4]. A PC is defined asadificial engineered periodic structure
in one, two, or three dimensions of at least twifedtnt materials with a suitable
refractive index contrast. Unlike the dielectricwgguides that guide light by total internal
reflection, a PC guides light by trapping and lagag it. The light waves with a certain

range of frequencies cannot propagate through stieCture due to the distributed Bragg
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reflection from the bulk crystals. This aforemengd range of frequencies is called
photonic band gap (PBG). The width of the PBG ddpem the refractive index contrast
in addition to the lattice geometry and filling fac of the highest refractive index. The
higher the refractive contrast, the wider the PB@Ge two widely used lattice geometries
are the square and triangular geometries. The latie has a wider PBG than the former
one. PBG can support TE, TM, or both dependinghenfiting factor. Figure 2.4 shows

TE (i.e., air-holes in silicon) and TM (i.e., stie pillars in air) PC structures. The high
refractive index material is connected in the TE42@cture and disconnected in the TM

PC structure.

(@) (b)

Figure 2.4: A photonic crystal structure that suppda) transverse electric mode and (b) transverse
magnetic mode.

Taking the curl of Eq. (2.4) after dividing it (i) and substituting Eq. (2.3) gives
the wave equation of the magnetic field [5,6],

1

T

OxH (F)] = (VEV)Z H (F). (2.13)
Equation (2.13) can be written as an eigenvalubleno

OH (F) = (VEV)Z H (F), (2.14)
where@is a Hermitian differential operator afid/ c)?is the eigenvalue. According to

the Bloch-Floquet theorem [5,6], the solution ofisthequation is of the
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form H(F) = Hmz(r”) =Dnylz(f)e“z'r where Dn'lz(r*).lz =0 (i.e., transverse electromagnetic
waves), U .(F) is a periodic functionn is the band index, aridis a wave vector in the
first brillouin zone.
To find the electric field modes (7) is substituted in Eq. (2.15).

. -jc =

E(F) = (——=)0xH(r). (2.15)

we(r)

Sincee(r)andH . (F)are periodic functions of , they can be expanded by using the

Fourier series,

% = > k(G)e'*" (2.16)
G
H (F)= Z H . (G)e!trer, 2.17)
G

whereG is the reciprocal lattice vector. Substitutihy, . (r)in the eigenvalue equation

gives

2

Wnlz =
>-H_ . (G). (2.18)
c :

~SK(G-G)(k+G)x{(k+G)xH, (G} =

The PBG can be obtained by solving Eg. (2.18) byernical methods. Figure 2.5 shows
the PBG of a triangular-lattice PC structure oicsih pillars in oxideThe normalized
frequency range of the PBG is between 0aZ6and 0.36&/A. It is almost centered at

ho= 1.55um.
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TM Band Structure
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Figure 2.5: TM band structure of a triangular-ttPC structure of silicon pillars in oxide.

Defects should be introduced in the PC structureemable light waves with
frequencies inside the PBG to propagate throughPtestructure. A point defect can act
as an electromagnetic cavity by either adding femsva in Figure 2.6(a)) or removing
dielectric material from a unit cell [7]. A line fdet can act as a waveguide by either
adding or removing dielectric material (as showrfigure 2.6(b)) from a whole row or
column from the crystal [8]. Another way to createvaveguide is by coupling light from
one cavity into another adjacent one (as showrigaré 2.6(c)). This kind of waveguide
is called the coupled cavity waveguide (CCW) [9-I0§e mode in each cavity overlaps
with the mode in the adjacent cavity so that mooepting occurs. Changing the size,
shape, and dielectric material or adding extraasf@ill change the dielectric constant of

the unit cell byde wheree is a function of position only [12].

® ® © o o ® O ® O P ® ® ® ® ¢

® e ® ®

® ©® ©© o o ® O ® O ) ® ® ® @ ¢

® @ ® ®
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® e ® ®

® ® e o °o ® o ® O P ® ®©@ ®© © «

® e ® o

® ©®© ©© o o ® O ® O ) ® ® ®© @ ¢
(@ (b) (c)

Figure 2.6: (a) Point defect acts as a cavityli(t®) defect acts as a waveguide; (c) series ofieavact as a
waveguide (CCW).
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A two-dimensional (2D) PC structure is much eadierfabricate than a three-
dimensional (3D) structure. One method that is Wyidéilized to make a 2D PC structure
act as a 3D structure is by using a slab PC stei¢iiB]. The propagated light in the slab
is localized in the in-plane direction by the dimsted Bragg reflection and in the

out-of-plane direction by the total internal reflea.

2.1.3 Plasmonic Waveguides

Surface plasmon polariton (SPP) occurs at the faterbetween metal and dielectric
material due to the interaction between the fretasa electrons with the incident photons
(as shown in Figure 2.7(a)) [14]. This interactresults in oscillating the electron plasma.
Gauss's law (i.e[.E = p/¢) states that free electric charge produces electric field.

The interaction of electromagnetic field and fragace charges of a metal is given by the

Drude model [15] as

A
£ =lm— 2.19
metal W(W+ |y) ’ ( )
o L w=ck
Z 'r
z K /,,
; : N o P
Dielectric E .
I
8y i
L & E,| |
am lkl.-| kSF' ‘(x

(@) (b) (©)

Figure 2.7: (a) Surface plasmon polariton at therface between metal and dielectric; (b) fieldribsition
at the interface; (c) dispersion curve [14].
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wherew, is the plasma frequency ampds the damping rate of electrons. Whenw,,,
light can propagate at the interface between nagidldielectric. This is called SPP wave.
The excited SPP decays exponentially from the fexterinto both metal and dielectric
regions. The decay length into the mesal, is much shorter than that into the dielectric
region,dq, (see Figure 2.7(b)). This is because the realevaf the permittivity of metal is

negative and much smaller than the positive penwitytt of the dielectric materials

(i.e., O(Epem) <0< € yoeanc)- SPPs support only TM modes in which the magnieid is

perpendicular to the direction of propagation. Tdispersion relation for the SPP

, gmetalgdielectric - K) n metan dielectric (2 20)
Emetal + gdielectric n metal+ n dielectric

To confine light in the dielectric region, the dielric region is put between two

(see Figure 2.7(c)) is given by

ﬂ:ksp:

ol=

metals, as shown in Figure 2.8. The thickness @fntletal needed to confine light in the
dielectric region can be slightly larger than In this configuration, the decaying SPP
mode at each dielectric-metal interface interadth ¥he other one, creating a confined
light in the dielectric region. The dielectric widican be below the diffraction limit
because as the dielectric width decreases thetigfgefractive index increases. Reducing
the width of the dielectric region increases theden@onfinement and decreases the
propagation length [16,17]. The propagation lengtldecreased because as the mode
confinement increases, the interaction with metaldases and consequently the losses
increase. For example, the propagation length aawelength of 1.55 um for the
metal-dielectric-metal waveguide shown in Figui&) is about 5 pum when the width of
the dielectric region is equal to 50 nm and it @ases to 10 um when the width increases

to 100 nm [16].
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Figure 2.8: Metal-dielectric-metal plasmonic wavieigu(a) schematic diagram, (b) amplitude distritoiti
of the fundamental mode, (c and d) power densiilprof the coupled light [17].

Silver and gold are widely used in the fabricatidmplasmonic waveguides. Silver has
the highest electrical and thermal conductivityghast optical reflectivity, and lowest
contact resistance of any other metal [18]. Ondtieer hand, gold is the most ductile
metal which has good electrical and thermal conditict[19]. Silver is cheaper and

slightly harder than gold. Unlike gold, silver caasily oxidize.

2.2 Coupled Mode Theory

The coupled mode theory is used to explain how numigling occurs. Mode coupling
may occur within the supported modes in an isolatadeguide by surface perturbations,
or from one waveguide mode into another by plativegn close to each other so that the
evanescent tail of the mode in one waveguide gverlaith that in the adjacent
waveguide, or by using a resonant cavity betweevegades. Herein, mode coupling

between waveguidesill be explained using the coupled mode theory.

2.2.1 Vertical and Side-by-Side Waveguide Couplers

To couple light from one waveguide into anothee, Waveguides are placed next to each
other (see Figure 2.9(a)) or on top of each othith wan isolation layer in between

(see Figure 2.9(b)). Due to the mode overlap, lgghples from one waveguide into the
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adjacent one. Mode coupling is periodic between ttho coupled waveguides. Total
beam switching occurs when phase matching occunseba the two modes over a

specific interaction length.

X
Mz (;Wovequide Ny
y
uvide | Quide2 L n ; —}
" Y / N, Wavequide 4)

Wl n n,
2 2 n
I ny !

=N l ¥ Substrate
A \|ved
£ty OS(M Ea(xyi

(@) (b)

Figure 2.9: Coupled waveguides geometries: (a}isydside coupling and (b) vertical coupling [20].

The coupled mode theory is used to describe theliogu between modeA in
waveguide 1 and mod#&in waveguide 2 [20,21]. The electric field of thepported mode

in each waveguide without perturbation from theeothhaveguide can be written as

E(xy.z9= Agexp[ K\wt 5 IM,( x Y

E,(x Y,z 0= B Jexp[ (wt53, IM,( X ¥ (2.21)

whereM is the spatial field distribution in each stand&avaveguide, and(z) andB(z)

are complex amplitudes. The propagation constgngd g, in each waveguide are given

by
%z—jm(zwms(z)
: (2.22)
% =~ iBB(2)+Ken A D

where «,, and «,, are the coupling coefficients between the two msod&ince the

coupling betweei andB is the sameK,, = «,, =—j« ), then Eq. (2.22) becomes
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dA9
dz

dB(2
dz

=-]BA(2 - jxB(2
_ (2.23)
=-jBB()-«x A2

In a directional coupler, light is excited in onaweguide. The boundary conditions when
modeA is excited are

A(z=0)=1andB(z=0)=0, (2.24)
The expression for each mode when there is a patipagconstant differenceg,

between the two waveguides, is given by

A(2) = (cosy z—- JM siny z) expt jﬁl—A—’B )z
2x 2

B

K A (2.25)
B(2) = j—sinyzexpf j@B, +—-)z]
X 2

where y= //(2 +(A—2ﬁ)2. The power transfer between the two waveguidasgakto account

the waveguide loss coefficient, is demonstrated by

HJ
sin (ZXZ)]exp—a

P.()= A AC3=[008 (v 3+ ) -

P,(2 = B2 B( ;zysinz()( Jexp-a z

The power transfer between two identical wavegu{des Figure 2.10) is given by

P.(2)= A9 A( ¥=cos  Jexpa

PB(Z) = B2 B( ;:Sil’]2 (k zeXp-a ; (2.27)

e T

0 z
Figure 2.10: Power transfer in a directional coufé].
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The interaction lengthl., needed to transfer light from one waveguide @other is
given by

L=+ 2.28
2k K’ (2.28)

wheren is an integer number that equals 0, 1, fc..

2.2.2 Resonant Couplers

Manolatouet al [22] mathematically analyzed and explained (bhpgishe coupled mode
theory in time) the coupling of a four-port cavityat is connected to four waveguides
(W1, W2 W3 and W4) as shown in Figure 2.1Dut andIn are the output and input
waves ofW, respectively. The cavity supports two mod¥sand Z. The X-mode is
excited fromW3 while theZ-mode is excited fronW1l Crosstalk occurs when both the

X- andZ-modes coexist. The two supported modes are giyen b

2 2
X = '™ outt z= T2 o (229)
1 1 1 1 1 . 1 1 1
jw-w)+—F—+—+—+— jw-w)+—+—+—+—+——
X Xz TXiz TXu TXgp Ten Téo T T T &

where1l/s,, ,,, i the decay rate of the supported cavity mode éatich waveguide,r,

is the decay rate of the cavity due to radiatissés, andw is the resonant frequency.
Since all waveguides are symmetric, then the deateyof the two modeX andZ into
each waveguide will be the same and equalie and1/rz, respectively. For a lossless

cavity (i.e.1/r., =0), the two modes are given by

2 2
X=— VX  oun 7z=—VTZ _ out. (2.30)
. 4 . 4
jlw-w)+— j(w-w)+—
X Tz
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L.. i

Figure 2.11: A four-port cavity connected to fouaweguides.

If light is launched intowW1, then the transmission inMy/2 (denoted below a¥),
reflection intoW1 (denoted below aR), crosstalk intol3 (denoted below aX), and

crosstalk intoNV4 (denoted below aX,) at any frequency are as follows [22]:

2 2
%ET: X T2 (2.31)
jlw-@)+— jw-w)+—
X T2
2 2
%ER: L e (2.32)
(w-w)+— j(w-w)+—
X
2 2
In3 x 7
ﬁE XU = - X 4 - . rz (233)
jlw-w)+— j(w-w)+—
X
In4
ﬁz XL = XU . (234)

For a lossless cavity and symmetric waveguidea] toansmission with no crosstalk
occurs when the operating frequency is at the s frequency of the cavity
(.,e., w=w) and the two modes have the same decay rate ath @aveguide
(i.e.,7x = 72). The disadvantage of the resonant couplers it ttha increase in the

coupling efficiency is only going to be over thesaance width.
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2.3 Summary

In this chapter, we discussed the principle of apen of three optical waveguides that
are relevant to our research work: the conventiamical waveguides, the photonic
crystal waveguides, and the plasmonic waveguides. al¢o0 explained how mode

coupling occurs between waveguides.
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Chapter 3

Compact and Ultra-Low-Loss Planar Photonic Crystal

Taper

In this chapter, we propose two novel methods taeoe the coupling efficiency between
a dielectric waveguide and a planar photonic chyjdtal]. The proposed methods are
based on introducing structural imperfections tangfe the mode size and shape inside the
taper to match that of the photonic crystal linéede waveguide. One method is by
changing both the size and position of the innpeitarods [1-3] and the other is by
creating several cavities on both sides of the regpavaveguide before applying the

position change method [4].

3.1 Introduction

The field of guiding and controlling light was emcad since the invention of photonic
band gap (PBG) [5,6]. Unlike slab waveguides thadig light by total internal reflection,

PBGs guide light by trapping and localizing it (i.Bragg reflection). The light waves
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with a certain range of frequencies cannot progagiatough a photonic crystal (PC)
structure due to the distributed Bragg reflectimmf the bulk crystals. Modes within the
PBG can be introduced by perturbing the periodioitthe PC, either by introducing a
point or a line defect. These mode defects ar&elyefactor for having many applications
for PBGs such as waveguides, resonators, splittergelength division multiplexers, and
switches.

One method that is widely utilized to make a twoensional (2D) PC act as a three-
dimensional (3D) structure is by using a planartphic crystal (PPC) [7]. The propagated
light is localized in the in-plane direction by tdestributed Bragg reflection and in the
out-of-plane direction by the total internal reflea.

High coupling efficiency is required in optical @gfrated circuits between a dielectric
waveguide (DWG) and a PPC waveguide. To achievagla power transmission, their
modes should match. There are two problems with socipling: a difference in width
and a difference in propagation mechanism, whicisedoth high reflection and radiation
losses due to the mismatch between the propagetinstants in both waveguides. The
coupler that attracted attention to solve theselouy problems was a tapered waveguide
that can be achieved by either tapering the DWQ@®][®r the PPC taper [10-15].
Khoo et al.[13] found that the coupling efficiency from a gi@ mode fiber into a convex
shape taper in vacuum is better than that into recanee or linear taper. Mittal and
Sabarinathan [14] found that the coupling efficieriom unequal step tapered PC is
higher than that from an equal step taper. Sanehal. [15] used both a PC tapered
waveguide and two extra defects at the interfacevden the DWG and the PPC

waveguide. They achieved over 80% coupling efficyen
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In this work, we apply two novel methods to enhatieecoupling efficiency between
a DWG and a PPC waveguide. The proposed methodsaaesl on introducing structural
imperfections to change the mode size and shapeitise taper to match that of the PC
waveguide. Method one involves changing both tkke and position of the inner taper
rods [1-3], whereas method two involves creatingesa cavities at both ends next to the
upper taper rods before applying method one [4Joun proposed methods, each inner
taper rod is treated as matching impedance thaned by changing its size and position
until maximum coupling is reached. The rods in elagfer cause partial reflection of the
incident light. Total constructive interference o when the integer multiple of the
wavelength satisfies Bragg's law. Our proposed oughinvolve the addition of extra
defects at the interface between the DWG and PPQeguide. The proposed
methodology can be applied to PPC tapers of diitetengths, widths, and lattice
geometries to achieve mode matching with dielesttiaweguides of different widths. In
this work, we provide two examples for a compactiexmatching taper between a 3 um
wide DWG and a 1 um long PPC taper. One examgla ia triangular lattice of circular
silicon pillars embedded in silica and anotheras d hybrid lattice (i.e., triangular and
square) of square silicon pillars embedded inasilithe size and position of each inner
taper rod are optimized to achieve high couplirfigiehcy from a DWG into a PPC. The

two proposed methods are as follows:

3.2 Method 1: Size and Position Change Methods

This method is based on changing both the sizgpasition of each inner taper rod before

and after the addition of extra defects at therfate between the DWG and PPC
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waveguide. We applied each method (i.e., size apsltipn) individually using the
structure that is described in Figure 3.1. Thentowk the best structure (i.e., the design
with the highest coupling efficiency) that resulfesin each method and applied the other

method to that structure.

3.2.1 Coupling Technique and Numerical Results

A 2D triangular PC structure of lattice constart 0.465um is shown in Figure 3.1(a).
The rods have a circular shape of radius@Rd a refractive index of 3.45, which is the
refractive index of silicon at a wavelength of 1.b%. The rods are embedded in a
refractive index of 1.45, which is the index ofh dioxide. Also, the @m wide DWG
has a core refractive index of 1.45. The PC simgtele waveguide is introduced by
removing one line from the PC periodic structurbe PC taper length and width are 2
and 8.6@, respectively. The whole device is surrounded lry &he normalized
frequency range of the photonic band gap (PBG)tfansverse magnetic waves is
between 0.26&) and 0.3614/A) as shown in Figure 3.1(b). The PBG is almost
centered afh, = 1.55um. The 2D finite-difference time-domain method ised to
analyze all the designed couplers presented inwvibik. Each structure is terminated
by a perfectly matched layer in order to reduceliaek reflection from the waveguide

ends.
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Figure 3.1: Structure: (a) a two-dimensional triglag PC structure (i.e., basic structure) and ri@mdverse
magnetic band structure.

In order to enhance the mode coupling between WW&Dand PPC waveguide, the
size and position of each inner taper rod are ob@dugntil maximum coupling is reached.
This perturbation of the periodicity of this subsétrods proved to be very critical in
improving the coupling efficiency. A defect canib&oduced in a photonic structure by
changing its shape, size, or dielectric constaptinBoducing a defect at least one mode
can be created at a frequency that can be tunedebglefect features. Villeneuws al.
[16] changed the dielectric material of a unit dall changing the size of a single rod.
They found that reducing the size of the rod (removing dielectric material) created a
mode closer to the lower edge of the PBG. Thisingila to an acceptor atom in
semiconductors. On the other hand, increasingieedf the rod (i.e., adding dielectric
material) created a mode closer to the upper etigfeed®BG. This is similar to a donor
atom in semiconductors. In both cases, the createde frequency can be tuned by
continuing to change the size of the defect. Thedlenss more confined when its
frequency is at the center of the PBG. Sometimes itot possible to tune the defect

mode to a frequency, which lies in the middle o# tABG due to the fact that the
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electromagnetic field is no longer localized in thefect region. It will be localized in the
region of the crystals surrounding the defect [U&farpouret al. [18,19] studied the
effect of changing the size and periodicity of #ie-holes that surround a line defect
waveguide. They found that the effective bandwidtiheduced by changing the size of
the air-holes while the bandwidth is increased witenperiod of the air-holes is changed.
The increase in the bandwidth is at the expensmaalfing the line defect waveguide a
multimode waveguide. This mode behavior is thedmiga behind the size and position
change methods. Each inner taper rod is used It the mode profile so that mode
matching occurs between the DWG and PPC wavegtide mode matching is achieved
by changing the size and position of each inneertapd until maximum coupling is
reached. The size method is done by changing geecdieach inner taper rod from zero
to twice the size of a bulk rod. The position metli® done by moving each inner taper
rod in twelve different directions (d1-d12) untilaverlaps with another rod, as shown in

Figure 3.2(a).

— Power
Monitor #2

(@) (b)

Figure 3.2: Measurement strategy: (a) the twelvections that each rod can move to, (b) the symibals
are given for the inner taper rods and extra defextd (c) the places of the two monitors thatused to
measure the coupled power and the order (Al to ikectibns) in which the size and position change
methods are performed on the inner taper rods.
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The PPC taper acts as a mode transformer, whichnees the mode coupling
adiabatically over a slowly varying taper. Mode pling increases significantly as the
taper length is increased except in the cases wdihrer evanescent or radiated modes
exist. Theoretically, as the taper length goes rtiinity, all modes couple to the
fundamental mode. Practically, taper lengths arigefiand in turn total coupling cannot
be achieved [20]. This problem can be partiallywedl by adding extra defects in the
middle of the taper between the DWG and PPC. Asvehia Figure 3.2(b), the inner
taper rods are given the symbols (R3-R7) and (R8)Rdr the input and output PC
tapers respectively, while the extra two defectshat input and output are given the
symbols (R1, R2, R13, and R14). Figure 3.2(c) shinplaces of the two monitors that
are used to measure the coupled power from thieafivd second PC taper, respectively.
One of the monitors is placed inside the line defexl the other is placed in the second
DWG. The size and position of the extra defectsirarestigated by moving a rod, which
has the same size as that of the bulk rods, frenbtittom of the taper to its top. A rod is
put at each maxima of the measured power as showigure 3.3(a). The radius of the
R1 rod is changed from zero to 8while the R2 rod is held fixed. The same apprdach
done to find out the radius of the R2 rod afteimfixthe radius of the R1 rod at the value
that resulted in maximum coupling. The radii of tlveo extra defects are shown in
Figure 3.3(b). The same procedure is followednd the location and radius of the other

two extra defects at the output taper (R13 and R14)
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Figure 3.3: Extra defects’ locations and sizes:tlia)location of the two extra defects R1 and R2ttie
structure shown in Figure 3.2(b) and (b) the radiuR1 (solid line) and radius of R2 (dashed line).
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Wu et al. [21] found that the coupling efficiency into anditoof a line defect
waveguide in a PC structure is affected by the imalggy of the input and output in
addition to the crystalline orientation of the lidefect waveguide. They also found that
in order to achieve maximum coupling efficiencye thput and output geometries are not
required to be the same. Lin and Li [22] argued tha asymmetry of the input and
output geometries is due to the different scattenmechanisms that the wave faces when
entering or exiting the line defect waveguide. Hhere, we expect different taper
geometries based on the starting inner taper rbeé. R3 to R7 rods can be changed
starting from the bottom of the taper to its tod (éirection) or from its top to its bottom
(A4 direction), as shown in Figure 3.2(c). The bottof the taper faces the DWG and the
top of the taper faces the line defect waveguide Jame scenario is applied to the inner
taper rods at the output (R8 to R12 rods). Basedhenstarting point, four possible
structures can be designed: A1-A2 direction (bettom of the input taper and top of the
output taper), A1-A3 direction (i.e., bottom of thmput taper and bottom of the output
taper), A4-A2 direction (i.e., top of the input &pand top of the output taper), and

A4-A3 direction (i.e., top of the input taper anatiom of the output taper).
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The output power profile changes when the sizgsositions of any two counterpart
inner taper rods are changed at the same timerd~§¢4 shows a sample of the output
power profile for the size change of the two R7sratid the position change of the two
R5 rods. As shown in the figure, in order to enleatihe coupling efficiency, the radii of
the two R7 rods should be increased by &.2hile the positions of the two R5 rods

should be changed by @.#h the d5 direction.
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Figure 3.4: The output power profile while changita) the size of the two R7 crystals and (b) tbsitpn
of the two R5 crystals.

Five steps are applied to design the structureginad the highest coupling efficiency.
Step 1: the size of each inner taper rod is chafrged zero to 0.4 by following the four
possible directions: A1-A2, A1-A3, A4-A2, and A4-AStep 2: extra defects are added
at the interface for all the structures that resiifirom Step 1. Step 3: extra defects are
added before applying the size change method. &St other method is applied on the
structure that had the highest coupling efficien8tep 5: the previous four steps are

repeated for the position change method.
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3.2.2 Transmission Response

Figure 3.5 shows the coupling enhancement fohalcbuplers that are investigated in our
work. The structure numbers shown in the figure fme the following situations:

Structure 0 is for the situation in which neith&tra defects nor size or position methods
are used. Structures 1-4 are for the situation lichvthe size or the position change
method is applied to Structure 0 in the four pdsesthrections: A1-A2, A1-A3, A4-A2,

and A4-A3 respectively. Structures 4-8 are for $ite@ation in which extra defects are
added for the Structures 1-4. Structures 9-12a@rthé situation in which extra defects are

added before the size or position change methappbed in the four possible directions.
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Figure 3.5: The coupling efficiency for all the @stigated couplers that resulted from applying thesize
change method, (b) position change method, angdsition change method to the best structure that
resulted from the size change method. Each pombsey represents the result of the following PPCGtap
situations: — PPC taper without extra defects aitldont inner taper shape change (basic structarepC
taper after applying the size or position changehoek to the basic structure®, PPC taper with extra
defects added to the structures,~ PPC taper with defects added before applying the &r position
change method, arl PPC taper for the structure shown in Figure 3.&f&@y applying the position change
method.
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As shown in Figure 3.5(a), the coupling efficieneymproved by changing the size of
each inner taper rod. It was 44% for the basicctire and increased to 68% after
changing the size of each inner taper rod for theAR direction. The efficiency further
increased to 74% (A4-A3 direction) after using axtefects at the input and output tapers.
More coupling was achieved by applying the sizengleamethod after adding the two
extra defects at the input and output tapers. Tlgimum coupling efficiency was
approximately 88% for the structure that has theA®l1direction. Much better coupling
was found by applying the position change methaisiown in Figure 3.5(b), the output
power increased from 44% to approximately 89% ke structure that has the A4-A2
direction after applying the position change methdding extra defects to the structures
did not increase the coupling efficiency. All theustures remained at the same value
except for the structure at the A4-A2 directionttdacreased by more than 5%. Better
results were achieved by applying the position geamethod after adding the two extra
defects at the input and output tapers. The maxirmouapling efficiency was above 94%
for the structure that has the A4-A2 direction. f&3.5(c) shows the output coupling
efficiency after applying the position change metho the best structure that resulted
from applying the size change method. The coupdfigiency increased from 88% to
96% for the structure that has the A4-A2 directidpplying the same strategy to the best
structure resulted from the position change methdid, not enhance the coupling
efficiency.

The best coupler that resulted from applying thee sthange method is shown in
Figure 3.6(a), while that based on the positiomgeamethod is shown in Figure 3.6(b).

Figure 3.6(c) shows the resulted coupler afteryapglthe position change method to the
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structure in Figure 3.6(a) (i.e., the coupler tlesulted in the highest coupling efficiency).
The input and output taper geometries are not #mes This is because light faces

different scattering mechanisms when entering @gmexthe line defect waveguide.

(b)

(©

Figure 3.6: The final couplers and field distrilmutithat resulted after: (a) adding the extra defeefore
applying the size change method (A1-A3 directiai), adding the extra defects before applying the
position change method (A4-A2 direction), and (bamging the position of each inner taper crystal of
Figure 3.6(a) in the A4-A2 direction.
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Figure 3.7 shows the power transmission spectrutheotouplers in Figure 3.6. The
output power at the second DWG is continuously mmess as the wavelength value is
changed. Several peaks appeared as the wavelengthased from 1.28%m to
1.742um. These peaks are similar to a Fabry-Perot cawhiigh are formed by the sides
of the taper and the extra two defects. Increatfirgaper length reduces these peaks by
enabling more modes to couple adiabatically ovelowly varying taper. The maximum
power in Figure 3.7(a) is 90% at 1.5p@, which means that the field is more confined
at this wavelength. In Figures 3.7(b and c), theximam power is at 1.5um. The
spectrum that is shown in Figure 3.7(b) is not aevas that shown in Figure 3.7(a) due
to the position change of the inner taper rodsule@@.7(c) is the spectrum of the coupler
that resulted after applying the position methodlmn structure that has its spectrum in
Figure 3.7(a). The spectrum shape of Figure 3.i&(®imilar to that of Figure 3.7(a),
which means that the spectrum did not change duapfying the position change
method. The effect it had is that it made light enoonfined at 1.55m and consequently
increased the coupling efficiency from 88% to 96%.

We believe that the most efficient method to desigAC taper coupler is by adding
extra defects at the input and output tapers fahlbwy increasing the size of each inner
taper rod starting from zero to @.4Then, the rod should be moved in twelve different

directions, as shown in Figure 3.2(a), until maximeoupling is achieved.
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Figure 3.7: Power transmission spectrum of the lewgpn Figure 3.6, respectively.

3.3 Method 2: Coupled Cavity Method

In this method, we used a hybrid structure thatlioss triangular and rectangular rod

structures. A series of cavities were created dh binles of the tapered waveguide. Light

from the taper is coupled into the introduced desitbefore it is coupled into the line

defect waveguide. The coupling efficiency was farttmproved by changing the position

of the inner taper rods.
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3.3.1 Coupling Technique and Numerical Results

The coupler between the DWG and PPC waveguide miexsdiere is the same as that
described in Section 3.2.1 except that the rodaheguare shape of dimensionsaD.kh
order to increase the coupling efficiency betwdsn tivo waveguides, several cavities
were introduced at both ends next to the upper taguks, which are located aa.2The
cavities were introduced by shifting the whole radslternating columns, as shown in
Figure 3.8(a). The PC tapered part of the wavegwide kept as a triangular array. The
measured output power as a function of the translatod columns Z is shown in
Figure 3.8(b). The measurements were taken inBelérte defect waveguide. The output

power started at 44% of the input power and gragliradreased until Z 0.22a and then

it rapidly increased to reach a peak of 86% at3%a.
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Figure 3.8: (a) Schematics of the PC structure thithcavities and (b) the output power as a funabioZ.
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The coupling efficiency is further increased byngsextra defects at the interface
between DWG and PPC to approximately 96%. We faldwhe same procedure
described in Section 3.2.1 to add the two extreasf A defect was put at each maxima
of the measured power, as shown in Figure 3.9(a9. gositions of the two extra defects
were at 0.8 (dexterna) @and 2.9 (dinterna) Measured from the bottom of the PC taper. The
dimensions of those two extra defects were al.and 0.3, respectively
(as shown in Figure 3.9(b)). The position of théedeat 2.@ did not block light because
it acted as a cavity with the other extra defec0.8a. Applying the position change
method increased the coupling efficiency by 2%. $ame procedure was also carried
out for the 2nd taper inner rods. This resultethencoupling efficiency of approximately

94% between the two silica waveguides. The schenoétihe final coupler is shown in

Figure 3.10.
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Figure 3.9: (a) Extra defects’ positions and (heisions.
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DWG

DWG

Figure 3.10: Schematic of the final designed hybddpler.

3.3.2 Transmission Response

Figure 3.11 shows the power transmission spectriitheo coupler in Figure 3.10.
The output power at the second DWG is continuoasdasured as the wavelength value
is changed from 1.288m to 1.742um. Several peaks appeared as the wavelength is
increased. These peaks are similar to a Fabry-Ravitly which are formed by the sides
of the taper, the extra two defects, and the intced cavities. The maximum power is
94% at 1.55um, which means that the field is more confinedhég tvavelength. The
spectrum that is shown in Figure 3.11 is smallantthat shown in Figure 3.7(b) due to
the introduced cavities. Maximum coupling into three defect waveguide occurs when
the forward light and the coupled light in the ¢&& interfere constructively. The most
effective cavity is the one that is next to the taper. The coupled power decreases as
the light couples into more than two cavities. Tiqgut and output taper geometries are
not the same. This is because light faces diffeseattering mechanisms when entering

or exiting the line defect waveguide.
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Figure 3.11: Power transmission spectrum of theitdydoupler in Figure 3.10.

3.4 Summary

In this chapter, we showed that changing the sizepmsition of the inner taper rods did
increase the coupling efficiency between a dielestraveguide and a planar photonic
crystal from 44% to 96%. We also showed that cngaéi series of cavities next to the
upper taper rods’ position increases the coupliffciency to 86%. The coupling

efficiency was further improved to 94% after apptythe position change method.
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Chapter 4

Low Crosstalk in Crossed Strip Waveguides Using a

Photonic Crystal Cavity

In this chapter, we propose a method to achieva-ldiv crosstalk using a resonant
cavity at the intersection between two waveguideméd in a square lattice photonic
crystal structure [1-5]. Three photonic crystal gleus are studied: one consists of
cylindrical silicon-rods in air, another consistfscabic silicon-rods in air, and the other
consists of cubic air-holes in silicon. The rodisture supports a transverse magnetic
mode and the hole-structure supports a transvéstie mode. The quality-factor of the
cavity is changed by increasing the number of (od$oles) that form the cavity and by
decreasing the spacing between the waveguide andathity. The optimized photonic
crystal structures were fabricated on a siliconrmulator platform. Experimental results

are shown for the cubic air-holes in silicon.

53



4.1 Introduction

When waveguides are crossed, the guided waves mlydeepand due to the lack of
confinement in the lateral direction. This resuits coupling into the intersecting
waveguides in addition to radiation and scattetogses. Ultra-low crosstalk between
intersecting waveguides is required in opticalgnéed circuits in order to minimize the
required area to produce multiple optical devicesh® same chip. Low crosstalk is also
beneficial for improving bit rate in optical commaations systems. Recent work has
shown that crosstalk between photonic devices earettuced to a much smaller degree
than that between their electronic counterpartsHéjever, the low crosstalk essentially
relies on designing innovative photonic structurbtore recently, a number of structures
have been proposed and investigated to eliminatestalk [7-11]. One method that
attracts great attention is based on cavity cogpimat can achieve low crosstalk over a
wide spectrum [8-11]. The key idea is to excite e®arthogonal to each other at the
intersection area. Johnsat al. [8] proposed a resonant cavity that supported two
orthogonal modes at the intersection area of twe-tlefect waveguides in a two
dimensional (2D) square lattice photonic crystal)Btructure, which was composed of
periodic cylindrical rods in air. In the work of Rlwsonet al. [8], as the quality factor
(Q-factor) of the cavity increased by adding mardsr next to the defect rod, crosstalk
could be reduced. As a result of the Q-factor ckabgth the output bandwidth spectrum
and crosstalk are controlled. Based on a similaicgire, Liuet al.[9] reported crosstalk
reduction by using two single mode coupled resanaptical waveguides that had
nonoverlapping photonic band gap (PBG). Their teswdre very attractive and

promising. Furthermore, all-optical transistors gatentially be achieved based on the
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PC cross-waveguide geometry [12]. However, in hetiks of Johnsoret al. [8] and
Liu et al. [9] the structures had an infinite thickness agttlwas guided in air, or void
PBG waveguides, instead of dielectric waveguides.aAresult, the structures are only
ideal 2D models that cannot be experimentally zedli

In order to experimentally demonstrate the stricfoposed by Johnsat al. [8],
Rohet al.[10] used two aluminum metal plates to insure guerhent in the out-of-plane
direction. One plate was placed on the top, andther was placed at the bottom of the
cylindrical alumina rods in air. Crosstalk reduaticas large as -30 dB was
experimentally achieved at the resonant frequemtywever, this metallic-cladding
structure cannot be scaled down for telecom wagthsn To work for the telecom
wavelengths, Teet al. [11] fabricated a structure that was composed 3fuin high
silicon rods in air, which are too high to provielective out-of-plane field confinement.
For practical applications, a widely used way i<tmvert a 2D structure into a planar
structure. Unfortunately, in a planar structurenigannot be confined in void PBG
waveguides without out-of-plane confinement ontligtopagation.

Herein, we replace the air-line defect waveguidés strip waveguides to achieve
out-of-plane confinement by total internal reflecti To illustrate the effectiveness of our
design, we performed a series of simulations. Aingt width of the strip waveguide was
fixed at the value that resulted in high throughguotl low crosstalk. Then, the Q-factor
of the cavity was increased by adding more rodg texhe defect rod. Subsequently, a
comparison of simulation results between the amest with and without the strip
waveguides was made. Next, the effect of reduchng gpacing between the strip

waveguide and cavity on the coupling efficiency amdsstalk was analyzed. Then, a
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comparison of simulation results between the stimest with and without the intersecting
waveguide was made. Next, we analyzed the effectécing the cylindrical rods with

cubic ones. Finally, we analyzed the image reveyktie cubic rods (i.e., cubic air-holes
in silicon). We fabricated the optimized structutesng silicon-on-insulator (SOI). The

fabrication details and experimental results asedeed here.

4.2 Cylindrical Silicon-Rods in Air

Figure 4.1 shows 2D square lattice PC structuregposed of cylindrical rods of radius
0.2a (a is the lattice constant of the PCs) with a dieleatonstant of 11.56 surrounded
by air. The transverse magnetic (TM) PBG of thedtres is between 0.2&&{) and
0.421@/1). Two intersecting single mode line-defect wavegsiare created by replacing
a row and a column of rods with a dielectric stigveguide. The strip waveguides have
a width of 0.& and a dielectric constant as that of the bulktatgs The resonant cavity
at the center of the intersection is introducecteating a defect rod of radius 8.that
has a resonant frequency of 0.382f. The Q-factor of the cavity is increased by
increasing the number of rods next to the defebe llowing names are given to the
structures that are shown in Figure 4.1 to derfenimber of rods that form the cavity:
“5 x 57, “3 x 37, and “1 x 1” for the structuresdahhave five rods, three rods, and one rod
at the intersection area, respectively [6].

The 2D finite-difference time-domain method is ugedanalyze all the designed
structures presented in this chapter. Each strigtuterminated by a perfectly matched
layer in order to reduce the back reflection frdra waveguide ends. A broadband TM

Gaussian pulse is used as a light source. The pelster is at a wavelength of 2a76
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Two detectors are used to measure the forward {neughput) and crosstalk coupling

powers. One is located Y2 and the other atv4, as shown in Figure 4.1. The measured

power is plotted as a function of frequency. A éinscale is used for the forward power

measurement while a dB scale is used for the @lissteasurement. In this chapter, the

measured values of the throughput and crosstalkaien at the resonance frequency. In

addition, the (+) and (-) signs are used to degate and loss, respectively.

& >—0—§—4l—<
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(a) (b)
Crosslalk
W3
Throughput
A Detector
V
A
Input —p + w2 —»Output

Crosstalk

Detector

L.

Crosstalk

(©

Figure 4.1: Two dimensional photonic crystal sttmes of circular rods in air for the following ctwi

sizes: (a) “5 x 5", (b) “3 x 3", and (c) “1 x 1"
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Four steps were followed in our work to investiglatev the configuration parameters
affect the performance of the structure:

Step 1: the width of the strip waveguide was deteeohby changing the width of the
waveguide from 04.to 0.4 in steps of 0.4 At each step, the throughput and crosstalk
were measured. In all the proposed structuresthiteeighput decreased as the width of
the waveguide changed from 8.0 0.1a. Whereas, the crosstalk decreased when the
width of the waveguide changed from &.#b 0.3, it then increased as the width
decreased. For example, Figure 4.2 shows the thpautgand crosstalk results for the
“3 x 3” structure. The optimum width for the “3 x’ 3tructure and for the other
structures was at ®3which had the minimum crosstalk and a througivaliie that was

close to the maximum throughput value that is acddy the 0.4 case.
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087 343 Width 0.3 3x3 Width 0.3

0.7 343 Width 0.2 3x3 Width 0.2

067 3x3 Width 0.1 ] 343 Widih 0.1

0.5

Cross Talk
3
1

0.4+

Throughput

0.3 \ -80 o |
0.2 i

0.1 / N~ -100

0.0

— T T T " T " T T T T T L B B B B BB
0.358 0.360 0.362 0.364 0.366 032 033 034 035 036 037 038
Frequency (c/a) Frequency (c/a)
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Figure 4.2: (a) Throughput and (b) crosstalk of tBex 3" structure after changing the strip wavelgui
width from 0.4 to 0.Jain steps of 0.4

Step 2: after fixing the strip waveguide width, tbavity size was changed from
“5x 5”10 “3 x 3" and from “3 x 3" to “1 x 1”. Ateach cavity size, the throughput and
crosstalk were measured. Figure 4.3 shows a cosgpadf the throughput and crosstalk
of the structures with and without the strip wavidgs. The measured crosstalk value for

the “3 x 3” structure was about 21 dB lower thae #alue achieved without using the
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strip waveguides, whereas the “1 x 1” and “5 x luctures showed an increase in the

crosstalk. The addition of the strip waveguidesseauthe Q-factor of the cavity to

increase for all the designed structures. The @fdor the “5 x 5”, “3 x 3", and “1 x 1”

structures changed from 900 to 1800, from 70 tq 48d from 6 to 13, respectively.
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3x3 With Waveguide
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Figure 4.3: (a) Throughput (with its magnified viefvthe peak values) and (b) crosstalk for thecttmes
shown in Figure 4.1 with and without the strip waguigles.

Step 3: the spacing between the strip waveguiddlandlosest rod of the cavity was

changed in steps of 0.8%0 reduce the Q-factor of the cavity. The edgedgeespacing

between the waveguide and the closest rod & foi6the “5 x 5" and “3 x 3” structures
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and 0.& for the “1 x 1" structure. As shown in Figure 4the spacing values that
resulted in less crosstalk were found aep@t% and 0.1 for the “5 x 57, “3 x 3", and

“l x 1" structures, respectively. At these posiiprwe found that the measured
throughput values for each structure (comparethéonteasured values without applying
the space reduction method) changed by -0.80%,7%0.0and +4.40%, while the
measured crosstalk values changed by -23 dB, -22adB -22 dB for the “5 x 57,
“3x 3", and “1 x 1” structures, respectively. Theeasured crosstalk values for the
“3 x 3”7, and “1 x 1” structures are two times low@n dB) than those reported in the
literature. Applying the space reduction methodseaua decrease in the Q-factor of the
cavity for all the designed structures. The Q-faéto the “5 x 5”7, “3 x 3", and “1 x 1”

structures changed from 1800 to 1340, from 18t &nd from 13 to 5, respectively.
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Figure 4.4: (a) Throughput and (b) crosstalk far th x 5, “3 x 3", and “1 x 1" structures whiledecing
the spacing between the waveguide and cavity psgi€0.0%.

Step 4: to illustrate the effect of the intersegtimaveguide on the coupling between
the input and output waveguides, a comparison i@utfhput simulation results of the
designed structures, with and without the intersgatvaveguide, was made. As shown in

Figure 4.5, the intersecting waveguide had a nixgiginfluence on the coupling
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efficiency. The measured throughput values aftexr #ddition of the intersecting
waveguide changed by -0.025%, +0.003%, and -0.1&6%he “5 x 5", “3 x 3", and
“1 x 1” structures, respectively. The resonancguency was the same after the addition
of the intersecting waveguide for all structuresept for the “1 x 1” structure in which

the resonance frequency shifted slightly by 0.082(
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Figure 4.5: A comparison of throughput simulatiesults with and without the intersecting waveguite
the following cavity sizes (a) “5 x 57, (b) “3 x 3&nd (c) “1 x 1".

4.3 Cubic Silicon-Rods in Air

In our research work, we discovered that cubic roffer better performance than
cylindrical ones. This is due to the fact that tlubic rods have higher filling factor than

that of cylindrical rods. However, this comes & #xpense of reducing the PBG by 13%
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(TM PBG between 0.268(\) and 0.385/).)). A broadband TM Gaussian pulse is used
as a light source at a wavelength of a.00o achieve better coupling into the cavity, the
width of the strip waveguides was increased toa.0As shown in Figure 4.6, the
measured throughput values after using the culills ewe changed by +5.70%, -3.55%,
and -3.50% for the “5 x 57, “3 x 37, and “1 x 1"rgttures respectively, while the
measured crosstalk values changed by -1 dB, -&di;1 dB. The Q-factor of the cavity
was decreased after replacing the cylindrical dogiscubic rods. The Q-factor for the
“5x 57, "3 x 3", and “1 x 1” structures changeaiin 1800 to 1370, from 180 to 135, and

from 13 to 11, respectively.
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Figure 4.6: A comparison of the (a) throughput @iodcrosstalk for the “5 x 57, “3 x 3", and “1 x 1"
structures of cylindrical and cubic rods.

The spacing between the strip waveguide and thsestorod of the cavity was
changed in steps of 0.85The edge to edge spacing between the waveguidehan
closest cubic rod is Oabfor the “5 x 5” and “3 x 3” structures and 8.tor the “1 x 1”
structure. The throughput and crosstalk were medsiar each step. As shown in Figure
4.7, the spacing values that resulted in less @iksaere found at 0.25 0.5% and 0.2

for the “5 x 57, “3 x 3", and “1 x 1” structuresgspectively. At these positions, we found
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that the measured throughput values for each snei¢compared to the measured values
without applying the space reduction method) chdngye +2.5%, -0.02%, and +3.8%,
while the measured crosstalk values changed byd&6-28 dB, and -20 dB for the
“5 x 57, “3 x 3", and “1 x 1" structures, respeatly. The measured crosstalk values for
all the structures are almost 14 dB lower than diahe cylindrical rods except for the
“1 x 1” structure in which the same crosstalk isaswged. Applying the space reduction
method caused a decrease in the Q-factor of theydav all the designed structures. The
Q-factor for the “5 x 57, “3 x 3”, and “1 x 1” statures changed from 1370 to 780, from

135 to 120, and from 11 to 3.50, respectively.
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Figure 4.7: (a) Throughput and (b) crosstalk far ‘th x 5”7, “3 x 3", and “1 x 1" structures whiledecing
the spacing between the waveguide and cavity pssié0.0%.

4.4 Cubic Air-Holes in Silicon

In order to achieve low crosstalk for transverseceic (TE) modes, we propose a 2D
square lattice PC structure composed of squareodés in silicon of a width of 08 The
PBG of the structure for TE modes is between @3p@nd 0.39/1). Two intersecting

line-defect waveguides are created by replacingnaand a column of air-holes with a
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dielectric strip waveguide. The strip waveguidegsehthe same width as that of the bulk
air-holes. The resonant cavity at the center ofikersection is introduced by creating a
defect air-hole of a width of Ga6 The cavity size is changed by increasing the rermob
air-holes that form the cavity. Similar levels @fM crosstalk can be achieved in this
configuration as shown in Figure 4.8. The Q-fadétorthe “7 x 77, “3 x 3", and “1 x 1”

structures are 250, 30, and 5, while the crosstallies are -40 dB, -22 dB, and -10 dB

respectively.
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Figure 4.8: (a) Throughput and (b) crosstalk fa th x 77, “3 x 3", and “1 x 1” structures of cubéir-
holes in silicon.

4.5 Fabrication of the PC Structures

We fabricated the cylindrical silicon-rods and thibic air-holes structures on SOI using
electron-beam lithography. The scanning electroeroscope (SEM) images of the
structures are shown in Figure 4.9. According tosaiulations, we found that in order
to have a PBG centered at 1550 nm, the height efstlicon rods should be 2.25

(1035 nm) and the lattice period of the structireutd be 460 nm. In addition, the whole

structure must be buried in silicon oxide in orttemaximize the PBG and provide index
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guiding in the vertical direction. On the other Hathe height of the air-hole should be
250 nm and the lattice constant should be 560 nmnm&ximize the PBG, the buried

oxide is etched using a buffered oxide etchantt&wldor 10 minutes.
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Figure 4.9: Fabricated photonic crystal structwfe@) circular rods in air and (b) air-holes iticgin.

The optimized PC structures were fabricated on@hfatform. The SOI wafer has
a buried silicon oxide layer of a width of 4000 nfilne SOI wafer was spun coated with
a negative resist (XR-1541). Then, the electrombeas used to transfer the pattern on
the negative resist. Next, the unexposed aredseofesist were removed by developing
the wafer in AZ 300 metal-ion-free developer for four minutes. Exposed resist acted
as a mask during the etching process. Chlorinar@asvhich consists of €and BCH,
was used to etch the unprotected silicon. The masknot removed after etching silicon
because it acted as silicon oxide. Finally, thendylcal rods structure was buried in
silicon oxide of a thickness of 3000 nm, while theied oxide under the air-holes was

etched using a buffered oxide etchant solutioribminutes.

4.6 Experimental Results

We tested the fabricated “7 x 7” and “3 x 3" TE weg. The experimental measurement

set up was as follows: the light from a tunabletfasith spectral range from 1260 nm to
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1520 nm propagated through a polarization contrétieallow TE-like modes to couple
into a 10 um silicon waveguide. Coupling into and of the silicon waveguides was
achieved using tapered micro-lens fibers with at shameter of 2.5£0.5 micron. A
J-coupler (see Figure 4.10(a)) [13] was fabricaded used to couple light from the
10 pm silicon waveguide into the 448 nm PC lineedefvaveguide. Translational stages
were used to align the input and output fibersh® device being tested. An infrared
camera mounted on a microscope was used to capeineertically scattered light from
the waveguides. The output power was measured asingfrared detector and recorded
using a power meter. A microscopic image of a gawt resonance is shown in

Figure 4.10(b).

(b)

Figure 4.10: Microscopic image of the (a) fabridalé structure and (b) cavity at resonance.

A comparison between the experimental and simulatésults of the “7 x 7” and
“3 x 3” structures are shown in Figure 4.11. ThérlyaPerot oscillations are formed by
the reflection from the end-facets of the wavegsiidad the cavity. In our simulations,
the light source, the output detector, and thestatls detector are all placed inside the
PC line-defect waveguides. In our experiment, idpet Isource and detector are out of the
SOI chip. To be able to compare the simulation whh experiment, both results should

be normalized to one. Also, the resonant frequancioth results should match. As
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expected from simulation and theory, as the siz@fcavity increases, the Q-factor and
the crosstalk decreases. The Q-factor and crosstllke for the fabricated “7 x 77
structure (see Figures 4.11(a and c)) is 168 a@diBR2and that of the “3 x 3" structure
(see Figures 4.11(b and c)) is 54 and -10 dB. Teasmred Q-factors and crosstalk
values are slightly different from that resultednfrthe numerical simulations. This is due
to fabrication errors. From the plots in Figure 14.1t is clear that the resonance
frequency is shifted for the experimental resuftenf that predicted by the simulation
results. Based on the 2D simulation results, toag#tift in the resonance frequency from
1480 nm to 1345 nm requires that the widths offéireicated square air-holes and defect
be wider than that used in the simulation by ak&%t (i.e., lattice constant is still the
same (i.e.a = 560 nm)square air-holes of a width of 0.842and a defect air-hole of a
width of 0.642). However, based on the measured values usin§Hh for the tested
“7 x 7" device (see Figure 4.11(d)), the measuretthg of the bulk square air-holes and
cavity defect are wider than that predicted by $ation by about 5% (i.e., lattice
constant is still the same (i.e = 560 nm)square air-holes of a width of 0.884and a
defect air-hole of a width of 0.688 The difference between the simulation and the
measured values is because we performed a 2D sionubahich does not take into
consideration the out-of-plane effect. The measwmettrum of the throughput for the
“7 x 7" cavity matches very well the simulationta@ataking into account the shift of the
resonance frequency, as shown in Figure 4.11(ap Measured spectrum of the
throughput for the “3 x 3” cavity has the bandpisthe same range of frequencies but
exhibited a narrower spectrum, a higher Q-factsrqlaown in Figure 4.11(b)). This is

very well expected because of the sensitivity af tlevices due to any fabrication
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tolerance. However, the fabrication error is na& same for both the defect air-hole and
the bulk air-holes. As a result of that, the Q-daaf the fabricated “3 x 3" is higher than
that of simulation which is evident in its wideregprum. Practically speaking the
throughputs of the devices were quite close tosthmulation predictions. The crosstalk
experimental curves show consistently that the 77 gavity has lower crosstalk values
than that of the “3 x 3” as predicted by the sirtiala data. The crosstalk simulation
results show stronger wavelength dependence than dRperimental results,
Figure 4.11(c), which is might be due in the magart to the low sensitivity and narrow

dynamic range of the photodetector used in theraxpat.

41440 1460 1480 1500 1520 1
—Experimen —Experiment
== Simulation Simulation
© 0.8 — =408 5 0.8
) o )
= = =
) o /o)
Q06 0.6 Qo6
° S e
S8 N S
‘G04 047G T o4
£ £ £ |
) [} o
Z02 022 z 0-2_/
o X = ‘ ‘ L
1300 1320 1340 1360 1380 1300 1320 1340 1360 1380
Wavelength [nm] Wavelength [nm]
(a) (b)
IR R | | | | | |
. ProseEE0EEe

- rpesssEEEe
o
g -~ DS06S88s8s
o =]
: : =@
N ==7x7 Simulation|==+7x7 Experiment % . . .
© 104/ 33 Simulation - =*3x3 Experiment| , £ .
E N 410 5
2 - e
=

10° 110° .

1300 1320 1340 1360 1380
Wavelength [nm]

() (d)

Figure 4.11: Comparison of experimental resultéwitulation results of (a) throughput “7 x 7" stiure,
(b) throughput “3 x 3” structure (the inset shols unfiltered transmission measurements), (c) talkss
for the “7 x 7" and “3 x 3” structures, and (d) SEMage of the tested “7 x 7” structure that sholes t
measured widths of the bulk and defect air-holes.
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4.7 Summary

In this chapter, we demonstrated theoretically amgerimentally that low crosstalk

between two crossed line-defect waveguides formea square lattice photonic crystal

(PC) structure can be achieved using a resonaiily cavthe intersection area. The PC

resonator consists of cubic air-holes in silicoheTquality-value of the cavity can be

changed by increasing the number of holes that ftvencavity. The theoretical and

experimental crosstalk results are approximatedydd and -20 dB, respectively.
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Chapter 5

Silicon Microring Vertical Coupler

In this chapter, we propose a silicon microringmeuto couple light from a single mode
fiber into a silicon-on-insulator waveguide. Wecathow the fabrication procedure and

the experimental results for the optimized struetur

5.1 Introduction

Silicon-on-insulator (SOI) is one of the promisinggechnologies suitable for
monolithically integration of both electronic angtizal circuits using conventional
microelectronics patterning and fabrication techieg} In addition, this technology offers
a high index contrast for strong light confinementsmall dimensions and enables the
miniaturization of functional integrated opticalvilees. On the other hand, the thickness
of silicon guiding layer of a single mode SOI wawnelg often shrinks to 100~200 nm for
telecommunication wavelengths, whereas the diandter single mode fiber is about

10um. So there is huge mismatch between the modeogiaesingle mode fiber and that
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of an SOI waveguide, resulting in a big challenge=fficiently coupling light into SOI
waveguides and other semiconductor waveguides.cDoeupling, including end-fire
coupling and butt coupling, has been shown to l@ageupling efficiency approximately
proportional to the mode dimension ratio [3,4]. Dt the diffraction limit of
conventional optics, focusing a near infrared ligham to 100~200 nm is impractical or
impossible and hence very low efficiency, 1~2%,ahievable. Other approaches,
including grating coupling, prism coupling, and tieal tapering, were shown to be either
difficult in fabrication or with poor efficiency. dillaert et al. reported a 90° grating
coupler for fiber-to-waveguide coupling [5]. Theupding efficiency was simulated to be
74% and experimentally measured to be 19%. Prisaplecs and vertical tapers [6,7]
were also reported, but they either require comfdéxication process or are difficult for
integration. However, fiber-to-waveguide couplirggd basic issue to realize photonic
chip-to-chip interconnection, especially for silicghotonic integration, where light
emission is not easy to realize and optical signal power often rely on the source from
another chip through optical fiber. Inefficient dibto-waveguide coupling has greatly
hampered the development and applications of piototegrated circuits. Recently,
some other novel couplers were also reported, divedua tapered graded index structure
[8], 45°-micromirrors [9], gray scaled parabolic rror [10], dual-grating assisted
directional coupler [11], and laser-induced fibeatmgs [12]. However, none of the
approaches provided efficiency high enough for ficaktfiber-to-SOIl interconnection.
When light is coupled into an SOI waveguide, thaptimg efficiency is essentially
determined by how the profile of the input mode ¢has that of the SOl mode. In most

cases, the mode match is very poor, resultingviera low coupling efficiency in a single
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coupling attempt. However, coupling efficiency cée improved if the coupler
repeatedly feeds the uncoupled light into the waidgor makes “multiple attempts”.
Recently, Lu proposed a coupler based on the atigakage from a microring, where
light power is first fed into a microring—an “endkeloop”, and the gradual leakage from
the microring constitutes steady vertical couplimig the SOI slab [13]. In this coupler,
gradual leakage forms numerous coupling attemgtas;Tvery high coupling efficiency
can be achieved. In addition, the coupler has theratages of broad bandwidth, small
dimensions, and easy integration. However, in otdeachieve high efficiency, the
refractive index of the microring has to be cargfdontrolled to match the effective
index of the SOI waveguide mode. This may requicavgng exotic materials on the top
of SOI. Herein, we propose an alternative structunere light can be coupled into SOI
waveguides through a silicon microring [14]. Instlgtructure, the effective index of a
SOl waveguide mode is matched not by the refracgtidex of the microring but by the
obligue incidence of light beam into the siliconcnoiring. We also show the fabrication

procedure and experimental results.

5.2 Silicon Microring Vertical Couplers

Figure 5.1(a) illustrates the principle of the clempThe essential part of the coupler is a
o-shaped silicon microring on the top of an SOI slahce light is fed into the microring
through the straight waveguide, it will circulatean endless-loop until either scattered
into the surrounding or coupled into the SOI slabthee bottom. The height of the
microring waveguideH, can be several microns while its widt¥\, needs to be

controlled within 2~3um to excite long lateral evanescent tails. Howetes, straight
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waveguide can be laterally tapered to several mgror matching the diameter of a
single mode fiber. A buffer layer with thickness~800 nm is allowed (for fabrication
consideration) between the microring and the S@b.sAs shown in Figure 5.1(b), the
theory of operation is based on evanescent leakapeh requires the horizontal
component of the wave vector in the microring meagtthat of the guided mode in the

SOl slab, i.eK,, sin®,, = Bs,.Note that the refractive index of the microring ahd

ring
SOl guiding layer is the same. Thus, the propagaiingle inside the microring needs to

In practice,o,,, should be

mode*

be equal to the SOI waveguide mode anglg, ~©

ring

slightly larger thar® For example, the mode angle of a 300-nm-SOI slab

mode *

Ao= 1550 nm ise, . (TE) = 61° for the TE mode am_,.(TM) = 48° for the TM mode.

mode

So in order to efficiently couple light (ag= 1550 nm) from the microring into the SOI

slab, @, should be slightly larger than 61° and 48° for Tiel &M modes, respectively.

ring
There are two approaches to excite the desirechgain direction inside the microring:
oblique incidence as inset 1 and parallel incideagset 2 of Figure 5.1(a). In these two

cases, the input port should be polished with bfieé slope angles:
a,=0,,..anda, =tan‘l[(sinemode—nﬂber/nring)/cosemode] (about 43° for 1550 nm-TE mode
coupling), where fer and nng are the refractive indices of the optical fibedasilicon,
respectively.

In the simulation, we used the second approach twélslope angle,= 47° (slightly
larger thaman‘l[(sinemode—miber/n,ing)/cosemode]) for TE-mode coupling. For simplicity, the
profile of the fiber is assumed to be rectangwanttch that of the input port waveguide.

The thickness of the silicon guiding layer is 300 with a 50-nm thick Si@buffer layer
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on the top. The microring is formed by a siliconveguide (Ang= 3.5) with width
W =2.0um and heightH = 2.5 um. The diameter of the microring measured from the
center of the waveguide B= 5.0um. The thickness of the SOI substrate ($i@hd the

air layer on the top of the microring is assumeddéoinfinite, but taken 0.am in the
simulation. The whole structure is surrounded by tberfectly-matched-layer. A
monochromatic source with Gaussian beam profilesirel 1.5um % 1.8um is placed at
the center of the optical fiber. The index of refran of the fiber is assumed to be
Niper= 1.5. The electric field component of the soursealong the y-direction, and

magnetic field along the z-direction, i.&=EyandH =H z.

Qr Ve B y ring
‘ -~_ """""""" N E— l :b””g
14 (04 1 H| Si Microring , ....... 1
,,,,,,,,,,,,, S wﬂsm
—. / SOl waveguide Ksol !
Z_(X') 3

(@ (b)

Figure 5.1: (a) The illustration of the silicon madng vertical coupler. (b) The illustration ofeththeory of
operation.

Figure 5.2 shows the simulated field distributicor the amplitude of the main
componentH,, using the 3D finite-difference time-domain (FDTDgthod [15]. The top
surfaces in Figure 5.2(a and b) go through the haifjht of the microring, while
Figure 5.2(c and d) shows the light emission thiotlge surfaces of the simulated cube.
As can be seen, there is no obvious guiding rautéhie fed power propagate out of the
microring but to leak into the SOI guiding layer tor be radiated into the surrounding
media, and most of the power is coupled into thé @@ding layer. Note the straight

waveguide section contains a joint of the optidaéif and silicon waveguide as shown in
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the inset 2 of Figure 5.1(a). According to the dation, small amount of power is
reflected at the interface between the opticalrféoed the input port. Theoretically, the
ratio runs up to 21%, which can be greatly decrddse integrating a suitable anti-

reflection coating.

(c) (d)

Figure 5.2: The simulated field distributiom for different perspectives. The arrow in each gdan
indicates the input light propagation direction.

The ratio between the power propagating out from dghiding layer and the total
power sent out from the cubic boundaries is catedldo be 72%. The guided power
confined in the substrate and cladding layer ases@ent waves is estimated from the
theoretical mode profile. Excluding the reflectioetween the optical fiber and the input
port, the coupling efficiency is calculated to l&®ati,= 1550 nm. Note there is still a
mode profile mismatch at the interface betweenoptical fiber and the input port. The
coupling efficiency can be further improved. Thexdbaidth was simulated to be huge in
[13]. This can be explained by the small modifioatin the effective index of the SOI

slab with different working wavelengths.
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As partially discussed in [13], the coupling effiocy is determined by the
comparison of the coupling time and photon lifetimehe microring. As shown in the
inset 1 of Figure 5.3(a), the index profile in tertical direction across the waveguide
shows the coupling system is essentially a 3D dirtewaveguide overlapping a 3D
loaded SOI waveguide. The shadowed part has arlaeffgetive index due to the upper
dielectric loading and thus the light coupled frahe dielectric waveguide can be
confined in the SOI waveguide. However, the latemifinement in the SOl waveguide
is very poor because the index contrast due tapiper dielectric loading is very small.
When both the dielectric waveguide and SOl wavegusde curved to form two
overlapped microrings, the SOl waveguide loosesgoamuch faster than the dielectric
waveguide. This can be understood through the w©enmfent width

X, =[(n, /n,,) —1]R beyond which light is radiated into the surroundingdium [16].

The attenuation coefficient due to radiation loakes the fornar LI C, exp2)X,),

wherey is the extinct factor of a guided mode, &dis a constant related to the mode
profile. The SOI waveguide has smaller extinct dact and smaller confinement

width X, than the dielectric waveguide. As a result, thekdge through the loaded

SOl waveguide dominates. Due to the tiny effectivdex difference, most leakage
becomes the guided light in the SOI slab. Howevkis analysis is based on the
assumption that propagating mode can be excitederBD SOI waveguide. When the

bulk index of the dielectric waveguide @f,,is too small or too large, only evanescent

waves can be excited in the 3D loaded SOI wavegamtklight cannot be coupled into

the SOI slab.
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5.3 Light Propagation Direction Control in the SOl Waveguide

The lateral mode size conversion in the SOl wawggian be realized using a tapered
waveguide or a parabolic surface [17]. In [13], demonstrated a complementary SOI
microring with overall coupling efficiency of 72%lhe coupling efficiency can be
further improved and the semi-disk structure assitiated in Figure 5.3(a) is such an
example. One end of the SOI waveguide is firstitabed as a semi-disk, as shown in the
inset 2 of Figure 5.3(a), and the input port of meroring coupler is aligned to the disk
part of the waveguide. The confinement imposedHhgy demi-disk allows the coupled
waveguide only propagating forwards. To validate design, the simulation is repeated
by applying the SOI semi-disk in the guiding lay&s shown in Figure 5.3(b), most of
light power is coupled into the SOl waveguide, &mel coupling efficiency is calculated
to be 87%, which is slightly lower than the effioig, 91%, for coupling into a blank SOI
slab. The output of the semi-disk is essentialtyaldrguided modes and there are mature

techniques available to taper them into a singldeno

Si Microring

SOl wavequide

(@) (b)

Figure 5.3: (a) The illustration of the device tintrol the coupling direction. (b) The simulatioflight
propagation direction in the SOI waveguide. Thewarindicates the input light propagation direction.
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5.4 Fabrication Process

Two electron-beam lithography steps were requiceéabricate the structure shown in
Figure 5.1. One lithography step was done to detreetop Si waveguide and another
one to define the lower SOI waveguide. Three fabion challenges were involved: one
was to use the negative electron-beam resist (XR-2%) as a mask to define the top
waveguide, another was to use the negative elebam resist (XR-1541 6%) as a
mask to define the bottom waveguide, and the thiad to align the bottom waveguide
with respect to the top waveguide. We were ablevercome all of these challenges. To
define the top waveguide, the silicon layer shdaddower than 2 um so that the exposed
XR-1541 22% can protect the underneath structuringlihe etching process. We also
post baked the resist for four minutes before inmmnerit in the MIF developer to harden
the exposed resist. To define the SOI waveguide,thickness of the XR-1541 6%
should be about 150 nm to protect both the top gaides and the SOI waveguides
during the etching process. The alignment tolerdmateeen the ring coupler and the SOI
waveguide was £3 pum.

To fabricate the vertical ring coupler, a buffemedde layer of a height of 80 nm was
deposited on top of the SOI wafer. Then Si layea tieight of 1650 nm was deposited.
The wafer was spun coated with a negative resRt1841 HSQ 22%) to fabricate the Si
waveguide. The electron-beam was used to trartségpattern on the negative resist. The
exposed resist acted as a mask during the etchowgss. Chlorine plasma was used to
etch the unprotected silicon. The remaining mask m@ removed after etching silicon
because it is still needed to protect the top &abeid waveguide while etching the bottom

SOl-waveguides. To fabricate the SOI waveguide, vilader was spun coated with a
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negative resist (XR-1541 HSQ 6%). The electron-beas used to transfer the pattern
on the negative resist. Next, the unexposed ardéatheo resist were removed by
developing the wafer in MIF developer for four miest Chlorine plasma was used to
etch the unprotected silicon. Figure 5.4 showsntieroscopic image of the microring

coupler after the first and second electron-be#imdjraphy steps.
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Figure 5.4: Microscopic image of the microring ctarpafter the (a) first and (b) second electronrbea
lithography steps.

5.5 Experimental Results

We tested the fabricated microring structures (Begure 5.5(a)). The experimental
measurement set up was as follows: the light frotnrable laser with spectral range
from 1520 nm to 1620 nm propagated through a p@tadn controller to allow TM-like
modes to couple into a 2 um silicon waveguide. Gogpnto and out of the silicon
waveguides was achieved using tapered micro-leosrsfi with a spot diameter of
2.5+0.5 micron. Translational stages were usedigo ¢ghe input and output fibers to the
device being tested. An infrared camera mounte@ omcroscope was used to capture
the vertically scattered light from the waveguidEse output power was measured using

an infrared detector and recorded using a poweemét microscopic image of the
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scattered light from the microring coupler and tB®I waveguide is shown in
Figure 5.5(b). Our reference waveguide was a $tta®Pl waveguide of a width of
2 um. The measured spectrum of the fabricatedcatnmnicroring coupler has a trend
similar to that of the reference waveguide, butexhibited a narrower spectrum
(see Figure 5.5(c)). It was about 40 nm for thepbemuand 70 nm for the reference
waveguide (measured within the spectral range wshay). This is very well expected
because of the sensitivity of the devices due Yofabrication tolerance. We designed the
coupler to have an alignment tolerance of +3 pmwbkeh the top waveguide
(i.e., microring coupler) and the bottom waveguide., SOI waveguide). Consequently,
the width of the SOI waveguide under the microrocaupler was about 18 um. The
18 um SOI waveguide was tapered down to 2 um ovength of about 3 mm, which
caused propagation losses higher than that in #ference waveguide. Also, the
thickness of the oxide layer between the micromogpler and the SOI waveguide is
somewhat thick (80 nm). This prevented more lighkanmf coupling into the SOI
waveguide. The coupling efficiency of the verticebupler can be increased by
fabricating the structure in which the followingnzhitions are met: the width of the SOI
waveguide is reduced at the overlap area to abdytr (i.e., alignment tolerance is
+0.5 um), the tapering length of the SOI wavegugdabout 1 mm, and the thickness of

the deposited oxide is reduced to about 50 nm.

82



Top Waveguide SOl Waveguide

(b)

1
== \V/ertical Coupler
== Reference Waveguide|

o
©

o
o

Normalized Power
o
»

o
)

1820 1540 1560 1580 1600 1620
Wavelength [nm]

(©

Figure 5.5: Coupling measurement between the nigaroupler and SOI waveguide: (a) SEM image of
the fabricated coupler, (b) a microscopic imagehef scattered light from the coupler, and (c) cimgpl
efficiency as a function of wavelength for TM patation.

5.6 Summary

In this chapter, we showed theoretically and expentally that a vertical microring
coupler can be used to increase the coupling effayi between a conventional optical

waveguide and silicon-on-insulator waveguide.
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Chapter 6

Nanoplasmonic Photonic Devices

In this chapter, we introduce a novel design aralyais of an ultra-compact coupler, a
1 x 2 splitter, a directional coupler, and a Madhider interferometer from silicon
waveguides into plasmonic waveguides with high dagpefficiency, flexible splitting
ratios, and broad bandwidth [1-5]. The fabricagwocedure and the experimental results

for a coupler and a 1 x 2 splitter are shown.

6.1 Introduction

Recent interest arises in plasmonic waveguides;iwpiomise to play an important role
in minimizing the footprint required to integrateultiple optoelectronic devices on the
same chip. In particular, plasmonic waveguides &atrny metal-dielectric-metal (MDM)
structures can tightly confine light in the dieléctregion on deep sub-wavelength scales
[6,7] which is not possible using conventional datfic waveguides due to diffraction
limit [8]. However, the smaller the modal size hretdielectric region of the MDM, the

larger the propagation loss due to the metallicdes The tradeoff between mode
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confinement and propagation loss can be addresgedhtbgrating both dielectric
waveguides and plasmonic waveguides in the sam&myslo this end, efficient
coupling between dielectric waveguides and plasmowaveguides is of great
significance.

It is necessary to use dielectric waveguides taneonthe plasmonic devices to the
light source and detector so that the propagatiesds due to the metallic interaction are
dramatically reduced. To achieve that, severaledsffit coupling methods have been
proposed to increase the coupling efficiency frodiedectric waveguide into a plasmonic
waveguide, such as direct coupling [9], multi-sactiaper [9])\/4 coupler [10], adiabatic
tapered coupler [11], and nonadiabatic tapered leoyf1,12]. Also several different
optical circuit elements and devices such as: 8- shape splitters [13-17], directional
couplers [18-21], and Mach-Zehnder interferomefBt2ls) [18,19] have been proposed.
Our proposed optical circuit elements are compadtedficient in which we were able to
overcome many of the problems that were reportedhén literature that made the
reported optical elements have large sizes. Inn¢tjons, the radius of curvature plays
an important role in reducing radiation losses armleasing the size of the fabricated
devices [13,14]. In T-junctions, the intersectiaraashould be designed to increase the
coupling efficiency and reduce back reflection. @lmg efficiency can be increased
using a resonant cavity at the intersection aréd [dsing photonic crystal waveguides
[16], or using plasmonic waveguides [17]. Directibrcouplers are used in many
applications such as splitters [18-20], switche8],[land wavelength sorters [21]. The
size of the directional coupler depends on the regipa distance between the two

adjacent waveguides, widths of the waveguidesrdfactive index of the waveguides,
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the refractive index of metal, and the operatingyelength. Ziaet al. [22] found that
negligible crosstalk between adjacent twvo MDM wavdgs occurs when the separation
distance between the two waveguides is greaterib@mm at the free space wavelength
Ao=1.55 um. Traditional dielectric directional coewd are used as splitters in which
there is a 9phase shift between the two split beams. A diffeghase behavior occurs
in MDM directional couplers in which the phase diffnce between the two split beams
is lower than 99[18]. Wang and his co-worker [18] attribute thisage behavior to the
interaction of the field with the complex refra@iindex of metal. Unlike the traditional
dielectric directional couplers, the plasmonic dim@nal couplers have wavelength
coupling dependence [20,21] because the real patteocomplex refractive index of
metal changes as wavelength changes. Connectingsphtters or two directional
couplers back-to-back results in a MZI [18,19]. Gecting two splitters resulted in back
reflection in [18], while connecting two directidnaouplers resulted in a compact
structure in [18] and long MZI in [19].

A recent numerical simulation demonstrated a cogpéfficiency of 68% by directly
coupling light from a 300 nm wide silicon waveguidgo a 40 nm silver-air-silver
plasmonic waveguide [9]. Coupling efficiency wastlier improved to 93% by using a
multi-section taper of a length of 400 nm, whichswaesigned by a genetic global
optimization algorithm and analyzed with a finitdéf@tence frequency-domain
methodology. In this work, we propose a directsfitient short plasmonic coupler of a
length of 33 nm to increase the coupling efficiemetween a silicon waveguide and a
silver-air-silver plasmonic waveguide. Based on tbepler, we also propose a splitter

that delivers light from a silicon waveguide intot plasmonic waveguides. To the best
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of our knowledge, this is the first time that oreparts a 1 x 2 splitter from a silicon
waveguide into two MDM plasmonic waveguides. Them potential applications of the
coupler and splitter are presented. One is a dwgadtcoupler and the other one is a MZI.
First, we designed a coupler at the interface betwéhe silicon and plasmonic
waveguide. Then, we described how a 3-dB splitiedjrectional coupler, and a MZI
could be designed. The coupling efficiency andgpectrum response of all devices are
investigated using the finite-difference time-domaiethod with a uniform mesh size of
1 nm to accurately capture the change of the a¢lthe interface between the dielectric
waveguide and the plasmonic waveguide. The fundeah&ansverse magnetic mode is
excited in the single-mode dielectric waveguide #ral transmitted power is measured
by a power monitor that is placed close to therfatee with the plasmonic waveguide
[9]. Then, the coupling efficiency is calculatedryrmalizing the transmitted power with
respect to the input power. The perfectly matchaged is used to attenuate the field
within its region without back reflection. The midtasses are included in our simulations
and the relative permittivity of the silver at tliee-space wavelengiy = 1.55 pum using

the commercial software FUullWAVE from RSOFT is -1083.1,.

6.2 Design and Numerical Results

In order to validate our results, we started byusating the coupler proposed by Veronis
and Fan [9] and obtained the same coupling effaigi®8%) by directly coupling light
from a 300 nm wide silicon waveguide into a 40 nitves-air-silver plasmonic
waveguide. By analyzing the numerical resultss iblbvious that the light wave from the

dielectric waveguide excites surface plasmon polasi (SPPs) along the dielectric-
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plasmonic boundaries and the SPPs will be “funrieiatb the MDM plasmonic
waveguides. This funneling process can concepteaibyain why light can be efficiently
coupled from a large (300 nm) dielectric wavegui® a tiny (40 nm) dielectric slot
MDM waveguide. We found that the coupling efficigrean be greatly improved simply
by incorporating a rectangular air-gap (i.e., sledveguide) and hence preventing
transverse “funneling leakage” at the interfacevieen the dielectric waveguide and the
MDM plasmonic waveguide [1-3]. Herein, we presdm tesign steps and numerical

results for the proposed air-gap couplers (AGC) raanrtbplasmonic devices.

6.2.1 Air-Gap Coupler Design

First, we consider an ultra-short matching rectéarglAGC inside the plasmonic
waveguide at the interface with silicon, as showfkigure 6.1(a). In the two dimensional
(2D) simulation, we varied the dimensions of theumler and measured the
corresponding coupling efficiency. The dependentéhe coupling efficiency on the
coupler's widthW and lengthL is shown in Figure 6.1(b). We found that coupling
efficiency had a maximum value wh&vmatches the width of the silicon waveguide. In
particular, the coupling efficiency is above 87.% 30 nm <L < 40 nm and is
maximized forL = 33 nm (coupling efficiency = 88.1%). Tapering tedges of the
rectangular AGC can further increase the couplifigiency to 90% [1], but doing so
will also increase the fabrication complexity. Ihist work, we only consider the
rectangular AGC and optimize its length as 40 nnmttch that of the width of the
plasmonic waveguide. The field distribution of ttwupled light for the rectangular AGC

is shown in Figure 6.1(c).
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Figure 6.1. (a) Schematic of the basic proposedileou(b) Coupling efficiency as a function of the
coupler’s widthW and length_. (c) Field distribution of the coupled light &= 1.55 pm for the air-gap
coupler.

Veronis and Fan [9] found that to maximize the dimgpefficiency between the
dielectric waveguide and the plasmonic waveguitieret is an optimal width of the
dielectric waveguide for a given width of the plasnt waveguide. As shown in
Figure 6.2, the optimal width of the dielectric veguide is 300 nm when the width of the
plasmonic waveguide is 40 nm. We found that thigedeency is broadened when using
our proposed AGC. Increasing the size of the disteavaveguide from 300 nm to
500 nm resulted in a decrease in the couplingieffay by about 15% as opposed to 45%

for the case without using the AGC.

With AGC —>

100 1 éO 260 25;0 350 400 450 500

300
Width fnm]

Figure 6.2: Coupling efficiency for the basic sttwe (Figure 6.1(c)) as a function of the dielectri
waveguide’s width.
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Moreover, our coupler allows for considerable atngmt tolerance, which is
necessary for practical applications since acclyralegning the silicon waveguide to the
plasmonic waveguide is a difficult task. To evatuite effect of the misalignment, two
configurations are examined. One is for the misaignt of both the MDM waveguide
and the AGC with respect to the silicon waveguidedunction of the displacemeaht
(as shown in Figure 6.3(a)). Another is for the ahghment of the MDM waveguide
with respect to both AGC and silicon waveguide d@snation of the displacement (as
shown in Figure 6.4(a)). The misalignment in batises is exaggerated in order to show
the effect of using the AGC. Figures 6.3(b) andl®.4how the coupling efficiency with
and without using the AGC as a function of the dispmentd; andd,, respectively. We
found that the misalignment tolerance is much hidioe both cases when using the
AGC. For example, if the plasmonic waveguide cemgent the edge of the silicon
waveguide (i.e.d; = 150 nm) as shown in Figure 6.3(a), the coupéffgiency is 1%
without using the AGC and 26% when the AGC is useenother example, if the MDM
waveguide is placed next to the AGC (i.d:,= 170 nm) as shown in Figure 6.4(c),
then coupling efficiency is negligible without ugithe AGC and 41% when the AGC is
used. Note that there is almost no alignment opebketween the dielectric waveguide
and the MDM plasmonic waveguide. From this analyiss obvious that in order to
achieve high coupling efficiency, the AGC’'s edgémwudd be aligned to the silicon
waveguide edges and the MDM waveguide should beeglat the center of the silicon

waveguide.
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Figure 6.3: (a) Schematic of the position misalignid;, between the silicon waveguide and the plasmonic
waveguide with the AGC connected to it. (b) Couplefficiency as a function af;. (c) Field distribution
for the structure shown in Figure 6.3(a) wiigr 150 nm.

o
o

o
e

Normalized Power

Q“
Wihout AGC—> s,
.
o,

. A . L,
0 20 4 6 & 10 120 140 160 180
dz[nm}

(@) (b)

Figure 6.4: (a) Schematic of the position misaligntd, between the silicon waveguide with the AGC
connected to it and the plasmonic waveguide. (bypliog efficiency as a function of,. (c) Field
distribution for the structure shown in Figure @yhend,= 170 nm.

In our couplers, the rectangular air-gap playsnapartant role in increasing both the
coupling efficiency (as shown in Figure 6.1) angioving the alignment tolerance of
the plasmonic waveguide with respect to the didcivaveguide (as shown in
Figures 6.3 and 6.4). To verify this, we made savadditional simulations and found
that without using the AGC the plasmonic mode weasted at the interface between
metal and silicon that had a different mode sizantthat of the MDM waveguide. After
using the AGC, the plasmonic mode size matchedah#ie MDM waveguide because

the AGC formed a cavity between the metal andailiavhich enabled more power to
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couple into the MDM waveguide. When the AGC doesshave the same width as that of
the silicon waveguide, the SPP excitation stadmifthe area that is not covered with the
AGC. Then the SPP is coupled inside the AGC angagates towards the MDM
waveguide and couples into MDM waveguide, as shioviigure 6.5(a). When the AGC
covers the whole silicon area and the MDM waveguglat the center, as shown in
Figure 6.5(b), the SPP excitation starts at an lediggance from the MDM waveguide
and then is coupled into the MDM waveguide. Whesn MDM waveguide is not at the
center, SPP excitation starts away from the MDM egande before it is coupled into the
MDM waveguide (Figure 6.5(c)). This proves that thdOM waveguide introduces

transverse metal boundaries that prevent the teass\eakage of SPPs and consequently

E—— ——

increases the coupling efficiency.

—_—
(@) (b) ()

Figure 6.5: The electric field distribution wher) the width of the AGC does not match that of tiean
waveguide, (b) the width of the AGC matches thatefsilicon waveguide and the MDM waveguide is at
the center, and (c) the width of the AGC matches ¢ silicon waveguide and the MDM waveguide i$ no
at the center.

We can further explain why one structure has higloeipling efficiency than another.
For example, the coupling efficiency for the stuwet shown in Figure 6.1(c) has the
highest coupling efficiency (about 88%) becauseSR® excitation starts at equidistance

from both sides of the centered MDM waveguide are “dunneled” into the MDM

95



waveguide. In another example, the coupling efficie for the structure shown in

Figure 6.5(a) is lower than that for the structsh®wn in Figure 6.1(c) because part of
the excited SPP propagates away from the AGC asuwlthe excited SPP mode at the
interface between silicon and metal travels towdtds AGC, which has a different

dielectric material (i.e., air). On the other hawtien the width of the AGC is higher than
that of the silicon waveguide, the AGC does notaaca cavity because the bottom of the
extra length is terminated by air and not by silicbhus, the coupling efficiency dropped

dramatically.

6.2.2Splitter Design

Ultra compact splitters are required in nanophatanicuits in order to minimize the
required area to produce multiple photonic devioesthe same chip. The coupler
introduced in Section 6.2.1 can be easily usedesigth splitters. In this section, two
methods were used to design splitters: one metlaasimg the AGC and the other one
without using the AGC.

In the first method, we designed a 3-dB splittefinmyreasing the separation distance
01 between the two MDM waveguides (as shown in Figbi®&a)) until maximum
coupling is achieved. We found that the maximumptiog efficiency is about 37% for
each branch wheg; = 160 nm, as shown in Figures 6(b and c). Thisigardition has
the advantage in easy fabrication.

The efficiency can be further increased using o@CA In the second method, we
designed a 3-dB splitter by increasing the separalistancey, between the two MDM
waveguides (as shown in Figure 6.7(a)) until maximaoupling is achieved. The

increase ing; was done after the addition of the rectangular A@E@ found that the
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maximum coupling efficiency is about 45% for eacarh forg,= 260 nm, as shown in
Figures 6.7(b and c). Over 90% of power in totah ¢e delivered into two MDM

plasmonic waveguides.
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Figure 6.6: (a) Schematic of the splitter structwrthout the air-gap coupler. (b) Coupling efficignas a
function of the separation distange (c) Field distribution for the structure shown kigure 6.6(a) for
0:= 160 nm.
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Figure 6.7: (a) Schematic of the splitter structwith the air-gap coupler. (b) Coupling efficienag a
function of the separation distange (c) Field distribution for the structure shown kigure 6.7(a) for
02= 260 nm.

The splitting ratio can be easily controlled by fiwsition of the MDM waveguides
Wk andW,, as shown in Figure 6.8(a). Before shiftMf, the displacement between the
two waveguides was 260 nm, which resulted in a bogpefficiency of 45%. As
expected, we found that & increases, coupling efficiency into the shiftedveguide

decreases and coupling efficiency into the fixedvegaide increases (as shown in
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Figure 6.8(b)). Figure 6.8(c) shows the couplingcefncy ratio betweem,. andWk for
D,= 150 nm. Even when there is no overlap betweershiited MDM waveguide and

silicon waveguide, the coupled power is 10%\in
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Figure 6.8: (a) Schematic of the asymmetric splgteucture. (b) Coupling efficiency as a functiointhe
displacemenb,. (c) Field distribution fob,= 150 nm.

Another way to control the splitting ratio is byryeg the width of the MDM
waveguidesW; andW,, as shown in Figure 6.9(a). We found that as tidthwof W,
increases from 40 nm to 100 nm, the coupling efficy inW, increases slightly from
45% to 47%, while the coupling efficiency in a 4@ nvide W, decreases from 45% to
28% (as shown in Figure 6.9(b)). The field disttibn for W,= 100 nm andV; = 40 nm

is shown in Figure 6.9(c).
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Figure 6.9: (a) Schematic of the asymmetric spliteucture. (b) Coupling efficiency as a functiai\W,.
(c) Field distribution foM,= 100 nm andV; = 40 nm.
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The proposed couplers and splitters can also apatad broad frequency range. To
show that, we varied the wavelength of the lightree and measured the corresponding
coupling efficiency. The coupling efficiency witbspect to wavelength for the structures
shown in Figures 6.1(c) (with and without AGC), @)5 and 6.6(c) is shown in
Figure 6.10. Using the AGC broadens the spectrumgeaaround the communication
wavelength 1.55 um for all structures. Using twasphonic waveguides in addition to
the AGC broadens the spectrum over longer range. Wawvelength dependent of the
permittivity of metal is not very clear because toeipling efficiency is measured close
to the interface with silicon. If the coupling €iency is measured far away from the
interface, then it will be obvious that the losséshe metal increase significantly as the

wavelength decreases.
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Figure 6.10: Spectrum of the structures shown guié 6.1(c) (with and without AGC) and Figures 6)5(
and 6.6(c).

6.2.3Directional Coupler Design

Figure 6.11(a) shows the schematic of the propgdasimonic directional coupler. It
consists of two MDM waveguide®y; andW,. W; was kept connected to the AGC while

W, had a separation distance of 80 nm from the tape@fAGC. We studied the effect of
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changing the separation distaritween the two MDM waveguidelg, on the coupling
efficiency intoW,. Figure 6.11(b) shows the coupling efficiency afuaction of the
overlapped propagation length, for two cases wheis; = 10 nm and 220 nm. As
expected, aBs increases, the crosstalk between the two MDM wanes decreases and
the coupling length increases. The coupling length,is defined as the propagation
length needed to completely transfer light frevpto W,. The attenuation of the coupled
power asL increases is due to the metallic losses. Our sitiaul results show that,
increased from 870 nm (Figure 6.11(c)) to aboutOlndn (Figure 6.11(d)) ads
increased from 10 nm to 20 nm, respectively. Ataa, simulation results show that the
crosstalk between the two MDM waveguides is neglggiwhenDs is larger than 150 nm.
The coupling length at which the maximum value loé transferred power occurs is
slightly off from that of the minimum value of thether waveguide. Zhaet al. [22]
attributed the position offset to the interactidntiee field with the complex refractive
index of metal.

An efficient and compact directional coupler canrbade wherD; = 10 nm. The
power is continuously coupled from one MDM waveguitb another along the
propagation direction (Figure 6.11(c)). Total powransfer occurs when the propagation
length is equal to about 870 nm. A 3-dB couplerOgsdin each branch) can be made

when the propagation length is equal to 453 nm.
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Figure 6.11: (a) Schematic of the directional ceutructure. (b) Coupling efficiency as a functafrthe
overlapped propagation length, at different values dDs. (c and d) Power density profile fbz= 10 nm
and 20 nm, respectively.

Figure 6.12 shows a 2 x 2 directional coupler dwitic which light propagates
through port 1 and exits through port 4 when totalpling occurs. The spacing between
the two input- (or output-) ports is 320 nm andtthatween the s-shaped bends is
380 nm. The spacing ensures no crosstalk betweewakheguides. The s-shaped bends
did not start from the center of the AGC to reddbe size of the switch and the
propagation losses. The trade-off is that 4% of abepling efficiency is lost at each
interface, as shown in Figure 6.4(b). The widthhaf two MDM waveguides is 40 nm,
whereas the separation distance between them wili@ncoupling region is 10 nm.

Figure 6.12(b) shows the coupling efficiency intortp 3 and 4 as a function of the
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coupling lengthLp. As Lp increases the power is periodically transferretivben the

two ports. The interaction length required to achi¢otal power transfer is equal to
910 nm (see Figure 6.12(c)). The excess loss isIBLEoupling efficiency inside port 4
is 37%), while the isolation is -23 dB (crosstatkport 3). A 3-dB beam splitter can be

achieved whemp is equal to 440 nm.
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Figure 6.12: (a) Schematic of the switch struct(ipg.Coupled power into each port as a functior gf
(c) Power density profile for the proposed switdiewlL, = 910 nm.

6.2.4 Mach-Zehnder Interferometer Design

Coupling light in and out of the plasmonic waveguihn be achieved by using one of

the Fabry-Perot cavity structures that are showRigures 6.13(a and b). One structure

102



(Figure 6.13(a)) consists of a 40 nm-wide MDM wavidg embedded between two
silicon waveguides. The other structure (Figurg)) consists of a 40 nm-wide MDM
waveguide and two AGCs embedded between two siliwameguides. The coupling
efficiency into the output silicon waveguide asiadtion of the MDM waveguide length,
L, for both structures is shown in Figure 6.13(clficiency decreases ds increases

because of the propagation losses due to the mesdborption. The oscillation in the
measured coupling efficiency was dramatically reduby using the two AGCs. Also,

higher coupling efficiency was achieved by using tivo AGCs.
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Figure 6.13: (a and b) Schematic of the Fabry-Pemtity structures with and without the AGC,
respectively. (c) Efficiency as a function of th®®M waveguide length,.

Based on our proposed 3-dB splitter, we proposedegigns for a MZI using air-
silver-air geometry. The first design is achievgdcbnnecting two splitters back to back,
as shown in Figure 6.14(a). In this configuratithg input light is equally split into each
MDM waveguide and then recombines at the outpitasil waveguide. The two MDM
waveguides form the Mach-Zehnder propagation arite separation between the
MDM waveguides is 220 nm. The output power was meds at the output silicon
waveguide as a function of the Mach-Zehnder arngtlenL, (Figure 6.14(b)). The

oscillation in the measured coupling efficiencydige to the Fabry-Perot cavity response
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that is caused by the reflection of the plasmon enfsdm each dielectric waveguide.
Efficiency decreases asincreases because of the propagation losses dbe toetallic
absorption. Figures 6.14(c and d) show the elefigld intensity and the power density
profile for the proposed structure. It is cleartttiee input light is equally split into the
two MDM waveguides arms and recombines at the autjpelectric waveguide. A
potential application of this structure is in intaggd optical sensors, where the
electromagnetic field in the gap between the twoNidaveguides is strongly confined

that can be easily disturbed by an external effect.

Silver Silver L |  Silver
Air Air

Normalized Power

5 I I I . . . I .
05 200 400 600 800 1000 1200 1400 1600

L [nm]

(b)

(d)

Figure 6.14: (a) Schematic of the proposed silwesitver Mach-Zehnder interferometer. (b) Outpotyer
as a function of Mach-Zehnder arm lendth,(c and d) Field distribution and power densitpfile for
L = 600 nm, respectively.
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We propose another MZI| structure that consists spldater and a directional coupler
(a three-waveguide coupler structure), as showkigure 6.15(a). The input light is
equally split into the two MDM waveguides and retones at the middle MDM
waveguide before it couples into the output dielecivaveguide. The field is highly
localized at the end of the middle MZI arm (Figé-.@5(b)). The coupling efficiency is
about 53% when the interaction length is equal@ @m and the width of the metal
between the three MDM waveguides is 10 nm. Thetler§ the MZI structure can
slightly be reduced by placing the central MDM wgwele between the two s-shaped

plasmonic waveguides.
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Figure 6.15: (a) Schematic of the proposed threeeguaide silver-air-silver Mach-Zehnder interferoaret
(b) Power field distribution for the proposed sture.

6.3 Fabrication

We fabricated the plasmonic air-slot coupler andittep that are shown in
Figures 6.16(a and c). First, the electron-beamsisd to define the alignment marks
followed by a gold deposition to make the alignmmarks detectable using the scanning
electron microscope (SEM) of the electron-beam &i0l00 KV. Then, the alignment

marks are used to place the dielectric waveguitiesspecific location from the marks.
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Finally, the alignment marks are reused to define tegions where gold is to be
deposited to form the plasmonic slot waveguide® fbitused ion beam (FIB) is used to
define the slot waveguides. We also deposited tnpla layer on top of the gold layer
using the FIB tool before defining the slot wavetgs. This is done to get a rectangular
shape slot waveguide (i.e., the top of the slot egande has the same width as its
bottom), or otherwise the slot waveguide will lddée a triangular opening (i.e., the top

of the slot waveguide is wider than its bottom).
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Figure 6.16: (a) Schematic of the plasmonic ait-stmpler. (b) Coupling efficiency as a functiontbé
silicon air-slot waveguide’s length,.. (c) Schematic of the plasmonic splitter devide) Coupling
efficiency in branch # 1 as a function of the silicir-slot waveguide’s lengths.

To have a large fabrication tolerance and enhareedupling efficiency between the

silicon waveguide and the plasmonic air-slot wavwegupart of the silicon waveguide at
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each end of the plasmonic air-slot waveguide is leshil (as shown in
Figures 6.16(a and c)). By doing that, light cospiem the silicon waveguide into the
silicon air-slot waveguide before it couples inke tplasmonic air-slot waveguide. The
coupling is expected to increase because theifislde the plasmonic air-slot waveguide
matches that of the silicon air-slot waveguide [2d]the simulation, we varied the length
of the air-slot waveguide inside the silicon wavegs and measured the corresponding
coupling efficiency, as shown in Figures 6.16 (ld a). The length of the air-slot
waveguide inside the silicon waveguide is denotet andL for the plasmonic air-slot
coupler and splitter, respectively. We found theg toupling efficiency of the coupler
increased from 8% to 40% whég = 50 nm (see Figure 6.16(b)). The oscillationha t
measured coupling efficiency is due to the FabmoePeavity response that is caused by
the reflection of the mode from each dielectric eg@wide. The coupling efficiency also

increased in each branch of the splitter from 118626% whenLs = 160 nm

(see Figure 6.16(c)). SEM images of the fabricaledces are shown in Figure 6.17.

)+ WD= 6mm Da
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Figure 6.17: Scanning electron microscope imagéheffabricated (a) plasmonic air-slot coupler and
(b) plasmonic splitter.
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6.4 Experimental Results

The plasmonic air-slot coupler and splitter introeld in the previous sections were
fabricated and tested. The experimental measuresetnup was as follows: the light

from a tunable laser with spectral range from 1860to 1620 nm propagated through a
polarization controller to allow TM-like modes t@uple into the silicon waveguide.

Coupling into and out of the silicon waveguides \aahieved using tapered micro-lens
fibers with a spot diameter of 2.5+0.5 micron. Bational stages were used to align the
input and output fibers to the device being testér: output power was measured using
an infrared detector and recorded using a poweem&he experimental results of the

plasmonic air-slot coupler and splitter are repbrtethe following sections.

6.4.1Plasmonic Air-Slot Coupler Results

The output light power was measured as the wavtleoga tunable laser source was
scanned from 1260 to 1620 nm. The coupler outpatsomements were taken every 5 nm
along the specified range. The normalized outputgraf the plasmonic air-slot coupler
was plotted as a function of wavelength (see Figui®). It is not possible to determine
the peak of the spectrum of the device becausdeflimitation of the tunable laser
source since it does not operate beyond 1620 nre. mikasured spectrum of the
fabricated plasmonic coupler has a trend similah&d of the simulation except that it is
shifted by 110 nm (see Figure 6.18). This was etguebecause of the sensitivity of the
devices to fabrication errors such as a changhdretbeam current or the time used to
develop the phororesist. These errors resultedabridating waveguides of widths

different than the targeted values for the widthh# silicon and plasmonic waveguides,
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which were 460 nm and 80 nm, respectively. The oreasvalue for the former one is

500 nm and that for the latter one is 75 nm (sger€i6.19).
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Figure 6.18: Comparison of the experimental andikition results of the plasmonic air-slot coupler.

Figure 6.19: SEM image of the fabricated plasmaoapler that shows the width of the silicon and
plasmonic waveguides.

In order to show the sensitivity of our plasmor soupler to fabrication errors, we
investigated through numerical simulations the atftd changing various parameters on
the spectrum response of our device. The paranisigrsve changed were: the length of
the air-slot waveguide inside the silicon waveguigehe width of the silicon waveguide
Ws;, the width of the plasmonic slot waveguitié; o, the misalignment between the
plasmonic slot waveguide and the silicon wavegudand the propagation length.
The optimum values that we used 1oy Ws, Wsio, S andL, were 50 nm, 460 nm,
80 nm, 0 nm, and 500 nm, respectively. We studiedeffect of changing one parameter

on the spectrum response while keeping the renwiparameters at their optimum
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values. We found that changing from 0 nm to 400 nm resulted in a change in the
spectrum response shape mainly due to the Fabot-Pavity-like effect in addition to
the impedance mismatch between the silicon andnsdeeguides which is a function of
wavelength (see Figure 6.16(b)). We also found that cut-off wavelength can be
controlled by changing the dimension /s (see Figure 6.20(c)) oMsi: (See
Figure 6.20(d)). Changingvs; from 420 nm to 500 nm, resulted in shifting the-afi
wavelength from about 1150 nm to 1400 nm (i.ehtrghift). Whereas, changingysio
from 40 nm to 120 nm, resulted in shifting the offtwavelength from about 1400 nm to
1250 nm (i.e., left shift). This shift occurs besayas the waveguide’s width changes, the
mode size changes and consequently the impedarsseanch between the silicon and
slot waveguide changes. In Figure 6.18, the exparial curve was shifted by 110 nm
because either the width of the silicon waveguidas vincreased by about 40 nm
(i.,e.,Wsi= 500 nm) or the width of the slot waveguide wardased by 40 nm
(i.e.,Wsiot = 40 nm) or a combination of both. We measuiéghndWs o using SEM, and
found them equal to 500 nm and 75 nm, respecti{gde Figure 6.19). In addition, we
observed that changing§ from 0 nm to 80 nm resulted in a reduction in twaipled
power into the plasmonic slot waveguide due to riuction in the overlapped area
between the mode supported by the slot waveguidk the silicon waveguide (see
Figure 6.20(e)). For example, at a wavelength @0L8m, the coupled power dropped by
a factor of 10 (i.e., 70% to 7%), when the slot a@vide is shifted by 80 nm. Finally, we
found that changing, from 500 nm to 2000 nm resulted in a reductioth@gtransmitted
power into the output silicon waveguide mainly daghe propagation loss of the metal

(see Figure 6.20(f)). For instance, the coupledgraivopped by about 0.8 dB (i.e., 69%
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to 57%), at a wavelength of 1800 nm by increadipgrom 500 nm to 2000 nm. From
these simulation results, it is obvious that thecsfum response of the plasmonic coupler

is strongly dependent dn andS, and less dependent W, Wsio, andLy,.
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Figure 6.20: (a) Schematic of the plasmonic sleipder. (b-f) Dependence of the spectrum responskeof
plasmonic slot coupler on the length of the ait-slaveguide inside silicoh,, the width of the silicon
waveguideWs;, the width of the plasmonic slot waveguidg,, the misalignment between the plasmonic
slot waveguide and the silicon wavegulsiend the propagation lendth, respectively.
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We fabricated two plasmonic couplers of differesridths to investigate the effect of
changing the propagation length on the spectrumporese of the coupler. One coupler
had a length of 500 nm and the other had a lengB®@0 nm. The experimental results
in Figure 6.21 show that changihg from 500 nm to 2000 nm resulted in a reduction in
the transmitted power into the output silicon wavdg by about 3 dB (measured within
the spectral range understudy). This measuremembhotabe used to calculate the
propagation loss of the plasmonic waveguide bectheséwo couplers are not identical
due to fabrication errors. The propagation loss lmamowered by reducing the time that
the waveguides face the gallium ions when usingHlBetool and by fabricating the air-
slot waveguide at the optimum length and width tleatlted in high coupling efficiency

(see Figure 6.16(b)).
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Figure 6.21: Experimental results of two plasmaaireslot couplers: one had a length of 500 nm dued t
other had a length of 2000 nm.

6.4.2Plasmonic Splitter Results
A comparison between the experimental and simula@sults of the plasmonic splitter
is shown in Figure 6.22. The measured spectrunmeffabricated plasmonic splitter is

narrower than that in the simulation. This met etagons because of the sensitivity of

the devices to fabrication errors. As shown in FegbL16 (c), the designed plasmonic slot
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waveguide is terminated by tapered silicon waveggiiovhereas the fabricated plasmonic
slot waveguide is not. This is mainly due to usihg FIB. Figure 6.23 shows the SEM
image of the plasmonic splitter before and aftengithe FIB. The absence of the tapered
silicon waveguide and the misalignment betweenplasmonic slot waveguide and the
silicon waveguide (see Figure 6.24 (e)) resulted marrowing of the measured spectrum
due to the reduction of the overlapped area betwleemode size supported by the slot

waveguide and the silicon waveguide.
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Figure 6.22: Comparison of the experimental andikition results of the plasmonic splitter.

:
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(@) (b)
Figure 6.23: SEM image of the plasmonic splittgri@fore using the FIB and (b) after using the FIB.

Numerically, we investigated the effect of changingrious parameters on the
spectrum response of the plasmonic splitter. Thrarpeters that we changed were: the

length of the air-slot waveguide inside the siliswaveguidels, the width of the silicon
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waveguideWs;, the width of the plasmonic slot waveguités,, the misalignment
between the plasmonic slot waveguide and the silgaveguideS, and the propagation
length L,. The optimum values that we used far Ws;, Wsior S, andL, were 50 nm,
300 nm, 40 nm, 0 nm, and 500 nm, respectively. Wdiad the effect of changing one
parameter on the spectrum response while keepiagemaining parameters at their
optimum values. Changing; from 120 nm to 200 nm (see Figure 6.24(b)) redultea
change in the spectrum response shape mainly dtre tBabry-Perot cavity-like effect
(see Figure 6.16(d)) in addition to the impedandcematch between the silicon and slot
waveguides which is a function of wavelength. Addially, the spectrum could be
broadened by changing the dimension Wk, (see Figure 6.24(c)) andNspo
(see Figure 6.24(d)). Changifis; from 300 nm to 400 nm, resulted in a narrowing of
the spectrum’s width by approximately 600 nm. WhsreehanginVsio: from 40 nm to
120 nm, resulted in a narrowing of the spectrumthwvidy approximately 300 nm. This is
because, as the waveguide’s width changes, the sipeehanges and consequently the
impedance mismatch between the silicon and slotegaide changes. Further, we
observed that changingfrom 0 nm to 80 nm resulted in a narrowing of gpectrum
response of the splitter by approximately 600 nra ttuthe reduction in the overlapped
area between the mode size supported by the skguade and the silicon waveguide
(see Figure 6.24(e)). Finally, we found that chagdji, from 500 nm to 2000 nm resulted
in a reduction in the transmitted power into thépat silicon waveguide mainly due to
the propagation loss of the metal and the FabrgtReffect (see Figure 6.24(f)). From
these simulation results, it is obvious that thecsum response of the plasmonic splitter

is strongly dependent ofts;, Wsio, andS and less dependent bnand L.

114



W;=300nm, Wy, =40nm, L =500nm, and S=0nm
i Slot p

0.35 _LSZlZOnm
—_—— e, =.L _=160nm
4+ 0.3 B N 00
S s : 0.25)
[a
k] 0.2
1000nm N
©
<L—> go1s
P WSIot o
Z 01
L4
0.05)
M si o) . . . . . .
Oau 1000 1200 1400 1600 1800 2000 2200
Oair Wavelength [nm]
(a) (b)
WSID[:AOnm, LD:SOOnm, LS:SOnm, and S=0nm WS|:3OOnm, LP:SOOnm, LS:SOnm, and S=0nm
0.35 g 0.35
0.3 0.3
£0.250 20.250
Y g
- 0.2 © 02
[5) [0}
N N
= N
g0.15- g0.15
0.1 —W=300nm 01
0.0stf! . - =-Wg;=350nm 0.05
s +:W ,=400nm
1000 1200 1400 1600 1800 2000 2200 %000 1200 1400 1600 1800 2000 2200
Wavelength [nm] Wavelength [nm]
(c) (d)
WS.:300nm, WSI ‘:40nm, L =500nm, and L_=50nm W_=300nm, W, _=40nm, L_=50nm, and S=0nm
i of P s Si Slot s
035 ‘ ‘ ‘ ‘ —S=0nm 038 ‘ ‘ ‘ ‘ —L,=500nm
==S=40nm —.L_=1000nm
03 ++5=80nm 0.3 P
---Lp=2000nm
£0.25 80250 [ ST ey e )
g g
o5 0.2 © 02
S 2
s T
g 0.15 g0.15;
S S
Z 041 Z 04
0.05¢ E 0.05
0-.\-:’:’ ‘ ‘ ‘ ‘ ‘ ‘ oL ‘ ‘ ‘ ‘ ‘ ‘
1000 1200 1400 1600 1800 2000 2200 1000 1200 1400 1600 1800 2000 2200
Wavelength [nm] Wavelength [nm]
(e) ®

Figure 6.24: (a) Schematic of the plasmonic splitfe-f) Dependence of the spectrum response of the
plasmonic splitter on the length of the air-slotveguide inside silicohs, width of the silicon waveguide
Ws;, width of the plasmonic slot waveguillé;, misalignment between the plasmonic slot wavegait

the silicon waveguid§, and propagation length, respectively.

We compared the measured spectrum of a Y-shapedrsiplitter of a radius of
10um (see Figure 6.25(a)) with that of a straightceii waveguide. We found that the

coupling efficiency of each branch of the Y-shagéidon splitter is approximately 40%
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of that achieved by the straight silicon waveguidee Figure 6.25(b)). We also
compared the measured spectrum of the Y-shapedbrsilsplitter with that of our
fabricated plasmonic splitter. We found that theiglimg efficiency of our device is
between 7% and 35% of that achieved by the Y-shajbedn splitter over a wavelength
of 1540 nm to 1570 nm (see Figure 6.25(c)). To stigate the effect of the propagation
length on the spectrum response of the plasmorlitespwe fabricated two splitter
devices of different lengths. One plasmonic splitied a length of 1250 nm and the other
had a length of 2250 nm. The experimental resudee (Figure 6.25(d)) show that
changing the propagation length from 1250 nm to022% resulted in a reduction in the
transmitted power into the output silicon wavegulde about 6 dB. However, this
propagation loss is not directly related to theglempropagation length because the two
plasmonic splitters are not identical. It is almospossible to fabricate two plasmonic
splitters that are identical due to fabricatiorogsr It is even impossible to get the same
coupling efficiency from each branch of a plasmospitter due to the asymmetry
between the two plasmonic waveguides (see Fig@®&)). The propagation loss can be
minimized by reducing the time that the waveguide® the gallium ions when using the
FIB tool and by fabricating the length of the flicair-slot waveguide at the optimum
length that results in high coupling efficiency.s8) preventing the gold from covering
the silicon waveguides near the splitter area witrease the coupling efficiency. As
shown in Figure 6.17(b), the gold film covered parthe input silicon waveguide which
reduced the coupled power into each branch ofphites. The experimental results show
that the waveguides caused a wavelength cut-offrard 600 nm (see Figure 6.25(f)).

This happened because the fabricated silicon wadeguare slightly lower than 300 nm
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which caused a cut-off at about 1600 nm. The tadyetidth of the silicon waveguides

was 300 nm which supports the minimum TM mode size.
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Figure 6.25: (a) SEM image of a Y-shaped silicovegaide with a radius of 1@m. Experimental results
of (b) a straight silicon waveguide and a Y-shap#idon splitter, (c) a Y-shaped silicon splittandaa
plasmonic splitter, (d) two plasmonic splittersdifferent lengths, (e) each branch of a plasmoplitter,
and (f) a straight silicon waveguide, a Y-shapddai splitter, and two plasmonic splitters of difént

lengths.
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6.5 Summary

In this chapter, we proposed a direct yet efficembrt plasmonic coupler of a length of
33 nm to increase the coupling efficiency betweensilcon waveguide and a
silver-air-silver plasmonic waveguide. Based on ¢bapler, we proposed a splitter that
delivers light from a silicon waveguide into twoapmonic waveguides achieving a
coupling efficiency of 45% for each branch. We gisesented two potential applications
of the proposed coupler and splitter in two naraesplasmonic devices: a directional
coupler and a Mach-Zehnder interferometer. Thealvefficiency was 37% for a 2 x 2
directional coupler switch and above 50% for theppsed designs of a Mach Zehnder
Interferometer. To confirm the analytical result®, fabricated and tested the coupler and

splitter.
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Chapter 7

Fabrication Process and Challenges

In this chapter, we introduce the fabrication pescthat we have used in fabricating all
the devices in this dissertation. We address thegss steps and the challenges we faced
and the ways we were able to overcome them. In fti@isearch we used
silicon-on-insulator substrates for the fabricatminthe devices. Other materials could

have been used.

7.1 Fabrication Process

Silicon-on-insulator (SOI) substrates are usedhéfabrication of the optical waveguides
because they provide a high index contrast with tiamsmission losses that is required
for guiding light. Also, SOI technology is widelysed in microelectronics fabrication

which makes it possible for future integration ptaelectronic components on the same
chip. The main source of losses in the SOl wavezgiid from the sidewall roughness.

Leeet al.[1] reduced the sidewall roughness of a SifS®ip waveguide by oxidation

122



smoothing and anisotropic etching methods and mmedsa transmission loss of
0.8 dB/cm. The fabrication process of SOI techngl@@s shown in Figure 7.1) mainly
involves: SOI cleaning, photoresist coating, elmtibeam lithography, chemical or
plasma etch, and film deposition. The surface ef 30| wafers should be maintained
cleaned during the fabrication process to prevefgals from occurring in the integrated
optical circuit. Cleaning is done by immersing t&fers in hot chemical paths to remove
heavy metal, organic and ionic contaminations iditaeh to removing oxide from the top
of the SOI. After cleaning, a photoresist thataasstive to electron-beam is spun coated
on the top of the wafer. The two types of photatethiat we used in our work are a
negative resist (XR-1541) and a positive resisp(B80A). The unexposed areas in the
former one is removed by using 2300 metal-ion-free (MIF) and the exposed areas in
the latter one is removed by using ZED-N50. In thark, the negative resist is used to
transfer the pattern to the silicon layer while fhesitive resist is used to define the
waveguide regions where metal deposition is needed.

High resolution lithography is required in optidadegrated circuits. The resolution of
the G-line (1000 nm), I-line (500 nm), and deepaultiolet (300 nm) is insufficient to
fabricate the PC structures. High resolution littagdny is possible using electron-beam
lithography that can directly transfer the patterrihe photoresist without using a mask.
When the accelerated electron-beam electrons atteni¢gh the negative resist, the resist
transforms to hydrogen silsesquioxane (HSQ) thasdmt dissolve in the MIF developer.
HSQ acts as silicon oxide except that it has mamrdgen bonds. Heating up the resist
for several minutes reduces the number of hydrdgenls and consequently hardens HSQ

[2]. Secondary electrons may be generated dueedntieraction of the electron-beam
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electrons with the substrate. These secondaryretecincrease the dose of the features
that are affected by them. This is called the prityi effect. It has the effect of changing
the feature size in addition to reducing the resmbuof the fabricated devices [3]. One
way to decrease the proximity effect is by adjugstthe size and separation distance
between the written features. Another way is byfquaring a dose test to find out the
exact dose that is needed to write the featurggir&i7.2 shows how a high dose causes

surface roughness and a bad sidewall angle.

1. Clean SOl wafer by immersing 2. Coat with Negative Resist 3. Exposein E-Beam
the wafer in hot chemical paths (XR-1541)

E-Beam

A4 99 <«

5. Chlorine Plasma Etch 4. Develop unexposed resist

6. Film Deposition (oxide or
gold)

7. Structure Release using BOE

Figure 7.1: Fabrication process of the dielecpimtonic crystal, and plasmonic waveguides.
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Figure 7.2: High dose causes both surface rougtaresbad sidewall angles in a PC structure thagists
of (a) silicon pillars in air and (b) square aind®in silicon.

Several minutes to several hours are needed wheg electron-beam lithography to
transfer the pattern to the resist. The electrawbdivides the pattern into many square
fields. Each field area is 300 x 300 firhonger exposure time is needed when either the
total area of the written pattern or the numbeexgjosure fields increases. Field stitching
may occur when two or more exposure fields areoperéd to write a feature. This occurs
when the tool fails to align the feature that wagten in different exposure fields [3]. As
shown in Figure 7.3, the straight waveguide wastariin three exposure fields. Due to
stitching, we measured high losses in the fabritataveguides. The separation distance
between the scattered light was measured and fiouinel equal to the electron-beam stage
step (300 um). In order to reduce the stitchingaffthe features should be written within
the exposure field and away from the corners oettposure field.

After transferring the pattern on the negativestieshe unexposed areas of the resist
are removed by developing the wafer in MIF devetdpe four minutes. The exposed
resist acts as a mask during the etching procesarnsfer the pattern on the silicon. The
mask should be thick enough to protect the undémésatures during the etching

process. The sidewall angle of a feature is as @soitis mask. Chlorine plasma, which
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consists of Gland BC}, is used to etch the unprotected silicon.i€used to etch silicon
while BCk is used to remove any native oxide. The maslotsemoved after etching

silicon because it acts as silicon oxide.

@) (b)

Figure 7.3: Stitching effect. (a) Micrsocopic imagethe scattered light at the locations of stichi
(b) Scanning electron microscope image of the sdjoardistance that is caused by the stitchingceffe

After the pattern is transferred onto the silicthe waveguides are either released or
buried in oxide (or metal) depending on the appilicaof the fabricated devices. The
waveguides are released by removing part of theeobdyer under the silicon layer using
a buffered oxide etchant (BOE) solution for 10 n@su In order to release a waveguide,
the fabricated SOI is spun coated with a positegst (HPR 504). The resist is exposed
using the light of a microscope. The exposed resisthen removed using Cd-26
developer for one minute. Figure 7.4(a) shows tierancopic image of the opening on
top of the features that will be released. The etate of the BOE solution was
56 nm/min. Figure 7.4(b) shows the scanning electmcroscope (SEM) image of the

released features.
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(@) (b)
Figure 7.4: Microsopic image of the photoresistpghéa) after development in Cd-26 and (b) aftepidig
the device in BOE.

Tetra-ethyl-ortho-silicate (TEOS) oxide and gole arsed to cover the fabricated
devices. Gold deposition is done using the liftymfbcess that involves using the bilayer
technique. The bottom layer is 495MW PMMA and tbe tayer is ZEP 520A. The
bottom layer is made thicker than that of the tayel to assist removing the deposited
gold from the unwanted areas. The top resist isothee that is exposed to the electron-
beam when defining the regions where gold is todbposited. After exposure, the
exposed top layer is developed using ZED-N50 fosdéonds and the underneath layer is
developed using methyl isobutyl ketone:isopropadMiBK:IPA) for 2 minutes [4]. The
top layer is undercut to assist removing the depdsinetal. Gold is deposited using an

evaporator followed by a lift-off using acetone andthylene chloride.

7.2 Dose Test

The exposure dose of an isolated feature is diffevéhen it is among other features
mainly due to the backscattering of electrons. Aedtest is used to find out the required
dose or set of doses that are required to writdeifaires in each device. Writing a whole

device for a dose test is inefficient and takestaof time. To reduce the writing time, a
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sample of the device under investigation is writfBms sample is repeated many times in
which a different dose is used at each time. To @iat the required dose or set of doses to
write the features, SEM is used to inspect the aizé height of the features in each
sample after the pattern is transferred to siliddme dose of the feature that matches the
design parameters was used later on to fabricateadtual designed devices with their

original size. The dose tests that we performetiswork are for the following structures.

7.2.1 Silicon Pillars in Oxide

We selected a sample from the PC structure ofosilipillars in air (as shown in
Figure 7.5) to perform the dose test. The circiggesent the circular silicon pillars and
the rectangles represent the strip waveguidessahmple was repeated 12 times in which

a different dose is used at each time. The dosgerams from 750 — 2400 uC/ém

] ]
] ]
BE

Figure 7.5: Sample of the silicon pillars in air.

Chlorine plasma, which consists of,GInd BC}, was used to etch the unprotected
silicon. Different etching recipes were used tadfiout the one that achieves vertical
sidewalls of a height of about one micron withawtfgce roughness. Table 1 shows some
of the recipes that were used with SEM images eftthnsferred pattern. The RF and

pressure values were changed in addition to thea@ BC} flow rates. The etch time
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for all samples was fixed for 7 minutes. The sakggt of silicon to XR-1541 is about
12 to one if the XR-1541 is crosslinked (i.e. tfanwed to oxide after exposure). We
found that the etch rate is low when the pressuilew as shown in recipes (1-4). Also
we found that the surface roughness increases Wfer 100 Watts (i.e., maximum
operating value of the tool) as shown in recipe Bdng BCkis important to smooth the
sidewalls of the features (compare recipes # 1#@j) A faulty recipe may result in a
bottle neck shaped or slanted sidewall, as showadipe # 5. The optimal recipe is when
RF =70 — 90 Watts, pressure = 20 mtorr, and flates of G and BC} are 70 sccm and

2 sccm, respectively (as shown in recipes # 6 and #

Table 7.1: Demonstration of a few etching recigest tvere done to find the one that resulted inicart
sidewalls.

Recipe] RF [|Pressure| Cl, BCl; SEM Results
# [Watts] | [mtorr] |[sccm] |[sccm] Images
1 90 5 70 2 Sidewall is not vertical.

Required feature height was not reached.

2 90 5 70 0 Sidewall suffers more tapering when BCls
is not used.
Required feature height was not reached.
3 100 5 70 2 Surface roughness is high.

Required feature height was not reached.

4 90 10 70 2 Sidewall is not straight and vertical. Mask
0 shrinked in lateral direction.
Required feature height was not reached.

5 90 15 50 2 p Sidewall is not vertical.
Required feature height was reached.

|

6 70 20 70 2 Sidewall is almost vertical except that the
base of the rod is wide. Required feature
height was reached.

7 90 20 70 2 Best recipe. Reasonable vertical sidewalls

of a height of about one micron without
surface roughness.

d

After fabricating the silicon pillars, the wholewiee was buried in oxide in order to

maximize the photonic band gap and provide indegigg in the vertical direction. We
used two methods to do that. One method was byguSEOS oxide (as shown in

Figure 7.6(a)) and the other was by using XR-15kl ghown in Figure 7.6(b)). In the
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former method, the oxide covered the top edgedefpillars and closed the spacing
between the adjacent pillars. This prevented oxiden reaching the bottom of the

pillars. To keep depositing oxide without closirge ttop was impossible because the
spacing between the pillars is small compared éohkight of the pillars. In the latter

method, the XR-1541 caused a lot of stress thatrmcaused a lot of cracks, as shown in
Figure 7.6(b). Clearly, the approach that was fe#ld is not suitable to fabricate this

device. In the future we will look for another methto deposit oxide.

YV YV T Y VYW VY Y Y Y Y Y Y Y
v W P

(@) (b)
Figure 7.6: SEM images of silicon pillars aftertgly covered with (a) TEOS and (b) XR-1541.

7.2.2 Square Air-Holes in Silicon

We selected a sample from the PC structure of @ashin silicon (as shown in
Figure 7.7) to perform the dose test. The dosewastperformed to find out the required
dose to write the square air-holes. The samplerepsated 12 times at different doses.
The dose range for the square air-holes was frofn-75400 pC/ch The dose for the
input and output silicon waveguides as well as tlewice holders (blue color in
Figure 7.7) was fixed at 700 pC/&nOn the other hand, the dose for the line defect
waveguides and the tapered input waveguide (pin&rada Figure 7.7) was fixed at

1200 pClcrh
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Figure 7.7: Sample of the square air-holes ingilic

We used the same etch recipe that was used tadadithe silicon pillars. To release
the air-hole structure, the fabricated device wigpetl in BOE to etch about 500 nm of
the oxide underneath the square-holes. A mask enfélhm of positive photoresist
(HPR 504) was used to protect the places that alidnteract with BOE. The photoresist
was exposed by using the light from a microscopeose test was conducted to find out
the shape and dimension of the exposed photosiat As shown in Figure 7.8(a), the
minimum diameter of the circular opening was ab8dtpum. The air-hole structure
dimensions were designed to be slightly larger tBanum (as shown in Figure 7.8(b))
because BOE is an isotropic etching process in hwhidde is removed in the vertical

and lateral directions at the same rate.

@) (b)

Figure 7.8: Microscopic image of the opening byngsthe light from a microscope. (a) Diameter
measurement of the circular opening. (b) Circufarong on the top of the air-hole structure.
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In general when using the electron-beam lithograpdw dose is required for large-
feature areas and high dose for small-feature afdas rule may change based on the
geometry of the pattern. Lower dose value is reguio write a small feature area that is
close to large features than that of a standalea&ufe. This is because there is back
reflection from the electron-beam electrons thatengsed to write large features. These
reflected electrons lower the dose of the areat dha affected. Different doses are
required to write the features in our design. Wedusa dose of 700 pC/ém
1200 puC/erfy and 1550 pClcfto write the input and output waveguides, lineedef
waveguides and input taper, and the square aishodéspectively. Figure 7.9(a) shows
the SEM image of the square air-hole structurer d@fteas released by using BOE. We
found that the PC waveguides fell down becausevthesguides were not released at the
same time due to the circular opening diameter dosimaller than the actual device
dimension. To prove that this was the case, wesasad the circular opening dimensions
to cover the whole air-hole structure in additionsmall parts of the waveguides. The
SEM image of the released PC waveguides is as showkigure 7.9(b). The PC
waveguides in this case did not fall down. Theydretp slope as we moved away from
the waveguides towards the central area. A secosd test was carried out after we

reduced the size of the air-hole structure to keetdhan 37 pm.
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Figure 7.9: Scanning electron microscope imagehefreleased air-hole structure: (a) when the arcul
opening did not cover the whole air-hole structame (b) when the circular opening covered the ale-h
structure in addition to some parts of the wavegstid

7.2.3 Vertical Ring Coupler

We selected a sample from the vertical microringpder (as shown in Figure 7.10) to
perform the dose test. Two electron-beam lithogesplare needed to fabricate these
features. The circles represent the microring sirecthat will be written in the first
electron-beam lithography, while the top shapeigufe 7.10 represents the waveguide
that will be written on the SOI in the second eleatbeam lithography. The sample was
repeated 6 times in which a different dose is wdeshch time. The dose range was from

600 — 1350 pClcfn

Figure 7.10: Sample of the vertical ring coupler.

We conducted a dose test to find out the requirese do write the vertical ring

coupler and the required time to etch the top layerdo that, we deposited 80 nm of
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oxide on top of the SOI wafer. Then we deposit&duan of polysilicon by using the low
pressure chemical vapor deposition method. We fabatpolysilicon has many defects,
as shown in Figure 7.11(a). We also found thatriask failed to protect the silicon

during etching, as shown in Figures 7.11(b and c).

(b)

Figure 7.11: Scanning electron microscope image&@ppolysilicon defects, (b and c) features heafter
etching silicon.

We found that two things should be done to fabei¢he vertical ring coupler: one is
to deposit silicon by using the epitaxial growththoal to reduce the number of defects
and the other is to reduce the silicon height $s lhan 2 um so that the mask will be able
to protect the top waveguides during the etchiraggss. If silicon is grown on top of an
oxide substrate by the epitaxial method, the redufiilicon is polysilicon with fewer
defects than that if polysilicon is deposited. A®®d dose test was performed for the
vertical ring coupler. A buffered oxide of a heigtit80 nm was deposited on top of the
SOl wafer, followed by the deposition of siliconaheight of 1700 nm by the epitaxial
growth method. In order to fabricate the top waveguncluding the microring, the
wafer was spun coated with a negative resist (XRt1Z%). The XR-1541 22% should
be thick enough to protect the top waveguides dutte plasma etch. A maximum film

thickness of 845 nm can be achieved when coatingfar at a speed of 1000 rpm for
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one minute. The post bake was done for four mintde@smove solvent from the coated
film.

The electron-beam was used to transfer the paitethe negative resist. A hard bake
was done to solidify the XR-1541 film. Next, theexposed areas of the resist were
removed by developing the wafer in MIF developer I8 minutes. Another hard bake
was done to harden the XR-1541. The stress of Rd 341 film has increased as shown
in Figure 7.12(a). Fortunately, the cracks in thR-¥541 film did not cross the written
waveguides. Figure 7.12(b) shows the vertical dagpler after developing the resist for

12 minutes.

(@)
(b)
Figure 7.12: Microscopic image of the microring ptan after development the XR-1541 for (a) 4 misute

(with its magnified view of the ring coupler) ant) (12 minutes (with its magnified view of the ring
coupler).
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7.2.4 Plasmonic Coupler and Splitter

We selected a sample from the plasmonic couplersahtier (as shown in Figure 7.13)
to perform the dose test. The width of the wavegsidn Figure 7.13 is either
300 nm (dielectric waveguide) or 40 nm (plasmoniaveguide). The sample was
repeated 12 times in which a different dose wasl adeeach time. The dose range was

from 750 — 2400 puC/c

Figure 7.13: Sample of the plasmonic coupler atittesp

We found that we may use the same dose (1550 |fCfomvrite the dielectric and
plasmonic waveguides if the size of the plasmoraweguide is adjusted to be 20 nm. A
width of 20 nm at a dose of 1550 pCfcim written as 40 nm. We also found that when
the plasmonic waveguide is at the center of theediec waveguide, the interface of the
dielectric waveguide is rounded (as shown in Figurel4(a, b, d, and e). Straight
interface between the dielectric and plasmonic gaige is possible when two
plasmonic waveguides are placed at the edges doflidhectric waveguide as shown in

Figures 7.14(c and f).
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I.'l Iull'l

Figure 7.14: Scannmg electron microscope imagéa-oj coupler and (d-f) splitter designs.

7.3 Summary

In this chapter, we presented the methods and gseseused to fabricate the devices

proposed in this dissertation document.

References

[1] K. K. Lee, D. R. Lim, L. C. Kimerling, J. Shin, arfed Cerrina, “Fabrication of
ultralow-loss Si/SiO2 waveguides by roughness redin¢ Optics Letters, vol. 26,
December 2001, pp. 1888-1890.

[2] H. C. Liou and J. Pretzer, “Effect of curing tenmgtere on the mechanical
properties of hydrogen silsesquioxane thin film$fiin Solid Films, vol. 335,
December 1998, pp. 186-191.

[3] Cornell NanoScale Science and Technology Facilttygca, NY. Electron beam
lithography pattern preparation guidelines and pdoces.

http://www.cnf.cornell.edu/cnf_process_ebl_patteepphtml (accessed April 2009).

137



[4] Cornell NanoScale Science and Technology Facltitygca, NY. SPIE handbook of
microlithography, = micromachining and  microfabricatj volume  1:
microlithography, section 2.7 resists. http://wwmf.cornell.edu/cnf_spie7.html

(accessed April 2009).

138



Chapter 8

Conclusions and Future Work

In this chapter, we conclude our research workiaditate directions for future work.

8.1 Conclusions

Mode mismatch, which is considered one of the albssathat prevents the multiple
applications of the optical integrated circuitsy®as radiation and back reflection. In this
dissertation, we designed, fabricated and expetafigrdemonstrated different couplers
to achieve mode matching between waveguides aéréifit geometries and propagation
mechanisms. The three main types of waveguidesatbed involved in our work were:
the conventional optical waveguides, the photomigstal (PC) waveguides, and the
plasmonic waveguides.

In Chapter 3, we proposed two engineering methaiedo that provide higher
coupling efficiency between a dielectric waveguaiel a tapered planar PC waveguide

than what has been reported in the literature. ploposed methods achieve mode
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matching by introducing structural imperfections deange the mode size and shape
inside the taper to match that of the line defeateguide. In method one, we showed the
importance of changing the size and position oheacer taper rod in increasing the
coupling efficiency. Each inner taper rod is treaées matching impedance that is tuned
by changing its size and position until maximum g is reached. The maximum
coupling efficiency at 1.56m from the size change method was above 88%, whilas
above 94% from the position change method. By cambithe effect of the size and
position change methods, we found that the ordewloth method to apply first is
important because the wave faces different scatfemechanisms in each case. Our
results show that applying the size change methadthwed by the position change
method, increased the coupling efficiency to ab®&®% without affecting the
transmission spectrum of the coupler. In method tm® presented a hybrid PC structure
that increases mode coupling. Series of cavitie® wdroduced next to the upper taper
rods’ position from both sides before the inneretapods’ positions were changed,
achieving over 94% power transmission at the end.

In Chapter 4, we used a resonant cavity at thersetdion area between two
intersecting waveguides to reduce the crosstatktim intersected waveguides. The key
idea is to excite modes orthogonal to each otheéhatintersection area. The resonant
cavity used in our design is shown to be very carhpehree PC structures are studied:
one consists of cylindrical silicon-rods in airoémer consists of cubic silicon-rods in air,
and the other consists of cubic air-holes in silictm the former structure, the quality
factor of the cavity increases by replacing the litefect waveguides with the dielectric

strip waveguides. Based on the two-dimensional kitimn results, we found that the
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“3 x 3” structure with the strip waveguides achie@erosstalk reduction of 21 dB lower
than that achieved without using the strip wavegsidVe also found that more crosstalk
reduction could be achieved by reducing the spdoatgeen the strip waveguide and the
cavity. The overall crosstalk reduction for thex'®”, “3 x 3", and “1 x 1” structures was
-91 dB, -76 dB, and -44 dB, respectively. The meaderosstalk values for the two latter
structures are two times lower (in dB) than thageorted in the literature. Replacing the
cylindrical rods by cubic ones resulted in wideegpum and less crosstalk. We found
that more than -19 dB of crosstalk reduction canabkieved by applying the space
reduction method. The overall crosstalk reductionthe “5 x 57, “3 x 3", and “1 x 1”
structures was -105 dB, -90 dB, and -43 dB, resgygt Finally, the image reversal of
the cubic rods (i.e., air-holes in silicon) wasrfeited and tested. We experimentally
showed that the crosstalk reduction of the “7 »ai@tl “3 x 3” air-hole structures is about
-20 dB and -10 dB, respectively. The experimergaults exhibited similar performances

to those predicted by the numerical simulations.

In Chapter 5, silicon-to-silicon couplers were gsed to couple light from optical
fiber into SOI waveguides based on microring vaiticouplers. Our simulation results
show that the couplers have very high efficiencyseéii-disk was proposed to control
the propagation direction of the coupled light e tSOI waveguide and to assist the
mode conversion. The microring coupler was fabeidaand tested to confirm the

analytical results.

In Chapter 6, we showed that a matching coupléneatnterface between a dielectric
waveguide and a plasmonic waveguide can be desigmethcrease the coupling

efficiency and improve the alignment tolerance. é8hsn the coupler, we designed a
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nano-scale plasmonic splitter with a coupling écy of 45% for each branch that
operates at the optical telecom wavelength. Thiétieglratio can be controlled by either
varying the position or width of the two branch&8e also presented two potential
applications of our proposed coupler and splitteoth the directional couplers and
Mach-Zehnder interferometers (MZIs). The two desi@e embedded between two
dielectric waveguides. The overall efficiency wa&@for a 2 x 2 directional coupler
switch and above 50% for the proposed designs MZhk Finally, the plasmonic air-slot
coupler and the plasmonic splitter were fabricaaad tested. The experimental results

exhibited similar performances to those predictgthie numerical simulations.

8.2 Future Work

To extend our research, we propose the followingkwo

* In Chapter 4, we presented the experimental restilise crosstalk structure that
consists of square air-holes in silicon. The coupkfficiency was poor because
there was a mode mismatch between the line defaetguide (width of 448 nm)
and the output dielectric waveguide (width of 2 uAlso, the bends that we used
in our design have a width of 2 um that caused Hagses because of the
interference between the fundamental mode anditjreehorder modes supported
by the waveguide. The coupling efficiency can beréased by either adding
J-couplers at all the output ports (as shown inufeg8.1(a)) or by changing the
width of the input and output dielectric waveguidesmatch that of the line
defect waveguides (as shown in Figure 8.1(b)). Jfmupler is expected to

increase the coupling efficiency, but its fabrioatprice will be almost four times
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the price of fabrication of the structure shownFigure 8.1(b). That is why we
recommend the fabrication of the structure showrFigure 8.1(b). Scanning

electron microscope image of the proposed strucsusbown in Figure 8.1(c).

S0 Mag= 266KX

(©

Figure 8.1: Schematic of the proposed design ferdtosstalk structure that can be used to incrieese
coupling efficiency by either (a) using a J-cougtarall the input and output waveguides or (b)ngking
the width of the input and output waveguides eduoathat of the line defect waveguide. (c) Scanning
electron microscope image of the fabricated strectivat is shown in Figure 8.1(b).

* In Chapter 5, we presented the experimental resilthe vertical microring
coupler. We believe that the coupling efficiencyswat much higher than that of
the reference silicon-on-insulator (SOI) waveguéeause of three main reasons.
First, the deposited silicon (top layer) has mamfedts which caused back
reflection and radiation losses. These defectshereesult of depositing epitaxial

silicon on top of an oxide layer. Second, tapering 18 um SOI waveguide
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underneath the microring to 2 pum over a length ofr8 caused high propagation
losses. Third, the thickness of the oxide layewben the microring coupler and
the SOI waveguide is somewhat thick (80 nm) thawvented more light from

coupling into the SOI waveguide. The coupling edicy can be increased by
fabricating the structure (shown in Figure 8.2)ihich the following conditions

are met: the width of the SOI waveguide is reduaethe overlap area to about
13 pum, the tapering length of the SOI waveguidsbisut 1 mm, and the thickness

of the deposited oxide is reduced to about 50 nm.

Figure 8.2: Schematic of the microring coupler.

In Chapter 6, we presented the experimental resiltfe plasmonic air-slot
coupler and splitter. The fabrication process iagdlthe use of the focused ion
beam (FIB) to define the air-slot waveguides. T itroduced gallium ions
into the waveguides in addition to milling some tbé gold layer during the
alignment process. Consequently, the losses wegte Aihe fabrication process
can be simplified by replacing the air-slot wavelps with silicon waveguides
(as shown in Figure 8.3). These waveguides areetuin gold to form the

plasmonic splitter branches.

144



Figure 8.3: Schematic of the proposed plasmonitiapl

8.3 Summary

In this chapter, we concluded our research workiaditated future research directions

for this dissertation.
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APPENDIX A

Crosstalk Reduction in Square Cavities

This appendix provides a copy of the following petion’:
R. A. Wahsheh, Z. Lu, and M. A. G. Abushagur, “Grteak reduction in square

cavities,” IEEE Photonics Journal, vol. 1, Septent§®9, pp. 191-196.

'Reprinted from IEEE Photonics Journal, vol. 1, RWahsheh, Z. Lu, and M. A. G. Abushagur, “Cross
talk reduction in square cavities,” September 2@p9,191-196, Copyright 2009, with permission from
IEEE.
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Abstract: Theoretically and experimentally, we demonstrate that low crosstalk between two
crossed line-defect waveguides formed in a square lattice photonic crystal (PC) structure
can be achieved using a resonant cavity at the intersection area. The PC resonator consists
of cubic air-holes in silicon air-holes. The Q-factor of the cavity can be changed by
increasing the number of holes that form the cavity. The theoretical and experimental
crosstalk results are about —40 dB and —20 dB, respectively.

Index Terms: Waveguides, photonic crystals.

1. Introduction

When waveguides are crossed, guided waves suddenly expand due to the lack of confinement in
the lateral direction. This results in coupling into the intersecting waveguides in addition to radiation
and scattering losses. Ultra-low crosstalk between intersecting waveguides is required in optical
integrated circuits in order to minimize the required area to produce multiple optical devices on the
same chip. Low crosstalk is also beneficial for improving bit rate in optical communications systems.
Recent work has shown that crosstalk between photonic devices can be reduced to a much smaller
degree than that between their electronic counterparts [1]. However, the low crosstalk essentially
relies on designing innovative photonic structures. More recently, a number of structures have been
proposed and investigated to eliminate crosstalk [2]{7]. One method that has attracted great attention
is based on cavity coupling that can achieve low crosstalk overa wide spectrum [3]-{7]. The key idea is
to excite modes orthogonal to each other at the intersection area. Johnson et al. [3] proposed a
resonant cavity that supported two orthogonal modes at the intersection area of two line-defect
waveguides in a two-dimensional (2-D) square lattice photonic crystal (PC) structure, which was
composed of periodic cylindrical rods in air. In the work of Johnson et al. [3], as the quality factor
(Q-factor) of the cavity increased by adding more rods next to the defect rod, crosstalk could be
reduced. As a result of the Q-factor change, both the output bandwidth spectrum and crosstalk are
controlled. Based on a similar structure, Liu et al. [4] reported crosstalk reduction by using two single-
mode coupled resonator optical waveguides that had a nonoverlapping photonic band gap (PBG).
Their results are very attractive and promising. Furthermore, all-optical transistors can potentially be
achieved based on the PC cross-waveguide geometry [8]. However, in both works of Johnson et al.
[3] and Liu et al. [4] the structures had an infinite thickness and light was guided in air, or void PBG
waveguides, instead of dielectric waveguides. As a result, the structures are only ideal 2-D models
that cannot be experimentally realized.

In order to experimentally demonstrate the structure proposed by Johnson et al. [3], Roh et al. [5]
used two aluminum metal plates to insure confinement in the out-of-plane direction. One plate was
placed on the top, and the other was placed at the bottom of the cylindrical alumina rods in air.
Crosstalk reduction as large as —30 dB was experimentally achieved at the resonant frequency.
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However, this metallic-cladding structure can not be scaled down for telecom wavelengths. To work
for the telecom wavelengths, Teo et al. [6] fabricated a structure that was composed of 13-pm-high
silicon rods in air, which are too high to provide effective out-of-plane field confinement. For
practical applications, a widely used way is to convert a 2-D structure into a planar structure.
Unfortunately, in a planar structure light cannot be confined in void PBG waveguides without out-of-
plane confinement on light propagation.

In our previous work [7], we proposed transverse mode planar structures in a square lattice of
silicon pillars for telecom wavelengths. We replaced the void PBG waveguides in the structures
proposed by Johnson et al. [1] with dielectric strip waveguides to achieve out-of-plane field
confinement. Herein, we propose transverse electric (TE) planar structures in a square lattice of
air-hales in silicon for telecom wavelengths. The slab waveguide achieves the out-of-plane
confinement by total internal reflection. To illustrate the effectiveness of our design, we performed a
series of simulations. First, the Q-factor of the cavity was increased by adding more air-holes next to
the defect air-hole. Then, the optimized devices were fabricated on silicon-on-insulator (SOI)
wafers. The fabrication process details and experimental results are described.

2. Intersection Design

In order to achieve low crosstalk for TE modes, we propose a 2-D square lattice PC structure
composed of square air-holes in silicon of a width of 0.8a (a is the lattice constant of the PCs). The
TE PBG of the structures is between 0.34(a/)\) and 0.41(a/\) as shown in Fig. 1(c). Two
intersecting line-defect waveguides are created by replacing a row and a column of air-holes with a
slab waveguide, as shown in Fig. 1(a) and (b). The slab waveguides have a width of 0.8a as that of
the bulk air-holes. The resonant cavity at the center of the intersection is introduced by creating a
defect air-hole of a width of 0.6a that has a resonant frequency of about 0.4(a/\), as shown in
Fig. 1(c). Fig. 1(d) shows the mode excited in a square lattice PC along the horizontal axis. Another
orthogonal mode can be excited along the vertical axis. The Q-factor of the cavity is increased by
increasing the number of air-holes next to the defect. The following names are given to the
structures that are shown in Fig. 1 to denote the number of airholes that form the cavity: 7 x 77
and “3 x 3" for the structures that have seven air-holes and three air-holes along the row or column
of the intersection area, respectively.

3. Numerical Resulis

The 2-D finite-difference time-domain method is used to analyze all the structures introduced in this
paper. Each structure is terminated by a perfectly matched layer in order to reduce the back
reflection from the waveguide ends. A broadband TE Gaussian pulse is used as a light source. Two
detectors are used to measure the forward (throughput) and crosstalk coupling powers, as shown in
Fig. 1(a). The measured power is plotted as a function of frequency. A linear scale is used for the
forward power measurement while a log scale is used for the crosstalk measurement.

The cavity size is changed by increasing the number of air-holes that form the cavity. As shown in
Fig. 2, we found that the measured throughput values for the *“7 x 7,7 “3 x 3,” and “1 x 17
structures are 85%, 82%, and 34%, while the crosstalk values at resonance are —40, —22, and
—10 dB, respectively. The Q-factor for the “7 x 7,” “3 x 3,” and “1 x 17 structures are 250, 30,
and 5, respectively. As the Q-factor increases, both the throughput spectrum and crosstalk
decrease.

4. Fabrication Process and Experimental Resulis

We fabricated the optimized “7 x 7 and “3 x 3” structures on SOI platform using e-beam litho-
graphy. The scanning electron microscope (SEM) image of the fabricated “7 x 77 structures is
shown in Fig. 3. According to three-dimensional simulations, we found that in order to have a band
gap centered at 1480 nm, the height of the air-hole should be 250 nm, and the lattice constant
should be 560 nm. To fabricate the optimized devices, the SOI wafer was spun coated with a
negative resist (XR-1541). Then, the e-beam was used to transfer the pattern on the negative resist.
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Fig. 1. Two-dimensional photonic crystal structures of square air-holes in silicon for the following cavity
sizes: (a) “7 x 7" cavity size and (b) “3 x 3" cavity size. (c) TE band diagram. (d) Field pattern inside
the cavity.
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Fig. 2. Comparison of the (a) throughput and (b) crosstalk forthe “7 x 7,73 x 3,” and “1 x 1" structures
of cubic air-holes in silicon.
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Fig. 3. SEM image of the fabricated “7 x 7" PC structure. (a) PC structure and the testing platform,
which consists of a J-coupler and three waveguides. (b) Close-up image of the “7 = 77 PC cavity.

Fig. 4. Microscopic image of the cavity at resonance.

Next, the unexposed areas of the resist were removed by developing the wafer in AZ® 300 MIF
(metal-ion-free) developer for 4 minutes. The exposed resist acted as a mask during the etching
process. Chlorine plasma, which consists of Cl; and BCls, was used to etch the unprotected silicon.
The mask was not removed after etching silicon because it acted as silicon oxide. Finally, the buried
oxide under the air-holes was etched using a buffered oxide etchant solution for 10 minutes. In
order to be able to test the PC cavity a testing platform was fabricated at the same time. It is made of
a holder to carry the PC device, a J-coupler [9] to couple the light effectively from an optical fiber into
the PC and three waveguides to couple the light out of the device.

We tested the fabricated <7 x 7” and “3 x 3” TE devices. The experimental measurement set up
was as follows: the light from a tunable laser with spectral range from 1260 nm to 1520 nm
propagated through a polarization controller to allow TE-like modes to couple into a 10-;:m silicon
waveguide. Coupling into and out of the silicon waveguides was achieved using tapered micro-lens
fibers with a spot diameter of 2.5 + 0.5 um. A J-coupler was fabricated and used to couple light from
the 10-um silicon waveguide into the 448-nm PC line-defect waveguide. Translational stages were
used to align the input and output fibers to the device under testing. An infrared camera mounted on
a microscope was used to capture the vertically scattered light from the waveguides. The output
power was measured using an infrared detector and recorded using a power meter. A microscopic
image of a cavity at resonance is shown in Fig. 4.

A comparison between the experimental and simulation results of the “7 x 7" and “3 x 3
structures are shown in Fig. 5. The Fabry Perot oscillations are formed by the reflection from the
end-facets of the waveguides and the cavity. In our simulations, the light source, the output
detector, and the crosstalk detector are all placed inside the PC line-defect waveguides. In our
experiment, the light source and detector are out of the SOI chip. To be able to compare the
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Fig. 5. Comparison of experimental results with simulation results of (a) throughput “7 = 7" structure and
(b) throughput*3 < 3" structure. The inset shows the unfiltered transmission measurements. (c) Crosstalk
*7 x 7" and 3 x 3" structures. (d) SEM image of the tested “7 =« 7" structure that shows the measured
widths of the bulk crystals and defect.

simulation with the experiment, both results should be normalized to one. Also, the resonant
frequency in both resulis should match. As expected from simulation and theory, as the size of the
cavity increases, the Q-factor and the crosstalk decreases. The Q-factor and crosstalk value for the
fabricated “7 x 77 structure [see Fig. 5(a) and (c)] is 168 and —20 dB and that of the “3 x 37
structure [see Fig. 5(b) and (c)] is 54 and —10 dB. The measured Q-factors and crosstalk values are
slightly different from that resulted from the numerical simulations. This is due to fabrication errors.
From the plots in Fig. 5, it is clear that the resonance frequency is shifted for the experimental
results from that predicted by the simulation results. Based on the 2-D simulation results, 1o get a
shift in the resonance frequency from 1480 nm to 1345 nm requires that the widths of the fabricated
square air-holes and defect be wider than that used in the simulation by about 5% (i.e., lattice
constant is still the same (i.e., a= 560 nm), square air-holes of a width of 0.842a, and a defect
Air-hole of a width of 0.642a). However, based on the measured values using the SEM for the
tested 7 x 7" device [see Fig. 5(d)], the measured widths of the bulk square air-holes and cavity
defect are wider than that predicted by simulation by about 5% (i.e., lattice constant is still the same
(i.e., a = 560 nm), square air-holes of a width of 0.884a, and a defect air-hole of a width of 0.688a).
The difference between the simulation and the measured values is because we did a 2-D simulation
which does not take into consideration the out-of-plane effect. The measured spectrum of the
throughput for the ©“7 x 7" cavity matches very well the simulation data, taking into account the shift
of the resonance frequency, as shown in Fig. 5(a). The measured spectrum of the throughput for
the “3 x 3” cavity has the bandpass in the same range of frequencies but exhibited a narrower
spectrum, a higher Q [as shown in Fig. 5(b)]. This is very well expected because of the sensitivity of
the devices due to any fabrication tolerance. However, the fabrication error is not the same for both
the defect air-hole and the bulk air-holes. As a result of that, the Q-factor of the fabricated “3 x 37 is
higher than that of simulation which is evident in its narrower spectrum. Practically speaking the
throughputs of the devices were quite close to the simulation predictions. The crosstalk
experimental curves show consistently that the “7 x 7 cavity has lower crosstalk values than
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that of the “3 x 3 as predicted by the simulation data. The crosstalk simulation results show
stronger wavelength dependence than the experimental results, Fig. 5(c), which is might be due in
the major part to the low sensitivity and narrow dynamic range of the photodetector used in the
experiment.

5. Conclusion

We designed, fabricated, and experimentally demonstrated two intersecting waveguides formed in
a square lattice PC structure. The proposed structures provide index guiding and confinementin the
vertical direction. We have fabricated several different variations of the devices where the wave-
guides are separated by a different number of air-holes to improve the coupling efficiency and
reduce the crosstalk. We experimentally showed that the crosstalk reduction of the “7 x 7" and
“3 x 37 air-hole structures is about —20 dB and —10 dB, respectively. The experimental results
exhibited similar performance to those predicted by the numerical simulations.
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1. Introduction

Recent interest arises in plasmonic waveguides ({@&eguides in conjunction with surface
plasmons), which promise to play an important fialeninimizing the footprint required to
integrate multiple optoelectronic devices on themeachip. In particular, plasmonic
waveguides formed by metal-dielectric-metal (MDMiustures can tightly confine light in
the dielectric region on deep sub-wavelength scflled] which is not possible using
conventional dielectric waveguides due to diffratilimit [5]. However, the smaller the
modal size in the dielectric region of the MDM, tlaeger the propagation loss due to the
metallic losses. The tradeoff between modefigement and propagation loss can be
addressed by integrating both dielectric waveguates plasmonic waveguides in the same
system. To this end, efficient coupling betweenladigic waveguides and plasmonic
waveguides is of great significance.

It is necessary to use dielectric waveguides taeonthe plasmonic devices to the light
source and detector so that the propagation lodsesto the metallic interaction are
dramatically reduced. To achieve that, severaebffit coupling methods have been proposed
to increase the coupling efficiency from a dielectwaveguide into a plasmonic waveguide,
such as direct coupling [6], multi-section tapel, pg4 coupler [7], adiabatic tapered coupler
[8], and nonadiabatic tapered coupler [8,9]. Alseveral different T- and Y-shaped splitters
have been proposgtl0-14]. Splitters are used in optical circuit elements dadices such as
Mach-Zehnder interferometers (MZIE)5-17] because they are considered as the platform
for the optical sensors. In Y-junctions, the radafscurvature plays an important role in
reducing radiation losses and increasing the sfzthe fabricated devices [10,11]. In T-
junctions, the intersection area should be desigoeithicrease the coupling efficiency and
reduce back reflection. Coupling efficiency canibereased using a resonant cavity at the
intersection area [12], using photonic crystal wpaudes [13], or using plasmonic waveguides
[14].

A recent numerical simulation demonstrated a cogpkfficiency of 68% by directly
coupling light from a 300 nm wide silicon waveguidé a 40 nm silver-air-silver plasmonic
waveguide [6]. Coupling efficiency was further iroped to 93% by using a multi-section
taper of a length of 400 nm, which was designed lgenetic global optimization algorithm
and analyzed with a finite-difference frequency-@immethodology. In this work, we
propose a direct yet efficient short plasmonic deupf a length of 33 nm to increase the
coupling efficiency between a silicon waveguide arsllver-air-silver plasmonic waveguide.
Based on the coupler, we also propose a spliterdalivers light from a silicon waveguide
into two plasmonic waveguides. To the best of cusvdedge, this is the first time that one
reports a 1 x 2 splitter from a silicon waveguid®itwo MDM plasmonic waveguides. The
coupling efficiency and the spectrum response difi blevices are investigated using the -
dimensional (2D) finite-difference time-domain medh[18] with a uniform mesh size of 1
nm to accurately capture the change of the fielthatinterface between the dielectric and
plasmonic waveguides. The fundamental transvergmete mode is excited in the single-
mode dielectric waveguide and the transmitted pasveneasured by a power monitor that is
placed close to the interface with the single-mqdesmonic waveguide [6]. Then, the
coupling efficiency is calculated by normalizingettransmitted power with respect to the
input power. The perfectly matched layer is usedattenuate the field within its region
without back reflection [19]. The metal losses imuded in our simulations and the relative
permittivity of the silver at the free-space wavgth A, = 1.55 um using theommercial
software FUllWAVE from RSOFT is -103.7 + 8.1].

In order to validate our results, we started byusating the structure proposed by Veronis
and Fan [6] and obtained the same coupling effayi€68%) by directly coupling light from a
300 nm wide silicon waveguide into a 40 nm silversdlver plasmonic waveguide. By
analyzing the numerical results, it is obvious thatlight wave from the dielectric waveguide
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excites surface plasmon polaritons (SPPs) alongligdectric-plasmonic boundaries and the
SPPs will be “funneled” into the MDM plasmonic wauides. This funneling process can
conceptually explain why light can be efficientlgupled from a large (300 nm) dielectric
waveguide into a tiny (40 nm) dielectric slot MDMavweguide. Recently, we found that the
coupling efficiency can be greatly improved simply incorporating a rectangular air-gap
(i.e., slot waveguide) and hence preventing trarsevéfunneling leakage” at the interface
between the dielectric waveguide and the MDM plasimevaveguide [20]. Herein, we
present the design steps and numerical resultthéoproposed air-gap couplers (AGCs) and
splitters.

2. Air-gap coupler design

First, we consider an ultra-short matching rectéargAGC inside the plasmonic waveguide
at the interface with silicon, as shown in Fig.)1l(n the 2D simulation, we varied the
dimensions of the coupler and measured the comeldpg coupling efficiency. The
dependence of the coupling efficiency on the catplgidth W and length_ is shown in Fig.
1(b). We found that coupling efficiency had a maximvalue wherWW matches the width of
the silicon waveguide. In particular, the couplefgiciency is above 87.7% for 30 nml<<

40 nm and is maximized fdr= 33 nm (coupling efficiency = 88.1%). Tapering #uges of
the rectangular AGC can further increase the cagpdifficiency to 90% [20], but doing so
will also increase the fabrication complexity. hist work, we only consider the rectangular
AGC and optimize its length as 40 nm to match dfidhe width of the plasmonic waveguide.
The field distribution of the coupled light for thectangular AGC is shown in Fig. 1(c).
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Fig. 1. (a) Schematic of the basic proposed coujpdgr view). (b) Coupling efficiency as a
function of the coupler's widthVV and length_. (c) Field distribution of the coupled light &f
= 1.55 pum for the air-gap coupler.

Veronis and Fan [6] found that to maximize the dimgpefficiency between the dielectric
waveguide and the plasmonic waveguide, therean optimal width of the dielectric
waveguide for a given width of the plasmonic wavdguAs shown in Fig. 2, the optimal
width of the dielectric waveguide is 300 nm whee Width of the plasmonic waveguide is 40
nm. We found that this dependency is broadened wkarg our proposed AGC. Increasing
the size of the dielectric waveguide from 300 nb@ nm resulted in a decrease in the
coupling efficiency by about 15% as opposed to 46€the case without using the AGC.
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Fig. 3. (@) Schematic of the position misalignménbetween the silicon waveguide and the
plasmonic waveguide with the AGC connected toh}. Qoupling efficiency as a function of
d;. (c) Field distribution for the structure shownFig. 3(a) wherd, = 150 nm.

Moreover, our coupler allows for considerable atigmt tolerance, which is necessary for
practical applications since accurately aligning thilicon waveguide to the plasmonic
waveguide is a difficult task. To evaluate the efffef the misalignment, two configurations
are examined. One is for the misalignment of bbth MDM waveguide and the AGC with
respect to the silicon waveguide as a functiorhefdisplacemerd, [as shown irFig. 3(a)].
Another is for the misalignment of the MDM wavegeiith respect to both AGC and silicon
waveguide as a function of the displacem&jas shown in Fig. 4(a)]. The misalignment in
both cases is exaggerated in order to show theteffaising the AGC. Figures 3(b) and 4(b)
show the coupling efficiency with and withouwsing the AGC asa function of the
displacementd; andd,, respectively. We found that the misalignment rembee is much
higher for both cases when using the AGC. For exanifpthe plasmonic waveguide center is
at the edge of the silicon waveguide (ig4,= 150 nm) as shown in Fig. 3(a), the coupling
efficiency is about 1% without using the AGC ana@ath26% when the AGC is used. In
another example, if the MDM waveguide is placedtriexthe AGC (i.e.d,= 170 nm) as
shown in Fig. 4(c), then coupling efficiency is higilple without using the AGC and about
41% when the AGC is used. Note that there is almostlignment overlap between the
dielectric waveguide and the MDM plasmonic waveguiBrom this analysis, it is obvious
that in order to achieve high coupling efficientlye AGC's edges should be aligned to the
silicon waveguide edges and the MDM waveguide shdag placed at the center of the

silicon waveguide.
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Fig. 4. (a) Schematic of the position misalignménbetween the silicon waveguide with the
AGC connected to it and the plasmonic waveguideCgupling efficiency as a function af.
(c) Field distribution for the structure shown iigF(a) wherd, = 170 nm.
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Fig. 5. The electric field distribution when (aktiidth of the AGC does not match that of the
silicon waveguide, (b) the width of the AGC matclikat of the silicon waveguide and the
MDM waveguide is at the center, and (c) the width tbe AGC matches that of
silicon waveguide and the MDM waveguide is nothat center.

In our couplers, the rectangular air-gap plays raporrtant role in increasing both the
coupling efficiency (as shown in Fig. 1) and impray the alignment tolerance of the
plasmonic waveguide with respect to the dieleatrdgweguide (as shown in Figs. 3 and 4). To
verify this, we made several additional simulatiamsl found that without using the AGC the
plasmonic mode was excited at the interface betweetal and silicon that had a different
mode size than that of the MDM waveguide. Aftemgsihe AGC, the plasmonic mode size
partially matched that of the MDM waveguide becatimeeAGC formed a cavity between the
metal and silicon, which enabled more power to toiqto the MDM waveguide. When the
AGC does not have the same width as that of ti@silwaveguide, the SPP excitation starts
from the area that is not covered with the AGC.tlee SPP is coupled inside the AGC and
propagates towards the MDM waveguide and couplestire MDM waveguide, as shown in
Fig. 5(a). When AGC covers the whole silicon ared the MDM waveguide is at the center,
as shown in Fig. 5(b), the SPP excitation startmagqual distance from the MDM waveguide
and then is coupled into the MDM waveguide. Whea MDM waveguide is not at the
center, SPP excitation starts away from the MDM agande before it is coupled into the
MDM waveguide [Fig. 5(c)]. This proves that the MDMaveguide introduces transverse
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metal boundaries that prevent the transverse leakb@PPs and consequently increases the
coupling efficiency.

We can further explain why one structure has higloaipling efficiency than another. For
example, the coupling efficiency for the structah®wn in Fig. 1(c) has the highest coupling
efficiency (about 88%) because the SPP excitatiarissat equidistance from both sides of
the centered MDM waveguide and are “funneled” ithe MDM waveguide. In another
example, the coupling efficiency for the structsh®wn in Fig. 5(a) is less than that for the
structure shown in Fig. 1(c) because part of tt@ted SPP propagates away from the AGC
and also the excited SPP mode at the interfaceeeetwilicon and metal travels towards the
AGC, which has a different dielectric material Ya®n the other hand, when the width of the
AGC is higher than that of the silicon waveguidee AGC does not act as a cavity because
the bottom of the extra length is terminated byaaid not by silicon. Thus, the coupling
efficiency dropped dramatically.

3. Splitter design

Ultra compact splitters are required in nanophataiicuits in order to minimize the required
area to produce multiple photonic devices on theesahip. The coupler introduced in the
previous section can be easily used to desigrtesglitin this section, two methods were used
to design splitters: one method by using the AGE thie other one without using the AGC.

In the first method, we designed a 3-dB splitteritigreasing the separation distange
between the two MDM waveguides [as shown in Figa)pntil maximum coupling is
achieved. We found that the maximum coupling efficly is about 37% for each branch
wheng; = 160 nm, as shown in Figs. 6(b) and 6(c). Thisfigomation has thedvantagen
easy fabrication.

W m

PlnrETal F el Passser

raj (b

Fig. 6. (a) Schematic of the splitter stanet without the air-gap coupler. (b) Coupling
efficiency as a function of the separation distamge (c) Field distribution for the
structure shown in Fig. 6(a) fgr = 160 nm.

The efficiency can be further increased using th@ap coupler. In the second method,
we designed a 3-dB splitter by increasing the sejmar distancey, between the two MDM
waveguides [as shown in Fig. 7(a)] until maximunuglong is achieved. The increasegds
was done after the addition of the rectangular AB@. found that the maximum coupling
efficiency is about 45% for each branch fpr= 260 nm, as shown in Figs. 7(apd7(c).
Over 90% of power in total can be delivered into MDM plasmonic waveguides.
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Fig. 8. (a) Schematic of the asymmetric splittencture. (b) Coupling efficiency as a function
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Fig. 9. (a) Schematic of the asymmetric splittencttire. (b) Coupling efficiency as a function
of W.. (c) Field distribution foi\, = 100 nm andV4 = 40 nm.

The splitting ratio can be easily controlled by fhasition of the MDM waveguide¥vs
and W, as shown in Fig. 8(a). Before shiftitg, the displacement between the two
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waveguides was 260 nm, which resulted in a coupdfiigiency of 45%. As expected, we
found that asD, increases, coupling efficiency into the shifted egwide decreasesnd
coupling efficiency into the fixed waveguide incsea [as shown in Fig. 8(b)]. Figure 8(c)
shows the coupling efficiency ratio betwedfn andW; for D, = 150 nm. Even when there
is no overlap between the shifted MDM waveguide sitidon waveguide, the coupled power
is about 10% iW,.

Another way to control the splitting ratio is byrymg the width of MDM waveguideg/;
andW,, as shown in Fig. 9(a). We found that as the wadti\, increases from 40 nito 100
nm, the coupling efficiency inW, increases slightly from 45% to 47%, whikhe
couplingefficiency in a 40 nm wid&V, decreases from 45% to 28% [as shown in Fig. 9(b)].
Thefield distribution forW, = 100 nm andV, = 40 nm is shown ifrig. 9(c).

4, Spectrum analysis

The proposed couplers and splitters can also apatat broad frequency range. To show that,
we varied the wavelength of the light sousned measured the corresponding coupling
efficiency. The coupling efficiency with respect wavelength for the structures shown in
Figs. 1(c) (with and without AGC), 5(c), and 6(s) shown in Fig. 10(a). Using AGC
broadens the spectrum range around the commumcatiavelength 1.55 pmfor all
structures. Using two plasmonic waveguides in #@aldito AGC broadens the spectrum over
longer range. The wavelength dependent of the i@rityi of metal is not very clear because
the coupling efficiency is measured close to th&erface with silicon. If the coupling
efficiency is measured far away from the interfaben it will be obvious that the losses of
the metal increase significantly as the wavelengttreases.

09— ;
Caupling with AGC

Coupling without AGC

o
w»

Normalized Power
o
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2 22

E 12 1

4 16 18
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Fig. 10. Spectrum of the structures shown in F{g) {with and without the AGC) and Figs.
5(c) and 6(c).

5. Conclusions

To summarize, we showed that a matching couplethatinterface between a dielectric
waveguide and a plasmonic waveguide can be desigriadrease the coupling efficiency as
well as the alignment tolerance when aligning aledigic waveguide to a plasmonic
waveguide. In addition, based on the efficient dergy nano-scale plasmonic 1 x 2 splitters
can be designed with a coupling efficiency of 45¥dach branch that operates at the optical
telecom wavelength. The splitting ratio can betadled by varying either the relative
position or width of the two branches. Finally, ieestigated the spectrum of the proposed
structures and found that using the air-gap coumleadens the spectrum around the optical
communication wavelength. Two potential applicasiofi our proposed coupler and splitter: a
directional coupler and a Mach-Zehnder interfer@nate presented in [17].
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APPENDIX C

Nanoplasmonic Directional Couplers and Mach-Zehnder

Interferometers

This appendix provides a copy of the following pedtion’:
R. A. Wahsheh, Z. Lu, and M. A. G. Abushagur, “Nalasmonic Directional Couplers
and Mach-Zehnder Interferometers,” Optics Commuitnog, vol. 282, September 2009,

pp. 4622-4626.

'Reprinted from Optics Communications, vol. 282, R.Wahsheh, Z. Lu, and M. A. G. Abushagur,
“Nanoplasmonic Directional Couplers and Mach-Zelnditerferometers,” September 2009,
pp. 4622 4626, Copyright 2009, with permission friélsevier.
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We present a novel design and analysis of two nano-scale plasmonic devices: a directional coupler and a
Mach-Zehnder interferometer. The designs of the two devices are based on our recent work on the
air-gap coupler that resulted in high coupling efficiency between a dielectric waveguide and a plasmonic
waveguide, The two devices are embedded between two dielectric waveguides and operate at optical

telecom wavelengths. The overall efficiency was 37% for a 2x2 directional coupler switch and above
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50% for the proposed designs for a Mach-Zehnder Interferometer. The efficiency in the proposed devices
can be increased using broader plasmonic waveguides.

@ 2009 Elsevier B.V. All rights reserved.

1. Introduction

Surface plasmon polariton (SPP) occurs at the interface
between metal and dielectric material due to the interaction
between the free surface electrons with the incident photons
[1-3]. Thus, light can be confined in ultra small dimensions. To
confine light further in the dielectric region, the dielectric region
is put between two metals. In this configuration, the decaying SPP
mode at each dielectric-metal interface interacts with the other,
creating a confined light in the dielectric region. The dielectric
width can be far below the diffraction limit because as the dielec-
tric width decreases the effective refractive index increases.
Reducing the width of the dielectric region improves the mode
confinement and decreases the propagation length [4,5]. The
propagation length is decreased because as the mode confine-
ment increases, the interaction with metal increases and conse-
quently the losses increase.

Several different optical circuit elements and devices such as
directional couplers [6-8] and Mach-Zehnder interferometers
(MZls) [8,9] have been proposed because they are considered as
the platform for the optical sensors. To the best of our knowledge
none of the proposed directional couplers and MZIs in the litera-
ture has dealt with the coupling from a dielectric waveguide into
a plasmonic waveguide and back into the dielectric waveguide,

* Corresponding author. Tel.: +1 585 475 2106.
E-mail addresses: raw7949@ritedu (RA. Wahsheh), zxleen@ritedu (Z Lu),
maaeen@rit.edu (M.A.G. Abushagur).

0030-4018/$ - see front matter @ 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptcom.2009.08.045

which is taken into consideration in our work. It is necessary to
use dielectric waveguides to connect the plasmonic devices to
the light source and detector so that the propagation losses due
to the metallic interaction are dramatically reduced. The size of
the directional coupler depends on the separation distance
between the two adjacent waveguides, widths of the waveguides,
the refractive index of the waveguides, the refractive index of
metal, and the operating wavelength. Zia et al. [4] found that
negligible cross talk between two adjacent metal-dielectric-metal
waveguides occurs when the separation distance between the two
waveguides is greater than 150 nm. Traditional dielectric direc-
tional couplers are used as splitters in which there is a 90° phase
shift between the two split beams. A different phase behavior
occurs in metal-dielectric-metal directional couplers in which
the phase difference between the two split beams is less than
907 [9]. Wang and his co-worker [9] attribute this phase behavior
to the interaction of the field with the complex refractive index
of metal. Unlike traditional dielectric directional couplers, plas-
monic directional couplers have wavelength coupling dependence
because the real part of the complex refractive index of metal
changes as wavelength changes [7].

In our previous work [10,11], we proposed a direct yet efficient
short plasmonic air-gap coupler (AGC) to increase the coupling
efficiency between a silicon waveguide and a silver-air-silver plas-
monic waveguide. We also proposed a splitter that delivers light
from a silicon waveguide into two plasmonic waveguides achiev-
ing a coupling efficiency of 45% for each branch. In this work, we
present two potential applications of our proposed coupler and
splitter: a directional coupler and a Mach-Zehnder interferometer.
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To this end, we used the finite-difference time-domain method
to simulate all the proposed two-dimensional structures. The mesh
size was 1 nm which is small enough to capture the change of the
field at the interface between the dielectric waveguide and the
plasmonic waveguide. The transverse magnetic mode was excited
in the dielectric waveguide and the transmitted power was mea-
sured close to the interface with the plasmonic waveguide. Per-
fectly matched layers were used to attenuate the field within its
region. The metal losses were included in our simulations. The rel-
ative permittivity of the silver at the free space wavelength
4p=1.55um was —103.7 + 8.1j.

2. Plasmonic directional coupler

Fig. 1a shows the schematic of the proposed plasmonic direc-
tional coupler. It consists of two air-gap slot waveguides (AGSWSs),
W, and W5, W; was kept connected to the air-gap coupler (AGC)
while W, had a separation distance of 80 nm from the top of the
AGC. We studied the effect of changing the separation distance be-
tween the two AGSWSs, Ds, on the efficiency into W5, Fig. 1b shows
the coupling efficiency as a function of the overlapped propagation
length, L, between W; and W, for two cases when D; =10 and
220 nm. As expected, as D; increases, the cross talk between the
two AGSWSs decreases and the coupling length increases. The cou-
pling length, L., is defined as the propagation length needed to
completely transfer light from W, to W,, The attenuation of the
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coupled power as L increases is due to the metallic losses. Our sim-
ulation results show that L. increased from 870 (Fig. 1c) to about
1700 nm (Fig. 1d) as Dy increased from 10 to 20 nm, respectively.
Also, our simulation results show that the cross talk between the
two AGSW:s is negligible when Dj is larger than 150 nm. The cou-
pling length at which the maximum value of the transferred power
occurs is slightly off than that of the minimum value of the other
waveguide. Zhao et al. [7] attributed the position offset to the
interaction of the field with the complex refractive index of metal.

An efficient and compact directional coupler can be made when
D; =10 nm. The power is continuously coupled from one AGSW to
another along the propagation direction (Fig. 1c). Total power
transfer occurs when the propagation length is equal to about
870 nm. A 3 dB coupler (~40% in each branch) can be made when
the propagation length is equal to 453 nm.

Fig. 2 shows a 2x2 directional coupler switch in which light
propagates through port 1 and exits through port 4 when total cou-
pling occurs. The spacing between the two input- (or output-)
ports is 320 nm and that between the s-shaped bends is 380 nm.
The spacing ensures no cross talk between the waveguides. The
s-shaped bends did not start from the center of the AGC to reduce
the size of the switch and the propagation losses. The trade-off is
that 4% of the coupling efficiency is lost at each interface [11].
The width of the two AGSWs is 40 nm, whereas the separation dis-
tance between them within the coupling region is 10 nm. Fig. 2b
shows the efficiency into ports 3 and 4 as a function of the coupling
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Fig. 1. (a) Schematic of the directional coupler structure. (b) Coupling efficiency as a function of the overlapped propagation length, L, between W, and W, at different values

of Ds. (c,d) Power density profile for Ds= 10 and 20 nm, respectively.
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length, L. As Ly, increases the power is periodically transferred be- about —16 dB (coupling efficiency inside port 4 is 37%), while the
tween the two ports. The interaction length required to achieve to- isolation is about —~23 dB (cross talkin port 3). A 3 dB beam splitte
tal power transfer is equal to 910 nm (see Fig. 2c). The excess loss is can be achieved when Lj, is equal to about 440 nm.
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Fig. 2. (a) Schematic of the switch structure. (b) Coupled power into each port as a function of Lp. (c) Power density profile for the proposed switch when Ly =910 nm.
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Fig. 3. (a, b) Schematic of the Fabry-Perot cavity structures with and without the AGC, respectively. (c) Efficiency as a function of the AGSW length, L.
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Fig. 4. (a) Schematic of the proposed silver-air-silver Mach-Zehnder interferometer. (b) Qutput power as 2 function of Mach-Zehnder arm length, L. (c, d) Field distribution

and power density profile for L= 600 nm, respectively.

3. Plasmonic Mach-Zehnder interferometer

Coupling light in and out of the plasmonic waveguide can be
achieved by using one of the Fabry-Perot cavity structures as shown
in Fig. 3a and b. One structure (Fig. 3a) consists of a 40 nm-wide
AGSW embedded between two silicon waveguides. The other struc-
ture (Fig. 3b) consists of a 40 nm-wide AGSW and two AGCs embed-
ded between two silicon waveguides. The coupling efficiency into

(@)

the output silicon waveguide as a function of the AGSW length, L,
for both structures is shown in Fig. 3c. Efficiency decreases as L in-
creases because of the propagation losses due to the metallic absorp-
tion. The oscillation in the measured coupling efficency was
dramatically reduced by using the two AGCs. Also, higher coupling
efficiency was achieved by using the two AGCs.

Based on our recent work on a 3 dB splitter [10,11], we propose
two designs for an MZI using silver-air-silver geometry. The first

i

0
00

(b)

Fig. 5. Schematic of the proposed three-waveguide silver-air-silver Mach-Zehnder interferometer. (b) Power field distribution.

166



4626 RA. Wahsheh et al /Optics Communications 282 (2009) 4622-4626

design is achieved by connecting two splitters back to back, as
shown in Fig. 4a. In this configuration, the input light is equally
split into each AGSW and then recombined at the output silicon
waveguide. The two AGSWSs form the Mach-Zehnder propagation
arms. The separation between the AGSWs is 220 nm. The output
power was measured at the output silicon waveguide as a function
of the Mach-Zehnder arm length, L, (Fig. 4b). The oscillation in the
measured coupling efficiency is due to the Fabry-Perot cavity re-
sponse that is caused by the reflection of the plasmon mode from
each dielectric waveguide, Efficiency decreases as L increases be-
cause of the propagation losses due to the metallic absorption.
Fig. 4c and d show the electric field intensity and the power density
profile for the proposed structure. It is clear that the input light is
equally split into the two AGSWs arms and recombines at the out-
put dielectric waveguide. A potential application of this structure is
in integrated optical sensors [12], where the electromagnetic field
in the gap between the two AGSWSs is strongly confined that can be
easily disturbed by an external effect.

We propose another MZI structure that consists of a splitter and
a directional coupler (a three-waveguide coupler structure), as
shown in Fig. 5a. The input light is equally split into the two AGSWs
arms and recombines at the middle AGSW before it couples into the
output dielectric waveguide. The field is highly localized at the end
of the middle MZI arm (Fig, 5b). The coupling efficiency is about 53%
when the interaction length is about 703 nm and the width of the
metal between the three AGSW is 10 nm. The length of the MZI
structure can slightly be reduced by placing the central AGSW
between the two s-shaped plasmonic waveguides.

4. Conclusion

We showed how a compact size plasmonic 2 x2 directional cou-
pler switch and a plasmonic Mach-Zehnder interferometer (MZI)
can be designed. The efficiency in the former one was 37%, and that
in the latter one was above 50%. The coupling efficiency can be in-
creased by using broader plasmonic waveguide.
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