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ABSTRACT

DESIGNS OF COMPACT OPTICAL DEVICES BASED
ON PERIODIC META-STRUCTURES

Ahmet Emin Akosman
M.S. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. EkmelOzbay
July, 2013

Manipulation of the ow of light is demanded for several applicationsgeh as
communication, data storage, sensor, photovoltaic cells, microfy, lasers and
light emitting diodes for the purpose of designing compact, high-tbughput and
high e ciency optical devices. Nevertheless, the control of therppagation of the
light becomes much harder in devices with smaller geometries mostlychase of
di ractions, loss mechanisms and fabrication di culties. Furthermare, materials
that are already available in the nature do not provide unprecedeatl optical
properties for nanoscale optical applications. Due to this fact thdabrication of
arti cial materials is needed for utilizing novel and intriguing optical cevices. For
this purpose, some relatively new research elds have emerged likeofonic crys-
tals, metamaterials and high contrast gratings. We propose seaédesigns based
on aforementioned meta-structures to achieve compact and ptecally realizable
optical devices. We presented compact optical demultiplexer, diedike device
and electro-optic modulator designs that are based on photonicystals. We also
proposed two circular polarizer designs based on metamaterials dngh contrast
gratings. Further, we investigated unidirectional transmission aih polarization
manipulation properties in chiral metamaterials. For most of the prposed de-
signs, we also experimentally veri ed the numerical and theoreticahdings. In
conclusion, we can claim that the utilization of arti cally structured materials
give opportunity to realize the control of light much more easily in namscale
designs.

Keywords: Photonic Crystals, Metamaterials, High Contrast Gratings, Slow
Light, Optical Demultiplexing, Asymmetric Transmission, Circular Polaization.



OZET

PERLYODIK META-YAPILAR TABANLI OPT IK
AYGIT TASARIMLARI

Ahmet Emin Akosman
Elektrik Elektronik Mahendislgi, Yuksek Lisans
Tez Yeneticisi: Prof. Dr. Ekmel Ozbay
Temmuz, 2013

lletsim, veri depolama, senser, fotovoltaik hacreler, mikro&opi, laser ve led
gibi uygulamalarda kullan Imak wzere kompakt, uretimi kolay ve ysksek ver-
imli optik ayg tlar n tasarlanabilmesi cin sg n hareketinin manipala syonu enem
arz etmektedir. Ancak, sg n daha kssk boyutlarda yap elemanlar na sahip
malzemelerde ilerlemesinin kontrols sac | mlar, kay plar ve fabrikasyn hatalar

nedeniyle oldukca zor bir hal almaktad r. Ayr ca, nano boyutlardagdaada haz r
bulunan malzemeler de bizlere beklenmedik ve ustan optik ®zelliklerummamak-
tad r. Bu nedenle, ilgirc ve ustun optik ®zelliklere ulasabilmek cin yapay olarak
wretilen malzemelere ihtiyac duyulmaktad r. Bu amecla, fotonik kristaller, meta-
malzemeler ve ysksek kontrastl zgaralar gibi daha yeni say labilek arast rma
alanlar dgmustur. Biz de yukar da bahsedilen yapay malzemelerkullanarak
kompakt ve rahat wuretilebilir optik aygt tasar mlar sunmaktay z. Fotonik
kristaller kullarak optik coklay ¢, diyot ve elektro-optik modslat r tasar mlar

olwsturduk. Metamalzemeler ve yaksek kontrastl zgaralar talanl dairesel polar-
izasyon uretimi yapan optik ayg t tasar m calsmalar nda bulunduk. Son olarak
ise, kiral metamalzemelerde tek y®nls iletim ve polarizasyon manipasyonu
fenomenlerini inceledik. Cggu calsmam z tin, elde ettgimiz teorik ve namerik

bulgular deneysel sonwlarla dagyrulamay basard k. Sonw larak ise, yapay
olarak wretilms yap lar n nano boyut tasar mlarda sg n kontro | edilmesi cin

bizlere enemli f rsatlar dagyurabileceagi bilgisine ulast k.

Anahtar sezaskler: Fotonik Kristaller, Metamalzemeler, Yuksek Kontrastl 1z-
garalar, Yavas k k, Optik Goklama, Asimetrik lletim, Dairesel Polarizasyon.
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Chapter 1

Introduction

Photonics is the research area that can beat the technical pemitances of the
conventional electronic devices due to the ability of high speed dateansmis-
sion. Nevertheless, the manipulation of the properties and ow of lig is less
elucidated than the electrons for nanoscale device applications. dgkes being
a rather new research eld, the conventional and already availablmaterials in
the nature also does not exhibit intriguing optical properties for te purpose of
realizing optical devices and circuit elements. Some applications thiie optical
devices are needed for such as communication, data storage seenphotovoltaic
cells, microscopy, lasers and light emitting diodes also require compalsigh-
throughput and high-e ciency designs. To meet the needs of thisraa, several
rather new research areas have emerged like photonic crystalgtamaterials and
high contrast gratings. The basic advantage of these periodic naestructures is
the opportunity of providing control of light at high frequencies in maller scale.

Photonic crystals are one, two or three dimensionally and periodicallgis-
tributed composite structures that are generally formed of dieléic or metallic
constituents. The photonic band gap e ect that inhibits the propaation of light
at a certain frequency interval makes photonic crystals more inguing [1{ 3]. In
other words, the photonic band gap e ect can be viewed as the dngous of
the electronic band gap in semiconductor crystal. Moreover, seakoptical de-
vices can be realized by means of the PBG e ect such as waveguidethwigh

2



con nement and resonators with high quality factors.

In Chapter 2, we investigated and proposed several optical deegcbased on
photonic crystals. First of all, the theoretical approach to the exibition of slow
light in photonic crystal waveguides are performed and the tightibding mecha-
nism is applied to the coupled photonic crystal waveguides for the imming wave
that has low group velocities. After the characteristics of the pHhonic crystal
waveguides and the slow light regime, a novel optical demultiplexing thedol-
ogy and design by utilizing the slow light regime in cascaded photonic sigl
waveguides are proposed. The extraction of the targeted freepcies due to the
spatial widening of the slow light modes in the waveguide, is both numeally
and experimentally shown. Thereafter, a frequency division demiptexer which
extracts an interval of targeted frequencies instead of singleefjuency demulti-
plexing is investigated. The numerical results of the proposed degialso veri ed
with the experimental e orts. Furthermore, the technical perbrmance of the
demultiplexer designs are compared with the conventional ones.

The second proposed optical device based on photonic crystals di@de-like
device that works as an analogue of an electronic diode for photoriastead of
regular photonic crystals, a graded photonic crystal waveguide ugilized for the
purpose of achieving a spatially dynamic photonic band gap region andveguide
band. The guiding mechanism is unidirectionally provided by this utilizatia of
graded waveguide. The experimental observations of the asyntne de ection
of the incoming wave for backward and forward illuminations are conaped with
the numerical results.

The last photonic crystal based proposal is a highly wavelength setiee cavity
design for electro-optic modulators. The photonic crystal cavitjs formed by two
bulk photonic crystal sections with a cavity region which is perpendigarly placed
to the direction of the propagation. In other words, a classical fEay-Perot type
cavity is constructed by two side mirrors which are photonic crystasections.
Because of the utilization of Lithium Niobate for the substrate and e highly
con ned resonance modes in the substrate at the cavity regiongewlaimed that
the e ective dielectric permittivity of the substrate around the cavity can be



increased more than a bulk substrate under DC bias. The theoredicapproach
of the e ective change in the permittivity is also investigated.

The third chapter is based on devices that are formed by chiral manate-
rials. Metamaterials are periodically distributed metallic elements thatare in
sub-wavelength scale which also makes them di raction-free. Mareer, with the
optimization of the geometrical parameters of the metallic constitents, negative
refraction can be realized. Besides the classical metamaterialsnéy claimed
that negative refraction can be possible by using a chiral route in nanaterial
based applications4]. The most signi cant electromagnetic property of chiral
metamaterials can be explained as the existence of the cross couplbetween
the electric and magnetic elds of the wave. This cross coupling alscalis to
di erent transmission coe cients under right hand circularly polarized and left
hand circularly polarized wave illumination p].

Firstly, we study the potential of an electrically thin, asymmetric cliral circu-
lar polarizer structure, which is composed of isotropic materials, irbtaining LCP
and RCP waves using a linearly polarized incident wave. The second posed de-
sign is a chiral metamaterial based polarization rotator which also Bahe similar
operation mechanism with the circular polarizer which can also be expiad with
the di erence in the transmission coe cients and the cross couplingpetween the
electrical and magnetic elds. Similarly, our last study on chiral meteaterials
is a unidirectional transmission device which is the optimized mechanisof the
aformentioned asymmetric transmission e ect. The optimization ofthe contrast
ratio between the forward and backward waves is provided with thatilization
of an additional sub wavelength metallic mesh between the metamatd layers
which are forming the chiral metamaterial structure. All of thesestudies and ef-
fects based on chiral metamaterials are also experimentally obsssthand veri ed
with the numerical results.

Chapter 4 is dedicated to the studies based on high contrast gragje. High
contrast gratings are periodic structures with subwavelength piedicities. Due to
exhibiting broadband and di raction-free high re ectivity regimes, high-contrast
gratings have attracted numerous researcher§, [/]. One should also note that



high refractive index di erence between the consecutive constiats are required
for the realization of broadband re ectivity regimes. Lastly, we popose a novel
broadband circular polarizer design based on binary high contrastagings. The

numerical and theoretical analysis of the proposed device is invgsited for a
stand-alone structure. Additionally, a more realistic design on a ssbrate is

proposed and the experimental veri cation of the proposed cirtar polarization

generation operation is performed around the wavelength of=1:55m .

The last chapter summarizes the achievements in the thesis.



Chapter 2

Compact Optical Devices Based
on Photonic Crystals

2.1 Introduction

Photonic crystals (PCs) are one, two or three dimensionally and pedically
distributed arti cal composite structures that are usually consis of dielectric or
metallic materials B, 9]. The most intriguing property for the PCs can be seen
as the photonic band gap (PBG) eect L0]. PBG e ect can be explained as
the inhibition of the propagation of light inside the PC structures at aspeci c
frequency interval [L]. This inhibition can be provided for any direction in the
PC structures that is called as full PBG region. This PBG idea has spawed the
eld of PCs, which allows the manipulation of the ow of light in unexpeced and
new ways.

PBG e ect in PC structures can be seen as the analogous of the ¢tea band
gap e ect in semiconductors. The change in the properties of théhptons in PC
structures is in much the same way that ordinary semiconductor gstals e ect the
electrons R,3]. Basically, the manipulation of the light has been performed by the
general mechanism of total internal re ection. Total internal e ection occurs at
the interface of two media with di erent refractive indices where tlke input wave
is illuminated at the medium that has higher refractive index. Howeverthis



mechanism can only be fully controllable when the surfaces are petfg smooth.
Thus, the practical realization of optical components is strictly limied for the
utilization of total internal re ection mechanism. Nonetheless, PCstructures
o er a di erent way to manipulate the ow of the light that is based on the PBG
e ect.

For semiconductors, the periodic atomic lattice provides a periodiogential to
the electrons that are propagating through the crystal. By meanof the Bragg-
like diractions from the atoms in the crystal, a gap can open up to inlbit
the propagation of the electrons in allowed energies. However, thmhibition is
strongly dependent to the geometrical parameters of the perimdattices and the
strength of the periodic potential B]. Likewise, this arti cial potential is provided
by the periodic distribution of dielectric media in macroscopic scalesf the ratio
between the refractive indices of periodic constituents is high ergly then the
Bragg scatterings at the interfaces provides the similar inhibition esct for the
photons. One should note that the ideal PBG e ect can only be obsed in a
perfect PC crystal. If a defect or mistake in the periodicity leads tdocalized
states in these areas which makes the structure behaves as nueroty [11].

As it can be seen in the above paragraph, this manipulation of the @tal can
also lead to new application areas. Considering the fact that introding defects
to the perfect PC crystal leads to the occuring of localized statethe pattern of
the inclusions or extractions can be utilized in new optical phenomenas it pre-
viously mentioned, creating any type of defect inside the bulk PC sicture can
be utilized with the necessary geometrical optimizations for microeidy and res-
onator applications [LZ]. In addition, extraction of a full line of constituents from
the bulk PC structure which also looks like a classical waveguide with sithes
formed with PC sections, can be utilized as an optical guiding mechamswith
high con nement [12,13]. Likewise, if this line defect is constructed as planar, this
new structure can be utilized as a perfect mirrorl]. One should also note that
all this e ects can only occur if the periodicity of the structure is conparable to
the wavelength of the light, which is also similar with the semiconductasrystals.

Naturally, the theoretical description of the waves inside the PC siicture



involves the solution of Maxwell's equations in a periodic dielectric mediumf

the constituents of the PC structure are purely dielectric, then Mxwell equations
also indicate the solutions are scalable for the length and the frequey scale. In
other words, a PC structure designed with pure dielectric materialexhibits the

same fractional band gap for any length scale. Therefore, it is aiwageous for
the purpose of realizing the similar observations at microwave freguocies with
milimeter scale feature sizes instead of using nanometer scale desidfurther, the

properties of the PC structure with nanometer scale designs caasdy be deduced
by constructing the similar PC structure with scaling up all of the gemetrical

parameters and utilizing in lower frequencies.

If there is not any existence of external sources and currentbe simple form
of the Maxwell equations can be written aslf]

2
fr % g H(r)= !gH(r); (2.1)
where H (r) represents the magnetic eld,! is the frequency of the photon and
(r) is the dielectric function of the media. If the dielectric function is peectly
periodic, then the possible solutions can be characterized by a wasetor Kk,
and band indexn. The k-space region of all allowed wavevectors is hamed as
Brillouin zone and the collection of all solutions is formed as a band stiture. If

a region of frequencies with no solutions for any wavevector insideet Brillouin
zone indicates that the PBG e ect is observed at that frequency terval.

As the presence of mirror symmetry plane perpendicular to the cstituents
for two dimensional photonic crystals, it is possible to de ne the chracteristics
of the photons for both di erent polarizations with respect to theplane normal.
These polarizations are called as transverse electric (TE) and trarerse magnetic
(TM) where the electric elds and the magnetic elds are perpendidar to the
rods, respectively 15].

As it can deduced from the geometry of the two dimensional PC stcture, the
behaviours of the photons with di erent polarizations changes insalthe struc-
ture. For a general rule of thumb, TE band gaps are favoured in ¢hconnected



lattices and TM band gaps are favoured in a lattice of isolated high dielic

permittivity regions.

More information on the basics of PC structures can be found in s=al
references J{ 3, 10, 15. In additional, more theoretical information is given in
the subsections of this chapter below. The basic operation meclems of PC
waveguides and cavities are investigated and explained in sectidhg 2.3.1and

2.5.



2.2 Slow Light in Photonic Crystals & Tight
Binding Mechanism

Slow light based applications have attracted numerous researchezcause of the
di culties in the control of the optical signals in time domain [16]. The velocity
of the light in vacuum is approximatelyc=3 10 m=s which corresponds to a
movement of 30 centimeters inrds. This ultrahigh speed is desred for e cent and
fast data transmission in optical circuit. However, some additionahechanisms
are required to slow the speed of light to handle the technical di culies [L6{18].
Next generation optical network devices require solutions that perm the task
with low power consumption, high data rate and high throughput. Iraddition, all
optical processing is needed to prevent the losses caused by theversion of the
signal from optical to electronic or vice versa. Optical switches droptical bu ers
can handle the problems of the transmission of the data optically byasing and
arranging the timing of the optical data. In the current technolog, the temporary
storing and the delaying of the information ow is performed by medmical delay
lines. However, if the velocity of the light can be controlled, the resmse of the
systems can be further accelerated. Moreover, decreasing Wedocity of light can
also provides the advantage of easier control of the optical pleais interferometric
devices. Further, light-matter interactions can be enhanced by aneasing the
storing of the optical data for the purpose of improving the nonlirer e ects,
absorption and gain performances of the optical systems9[20].

A signi cant amount of e ort has been shown for the purpose of eploying
photonic crystal (PC) based structures in slow light applications1{23]. As
mentioned previously, PC structures o er intriguing dispersion prperties such
as photonic band gap (PBG) region. Moreover, cavities, wavegugland optical
resonaters with high con nement properties can be designed bying PBG e ect
in PC structures. For PC waveguide structure, it has been showhat the velocity
of the guided light is also lower than the speed of the light in regular med
for some speci ed frequencies. The waveguide band lies inside theG@Begion
which also means that the eld distributions of the guided modes expence
strong con nement along transverse direction to the propoagan of the wave.
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In addition, the zero group velocity near the edges of the wavegeicband can
be deduced by investigating the dispersion diagrams. However, todes at the
band edges are strongly dispersion because the relation betwesafrequency and
the wave vectors are nonlinear which causes huge distortion in theopagation

of the guided waves. Therefore, numerous studies are perfothte decrease the
group velocity dispersion (GVD) P4, 25].

The most useful and meaningful de nition of the velocity of light forslow
light applications is the group velocity 4, which corresponds to the speed of the
pulse packet during the propagation. The group velocity is given byhe inverse
of the rst-order dispersion [L7]

k
%) 1 (2.2)

g=(
where! and k are the angular frequency and the wavenumber, respectively. &h
e ective refractive index that the slow light wave experiences is usily expressed
with the group index
= o(— (2.3)

can also regarded as the slow-down factor of the speed of the ligham the
velocity in vacuum. In addition, the GVD can be calculated with the disprsion
diagram and the group velocity diagram given agk=@?*.

A detailed investigation of this slow light formation has been made in a pf
vious study [26]. In this study, we focus on the theoretical aspect of the ultra
slow modes in a PC waveguide constructed by using weakly coupleditas. The
behaviour of the ultra slow modes is explained by tight-binding (TB) fomalism,
which is used to express the nature of the waveguide modes in PQ3|[ TB
description in PCs is an analog of classical wave TB explanation, whiclorce-
sponds to the eigen-mode splitting of the evanescent cavity modd&he impurity
states of the semiconductors are an equivalent mechanism to thefect modes
of the PC cavity structures. The plane wave expansion (PWM) andhe nite
di erent time domain (FDTD) methods are used to calculate the grop index
values and eigen-mode splitting in the cavity modes. These calculat®will be
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used in extracting TB parameters and in the comparison of TB forniam and
numerical results.

PC waveguides are constructed by introducing a line defect insideethPC
structure to control the propagation of the incident EM eld with high localiza-
tion. The frequencies of the allowed modes are in the vicinity of therfmdden
band of the PC, which is called photonic band gap. Furthermore, thenodes
are bounded by the waveguide mode that is created by the formatiaf linear
defect. It can be deduced that the extra bound is a sign of high coement and
eventually the appearance of slow light modes. The con nement céxe increased
by introducing dielectric rods of di erent radii inside the waveguide ad coupling
cavities. Thus, the bound of the allowed modes is squeezed by thegled cavity
formation, which results in ultra low group velocity. The formation ofthe PBG
inside a classical two dimensional PC waveguide and the alternativeugpbed cav-
ity structure that is used to investigate the TB formalism in this study is shown
in 2.1

The coupled cavities work as an impurity chain in the PC structure. Esry
cavity that is placed inside the structure creates a new resonancehe resonances
eventually converge to a continuous band, creating a waveguideiin the cavity
chain. Strong coupling between the cavities causes a combined & aghich is
crucial to realize the analogy of the TB mechanism.

Each resonance occurring due to the waveguide can be represdnby the
eigenmodes of each cavity. The relation between the resonancas be deduced
by introducing di erent number of coupled cavities into the systemwhich results
with an eigenmode splitting scheme. The eigenmode splitting was exgged as a
set of formulation 27]. The eigenmode splitting can be demonstrated by only two
di erent con gurations, which are the single cavity and double caviy structures.
There is a single resonance peak for the single cavity case centexetl.. For the
double cavity, the two resonance peaks split symmetrically obeyinge following
relation [27];

o= T (2.4)

where , and are the TB parameters. is very small compared to
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Figure 2.1: (a) The dispersion relation under transverse magnetidNl) eld
excitation of the two dimensional PC waveguide structure; the bl&ccurve is
the waveguide mode. (b) The super-cell of the PC coupled cavity rcguration.
The dashed lines enclose a coupled cavity waveguide, which has smalterpled
cavities (c) The dispersion relation of the PC coupled cavity structe, the studied
waveguide bands are given bold, which are observed to be approxieta at
bands. (d) The complete PC coupled cavity con guration.
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double cavity structures. (d) The comparison of dispersion relatis of a selected
waveguide band of the PC coupled cavity structure, which is consitcted by the
demonstrated cavities. (e) The comparison of the numerical ante¢oretical group
index values.

and thus it can be ignored. The splitting mechanism is demonstrated usiribe
transmission data of the two con gurations as given in Figs2.2(a) and 2.2(b).

The splitting separation decreases by introducing more cavities. €hreso-
nance peaks will emerge to each other and form a waveguide banggrgually.
The dispersion relation of the occurring waveguide is given &&7];

 21+2 coskb)

k) = "¢1+2 coskb)

(2.5)

whereb is the intercavity distance. The parameters, and are ignorable com-
pared to unity in at waveguide modes as in the ultra slow modes. Thyghe
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dispersion relation can be simpli ed as{7);
F'(k)="!1.1+ coskh) (2.6)

where is equal to . The group index of a waveguide band can be calculated
by combining Eqg. 2.2, Eq. 2.3and Eq. 2.6,

c

9= T.bsinkp)

(2.7)
The comparison of the tight-binding aspect and the numerical reks of a slow
light mode are shown in Fig.2.2

Furthermore, the relation between the group index and frequepcan be made
independent of the constant, , which results in an e cient method to calculate
the group index by the knowledge of the transmission spectrum. €&hrelation
between and frequency is given as;

o
T (2.8)

- C

where ! is the frequency bandwidth of the waveguide. Combining E.7 and
Eq. 2.8 the nal expression for group index is given as;

2c

9= ~Tp sin(kb)

(2.9)

It is apparent in Eq. 2.9 that group index is inversely related to bandwidth and
inter-cavity distance. To sum up, tight-binding mechanism is appliedd examine
the characteristics of the slow light modes of a coupled cavity struge. This

formulation provides exibility in determining the group velocity of an incident

eld inside the PC by the knowledge of the transmission spectrum, ihe waveg-
uide band supports TB mechanism. Furthermore, the charactetiss of ultra slow

light modes can easily be determined without phase measurements.
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2.3 Optical De-multiplexer Design by Utilizing
Slow Light in Photonic Crystals

As mentioned in the previous sections, PCs are strongly sensitive tile wave-
length of the input source. This sensitivity also provides signi cant ltanges
in the output transmission even for the slight geometrical modi cabns in the
PC structures. The wavelength selectivity may be utilized for conaicting op-
tical devices that are commonly used in optical communication systes such
as optical lters which have the most usage in wavelength division mutlex-
ing (WDM) systems 28{30]. Several de-multiplexer (DEMUX) methodologies,
i.e. arrayed waveguide gratings (AWG), Bragg grating and thin Im Iters, have
been proposed for achieving WDM operations that can be feasible pdanar light
wave circuits B1{33]. Some technical properties are desired such as compactness,
cost-e ectiveness, polarization independence and insensitivityesigns with low
cross-talk and employing high spectral resolution for DEMUXs to &geve high
quality optical communication [34,35]. The conventional designs that are men-
tioned above mostly meet the demands regarding the resolution awdoss-talk
properties whereas the compact and cost e ective designs hawva neached state-
of-art and feasible solutions33]. PCs can be good candidates for new generation
DEMUXs that are used in planar light wave circuits due to intriguing disgrsion
characteristics provided in smaller geometries.

Wavelength selectivity properties of PCs have been investigated tealize
compact DEMUX designs by various methodologies such as using direcal
couplers, frequency selective micro PC cavities, multimode wavegesdand em-
ploying self imaging and super prism properties. In the work using PGrdctional
couplers, demultiplexing operation is achieved by creating di erentasonance fre-
guencies with di erent perturbations that are also responsible fahe coupling of
the operation frequencies into the coupled parallel waveguides wihare employed
as output channels 32,33,36]. Similar mechanism for creation of di erent reso-
nance frequencies is also achieved by designing PC cavities with sligitiyerent
geometrical properties in Ref36]. In the studies that multimode waveguides
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are employed, the operation mechanism can be explained such thhetwaveg-
uide modes in the photonic band gap (PBG) region also creates a mitojg band
(MSB) where the modes experiences di erent group velocitie3f 40]. The higher
order waveguide modes have larger eld penetration depth becausf experienc-
ing lower group velocities in which can be extracted from the outputhannels if
the channel is thinned. The demultiplexing mechanism is nally achievely con-
structing di erent output channel thicknesses according to thegroup velocities
of each waveguide mode. Moreover, demultiplexing mechanism is alseesti-
gated in the structures that consist of bulk PCs where the self-ingegng and super
prism properties are employed4[1{ 43]. Further, a recent study proposes a gen-
eral methodology for demultiplexing mechanism by employing couplingetween
di erent PC waveguides f4]. In all of these PC based DEMUX studies, it can
be said that the large area and complex operation mechanisms candbeninated
by using PCs which provide strong wavelength selectivity due to richigpersion
characteristics that are occured for the wavelengths that areomparable to the
period of the crystals.

2.3.1 Optical De-multiplexing Methodology

Optical de-multiplexing is mainly based on both creating di erent patls for dif-
ferent operation wavelengths and prodive an e ective extractiowith minimum
cross-talk between the output channels. The rst step is designgna cascaded
structure which has subsections that are sensitive to di erent weelength inter-
vals. In our studies, we constructed PC waveguides which has diest geomet-
rical periodicities which causes slight shifts in the allowed wavelengths achieve
di erent operation frequencies for each subsection. Secondlye wesigned output
channels such that each channel is only sensitive to the operatioeduencies of
the corresponding waveguide. This spatial sensitivity is achieved byatching
the e ective impedance of the output channel and the interested/avelength in
the corresponding waveguide. In other words, the wavelengthsat exhibit lower
group velocities are extracted from the output channels. One shid also note
that the design of the output channels are arranged such that éslow light modes
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with wider spatial distributions are easily penetrated into the outpti channels.
By combining these two spatial and spectral selectivity propertiesan e cient
de-multiplexing operation is realized.

For the purpose of realizing spectral selectivity, we proposed twai erent
mechanism which are using PC waveguide subsections with di erentnadicities
and PC waveguides with di erent widths. In the rst design, we aimedo achieve
de-multiplexing of single wavelengths from each output channels. the second
design, we tried to achieve a DEMUX structure that the output chanels collect
an interval of wavelengths which is also called as frequency division BIEIX.

2.3.2 Single Wavelength Extraction

In single wavelength extraction operation, we report a DEMUX desigusing slow
light phenomena in PC waveguides. We investigate the transmissionachcteris-
tic of each output channel for each targeted single wavelength.n& main target
of this study is based on employing a DEMUX operation in a rather congat
and small system. Thus, ful lling aforementioned desired technicgroperties of
DEMUX designs are not in the scope of this work.

The methodology of the wavelength selectivity mechanism is based the
modulation of the PBG region by altering the unit cell periodicity and eletric-
eld distributions in the slow light regime. The dielectric lling factor of each
PC section is altered that in turn modulates the bounds of the PBG ggon. The
allowed waveguide modes lie inside the PBG region because there is myt @ther
mechanism than PBG e ect that supports guidance to propagatingelds inside
the waveguide. Therefore, other propagating modes leak out dfet structure in
the absence of guiding mechanism. As discusseddr?, the oscillation period
along the longitudinal direction increases for the input wave if the wa experi-
ences higher e ective dielectric permittivity in the PC waveguide. Cosequently,
the increase in the longitudinal direction leads to penetration deep&ward the
transverse plane to the propagation direction. Further, if the with of the PC is
decreased on one side and coupled to a new PC waveguide channéttwacts as
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Figure 2.3: (a) The steady-state electric eld distribution when thewavelength
of incident light corresponds to a propagating mode within the PC waguide.
(b) The eld distribution for a di erent frequency, which is in the vicin ity of the
slow light regime. The same PCW is used in both cases.

an output channel, the wavelengths that have broader spatial drbution in the
transverse plane start to leak out at the thinned place of the PC waguide into
the output channel. If this mechanism is provided for PC sections witdi erent
periodicities, the extraction of di erent wavelengths, slow light regpns, can be
achieved. The dierence in the spatial distributions of the guided gular and
slow light modes can be seen in Fig2.3.

The geometry of the DEMUX design consists of three cascaded P@wsguide
sections which have di erent unit cell periods, as shown in Fig2.4. The solid
lines indicates the interfaces of each PC waveguide section. The maiaveguide
is constructed by the removal centerline row along the X symmeir direction.
The output channels are created by removing 2 rows of rods in th@per side of
the main waveguide. The distance between two consecutive PC sens are kept
as the periodicity of the section placed at the right part of the strature.

The numerical investigations of the PC structures are performelly utilizing
nite-di erence time-domain (FDTD) [ 45 which is a time-domain based numer-
ical analysis technigue generally used for electrodynamic modelinghéel simula-
tion region is surrounded by perfectly matched layer (PML) to applyfully ab-
sorbing boundary condition §16]. The unit-cell computational lattice a is divided
into 32 grid points to sense the e ect of incremental change in theepiodicities
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Figure 2.4. The schematic of the device that is designed for the wésmegth
de-multiplexing. The di erent wavelengths are spatially separated tadi erent
locations along the x-direction. The complete structure is compadeof three
PCWs of di erent dielectric lling factors.

for the purpose of investigating the wavelength shift in each outpwehannel. The
incoming wave is chosen as a Gaussian wave whose peak frequendyaisged to
excite the di erent output channels. The gaussian wave is intentially selected
to resemble the horn antennas which will be used in the experimentalorts.

The input wave is set to TM polarization (i.e., the electric eld componehis
perpendicular to the propagation plane) to create a PBG region and highly
con ned waveguide mode for the proposed PC type.

The dielectric permittivity of the rods is selected as 9.61 in the numeat in-
vestigations for the purpose of achieving a relatively high contrabietween the air
and the PC structures. The material is chosen as Alumina&{,0s). In the case
of TM polarized light illumination, the spatial localizations of the electric eld is
mainly concentrated on the rods. Therefore, the high dielectric pmittivity con-
trast strengthens the interaction between the waves and the ds. Furthermore,
if materials with higher dielectric permittivities are used, the separabn between
the operation wavelengths are expected to become larger.

As mentioned above, the DEMUX structure consists of three PC sg&ons
where ther/a ratios are slightly altered to achieve spectral selectivity. In other
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Figure 2.5: The relation between the waveguide band cut-o frequey and the
dielectric lling factor. The highlighted frequencies correspond tohe selected
PCW sections.

words, each PC section performs a testing by checking the wavajémof the input
wave. The geometrical parameters of each PC section are selddig numerically
investigating the cut-o frequencies of the waveguide bands of éhconsecutive PC
waveguides. In Fig. 2.5, the selection of ther/a ratios of the consecutive PC
waveguides is shown.

The rst PC waveguide section has the largest rods, in other wordsighest
dielectric lling factor (f), where f equals tor 2=2. The rst PC waveguide
section has f = 15.2% and the radius of the rods i5 = 0.22a (which is shown
as point C in Fig. 2.5. The lling factors of the second and the third section
are decreased to 12.57% and 10.18%, respectively, by setting 0.20a andr; =
0.1& (points B and A, respectively). As a result of decreasing the lling fetors,
the cut-o frequency of the PC waveguide increases as shown in Fig.5.

The spectral properties and the evolution of the waveguide modsth the
change in ther/a ratios of the PC structures can be seen in Fig2.6. The selec-
tion of the operating wavelengths in Fig.2.6(b) is based on the group velocities
of those. As the group velocity of the wave is given witl@w=@ khe slow light
regime of the waveguide modes in Fig2.6is in the vicinity of the band-edge. Al-
though the minimum group velocity occurs at the band-edgek€0) the targeted
wavelengths are chosen as slightly lower because the highest otifjpansmission
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Figure 2.6: (a) The evolution of the waveguide bands due to the di ent dielectric
lling factors, (b) the enlarged view of the vicinity of the slow light regon, where
the dashed lines correspond to the operating frequencies.

does not occur at the band-edge. There are two main reasons tthihe out-
put transmission does not reach its maximum value along the wavegaidand:
Firstly, the waveguide modes neak=0 have higher impedances resulting in a
higher impedance mismatch between the air and the main waveguideaanel.
Secondly, the maximum of the transmitted intensity does not occuat a mode
that has a higher group velocity that is in the linear region of the wawgiide
mode as a result of the spatial distribution of the modes. Furtherare, the spa-
tial distribution of the targeted mode is not only related with its frequency. The
geometrical parameters of the PC waveguide is also e ective on thpatial distri-
bution. In other words, wider spatially distributed slow-light mode ca achieved
by increasing the length of the waveguide. Thus, the increase in thength of
the PC waveguide results in a wider spatial distribution which is desirefbr the
proposed DEMUX methodology. However, it can be deduced fromdhdisper-
sion diagrams that slower modes occur at the band-edge which alseans that
slower modes have the lowest frequency along the allowed waveguraeles in the
PC waveguide. Consequently, the frequency shift of the peak tramission from
the band-edge and the length of the PC waveguide are inversely poostional.
The targeted operating frequencies are chosen by investigatiniget transmission
properties of each PC waveguide section selected in Fig.5 by considering the
aforementioned explanations.

The tranmission spectra of each PC waveguide section is given in Fig.7
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which shows both the numerical and experimental characteristics output trans-
missions. It can be seen that the transmission of the slow light mods® bounded
from two sides which creates resonance like transmission charastics. The
lower frequency bound is caused by the PBG e ect. The higher fragncy bound
is caused by the impedance mismatch and the spatial distributions tife modes.
As it can be seen from the dispersion diagrams, the group velocity tbe waveg-
uide modes increases with the increase in the frequency. Therefothe spatial
distributions of the modes become less wide which means that the pbang be-
tween the main waveguide channel and the output channel decses. Conse-
guently, each PC section behaves as a frequency Iter and allowsetpropagation
of only a portion of the modes that are already propagating in the niawaveguide
channel. This narrow band transmission can be seen as a coupling hagtism
that has a quality factor of nearly 1000.

As mentioned previously, the design of the main waveguide and thetput
channels are optimized to maximize the output transmission at the epating
wavelengths. The length of the PC waveguide and the geometricapame-
ters of the output channels are optimized to achieve the maximum tput e -
ciency for this speci c DEMUX device. The output channel is also degmed as a
wider waveguide than the waveguide to create a waveguide band whigrovides
a lower e ective dielectric permittivity for the targeted wavelength to achieve
gradual permittivity transition from the main waveguide. Gradual transition in
the permittivity also provides a more e cient match between the impeances of
the main waveguide and the output channel which in turn results stmger cou-
pling and higher output transmission. The design of the output charel can be
achieved by constructing single- or multi-mode PC waveguide with a weguide
band which constitutes lower e ective dielectric permittivity for the correspond-
ing wavelengths. For an easier and more feasible design, the outghainnels are
selected as multi-mode PC waveguides which has a width 3d.

The selected wavelengths for the DEMUX operation are given in Fi@.7. As
provided in Fig. 2.5, operating normalized frequencies for each PC waveguide sec-
tion are selected asy= ; = 0:3086,a,= , = 0:3158, andaz= 3 = 0:3247. For the
purpose of achieving the targeted lling factors and the normalizeftequencies,
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the unit cell of each PC waveguide section is changed and the radiirofds are
kept constant which can also be seen that each normalized freqagrior each PC
waveguide section is unique. Therefore, each targeted frequeisextracted from
the corresponding output channel. In Fig.2.7, the experimental output trans-
mission spectra for each PC waveguide section are also shown fa gurpose of
comparison with the numerical results. The radii and the length ofite alumina
rods that are used in the experiments are selected as 0.158 cm a®d32 cm,
respectively. Consequently, the actual unit cell periods of eaclCPsection can be
calculated as 0.878 cm, 0.79 cm, 0.718 cm for 0.18a, r = 0.20a andr = 0.22a,
respectively. The proposed PC waveguide sections is installed betwdwo at
platforms that have comparable dielectric constants to that of &#e space. Two
standard horn antennas are used to conduct the experimentshd& antennas are
both placed 10 cm away from the main and the output channels. Fohé purpose
of measuring the transmission coe cients, HP-8510C network ahaer (Agilent
Technologies, USA) is used. The demultiplexed frequencies and thenigar out-
put transmission spectra are observed in the experiments. Howeybecause of
the fabrication inconsistincies and impurities in the used materials, dight fre-
guency shift occured between the numerical and experimentalstgts. Usage of
alumina rods with nite length also cause power leakage in the-direction which
also can be seen in the experimental results. However, the leakégeninimized
by means of using relative long rods ( 10Q0) compared to the operating wave-
lengths. Moreover, the numerical and experimental results are good agreement
which can also be seen in Fig2.7. This good agreement also proves that the
leakage in thez-direction is signi cantly prevented. In Fig. 2.7, the spectra of
each section are shown separately because changing the unit cefiqgd of the PC
sections instead of radii of the rods to achieve the targeted noatized frequencies
creates di erent normalized frequency axes for each PC wavegeidection.

The demultiplexing mechanism occurs from the largest wavelength tihe
smallest one in the proposed PC structure. Each PC waveguide seotbehaves
as a band pass lIter and extracts the targeted wavelength into #gnoutput channel.
Furthermore, assuming that the light has the appropriate wavelagth to propa-
gate through the rst PCW, the second PCW checks the wavelengtand allows
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the light to pass if the wavelength of light corresponds to a propagjag mode,
in other words, whether it is distant from the slow light region. Othewise, the
wave will be extracted into the output channel due to its spatial digibution and
the high coupling between the main waveguide and the output channeBriey,
each PC section performs a similar task for di erent wavelength intgals. Each
section either extracts the wave into the corresponding output@nnel or couples
it to the next PC section. If the input wavelength is not extracted fom one of
the output channels, then the input will propagate through the man waveguide
without any widening in the transverse direction and reaches the drof the main
waveguide. One should also note that the injection ratio of the incang wave
between the main waveguide and the air is lower than that of a waveviag a com-
parable group velocity with air since modes in the slow light regime havegher
impedances. Nonetheless, the injection ratio for the slow light mosl€an also
be maximized by adding an additional input waveguide to achieve a mogead-
ual transition in the e ective permittivities which results in a better impedance
match. Similar approach can be applied to the output channels to inease the
overall extraction e ciency. Actually, this approach is already usd for the pur-
pose of designing output channels. The selection of a multi-mode wguide with
a width of 3a also provides a smoother impedance transition which in turn results
a better coupling e ciency. This approach can also be thought as amcentive
idea to design more e cient input and output couplers for PC basedlew light
devices. The output power at the output channels are smaller thatme power
at the output of the main waveguide when a single PC section is considd as
the DEMUX device. However, the composite structure consisting uttiple PC
waveguide sections is also designed to inhibit the propagation of thawelengths
that are already demultiplexed in the previous PC sections. Then, ¢inhibited
wavelengths re ect because they coincides with the PBG region dfd next PC
waveguide section. Therefore, the extracted power at outpuhannels become
larger than the power at the end of the main waveguide as a result thfe re ec-
tion of the previously de-multiplexed wavelengths at the surface dfie next PC
waveguide section.

Di erent than the transmission spectra, the numerical results othe combined
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PC device are also simulated by keeping the unit cell period of each P@wgguide
section and changing the radii of the rods to achieve the same llingdtors. The
steady-state electric eld distributions of the targeted demultipleed wavelengths
are shown in Fig.2.8. The electric eld distribution for the normalized frequency
a= = 0:3086 is shown in Fig. 2.8 (a). As it can be seen in the dispersion
diagrams and in the transmission spectra, this input wavelength is iozides with
the PBG region of the rst PC waveguide section and below that of tb second
PC waveguide section. Therefore, the extraction of this wavelethgis expected
to be from the rst output channel. The eld distribution depicted in Fig. 2.8
(a) con rms that the extraction mechanism works properly. Likewvse, the input
frequency is set toa= = 0:3158 and the eld distribution is shown in Fig.
2.8 (b). It is expected to observe that this wavelength propagateshtough the
rst PC waveguide section without any spatial widening and droppedo the
output channel of the second PC waveguide section. Finally, for éhwavelength
at a= = 0:3247, the extraction from the third channel is shown i2.8(c). Lastly,
a wavelength that does not coincide with any of the slow light regimeg all PC
waveguide section but also allowed to propagate through those, édexcted and the
propagation through the main waveguide can be seen28(d). As a result, it is
observed using these gures that each PCW section lters a di er# wavelength
and directs the selected wavelength toward the appropriate draghannel.

The spatial distributions of the demultiplexed wavelengths at the dput chan-
nels along thex-direction are also calculated and given in Fig2.9. The spectral
content of the targeted wavelengths are determined by applyingoHrier trans-
form on the time domain data. The operating wavelengths are chassuch that,
at these wavelengths, the output transmission is maximized whereghe cross-
talk between the channels is minimized. As it can be observed in Fig@.9, the
maximum level of the cross-talk for the rst channel is calculated -13.7 dB.
The cross-talk levels for the second and the third channels are abted as -15.6
dB and -28.7 dB, respectively. The proposed demultiplexing metholdgy also
provides low cross-talk ratios at the output channels because dfet inhibition of
the wavelengths that are already demultiplexed in the previous outp channels
by utilizing the PBG regions of each PC waveguide section. The crossk ratios
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Figure 2.8: The steady-state electric eld proles of the three denultiplexed

frequencies for each waveguide channel where the input beam iscpth 5a away
from the PC structure, (a) a/ = 0.3086, (b) a/ = 0.3158, (c) a/ = 0.3247,

(d) the steady-state electric eld pro le of an unselected frequecy, which has a
normalized frequency of a/ = 0.34.

can further be decreased by a more e ective selection of targdtavavelengths
from the transmission spectra of the output channels. Moreovetross-talk ratios
can also be reduced by using rods that have higher dielectric perniiities which

causes stronger separation of the selected wavelengths as alted deeper inter-
action between the PC structure and the waves that are in the slolight regime.

In Fig. 2.9, it can be seen that the output distributions have sinc-like pro le
in x-direction which indicates that the coupling mechanism between the am

waveguide and the output channels properly works. Moreover, sitike distri-

bution pro les also show that the dispersion characteristics of thdemultiplexed
wavelengths in the main waveguide transform into the dispersion atateristics
of the output channels.

The proposed methodology shows that the spectral and the spaltselectivity
of the targeted wavelengths can be obtained. The performancéthe proposed
structure can be increased by geometrical modi cations such ascheasing the
length of the PC waveguide sections which results in a peak transniass wave-
length with a smaller group velocity. Furthermore, the spectral dectivity can be
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increased by keeping the di erence of the lling factors between thPC waveg-
uide sections smaller. In other words, to demultiplex wavelengths wwitsmaller
shifts can be achieved by cascading PC waveguide sections with srehinges in
the lling factors. The number of the PC waveguide sections can bedreased
in order to demultiplex more than three wavelengths. Additional PC aveg-
uide sections should also be carefully designed for the purpose dfieang low
cross-talk ratio between the other channels by considering theeslap of the new
targeted wavelength with the waveguide bands of the previous afzels to in-
hibit the transmission of the previously demultiplexed wavelengths. dstly, .the
usage of PC waveguide sections with equal lengths leads to a conmpaesign,
although the management of cross-talk between channels becemeore di cult
as a consequence of the absence of the minimization of back rei@as from each
section.

2.3.3 Frequency Division Demultiplexing

This section is reprinted with permission from47]. Copyright 2012 by Elsevier.
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In the single wavelength extraction section, we demonstrated theplementa-
tion of a di erent approach that bene ts from the spatial distribution character-
istics of the waveguide modes for the purpose of obtaining the desirfrequencies
from the corresponding cascaded photonic crystal waveguideGW®) blocks [4§].
In the present study, we studied the potential of combining the ula compact
single frequency de-multiplexing operation proposed in Re#f and the mod-
ulation of the waveguide bands by modifying the waveguide widths, wih is
proposed in Refs.35] and [49]. It should be noted that the dielectric constants
and the periodicity of the consecutive PC sections are not variedrfthe purpose
of achieving frequency division de-multiplexing. In addition, the posslity of
obtaining a better low cross-talk ratio compared to the study givein Ref. [5Q] is
investigated and this aim is achieved by adjusting the cut-o frequecies of each
waveguide band with the careful optimization of the parameters.

The de-multiplexing mechanism in this study is designed and optimizedrfo
achieving frequency division operation in a speci c frequency intea/by the in-
volvement of the slow light regime of cascaded PCWs. The main purpgos
this study is to create an ultra compact design with a very small foptint that
can be achieved by the utilization of PC based structures. Moreayehe entire
de-multiplexing scheme is bounded such that the frequency bandsimterest lie
inside the stop band region of the PC and that the optimization resudt in a
minimized cross-talk ratio between the output channels. Initially, alassical two
dimensional PC is designed to create a photonic band gap (PBG) regicAfter-
wards, one entire row of dielectric rods is removed along the X diréon from
the PC to create a PCW along the propagation direction. As it can beeatluced,
a modulation of the waveguide bands in the frequency axis is requiremachieve
frequency selectivity between the cascaded PCWs. We proposatta modula-
tion can be introduced by altering the waveguide widths. Thus, a cdsmation of
two PCWs with di erent waveguide widths can be used for suppressinspeci c
frequencies that are not desired in the next PCW. After the consiction of a fre-
guency selective cascaded waveguide scheme, the introductioouwtput channels
is necessary for the extraction of the de-multiplexed frequencieét this point,
we implement a novel mechanism for the extraction of the desiredefjuencies

30



that includes the utilization of the spatial distribution characteristics of the slow
light modes inside the PCW that correspond to the close vicinity of thk=0 band
edge of the Brilliouin zone of the corresponding PCW. The eld distribtions of
the slow light modes along the direction that is perpendicular to the ppagation
direction are spatially more broadened as a consequence of the éase in the os-
cillations in that direction. It is intuitive to predict that opening a new waveguide
along the perpendicular direction gives rise to the leakage of the nmesdthat have
broadened eld distribution along the transverse plane by evanemat coupling
to the new waveguide. Therefore, the output channels are forohdy structur-
ing a new PCW that is created by removing extra rods along the perpdicular
direction. The output channels are designed to have a waveguide tidf 3a,
where a is the periodicity of the PC structure, that corresponds to the meoval
of two entire rows of dielectric rods. Although the output waveguid exhibits
multi-mode propagation, it is necessary that it has a width that is largr than
the main waveguide width in order to realize a gradual impedance traition for
the de-multiplexed frequencies that results in an optimal coupling h&een the
waveguides. To sum up, the proposed design is nalized after forngithe output
channels that provide for the extraction of the desired frequeres.

The geometry of the proposed DEMUX design is depicted in Fig2.10 Two
PCWs that contain rods of the same radii and have the same latticeepodicity
but unequal waveguide widths are cascaded. The unequal wavielguwidths
generate a modulation in the waveguide bands that makes each PC\Whsitive
to a di erent band of frequencies and di erent regions of the slow llgf modes.
The frequency sensitivity also comes from the nature of the PC sirture that
prevents the propagation of the modes that lie inside the PBG region

The proposed structure can be investigated by starting with a clagal two
dimensional PC structure. The periodicity of the lattices and the diectric con-
stant of the dielectric rods are selected as-a = 0.24 and = 12, respectively.
The dispersion diagram of the PC structure with the given lattice peéodicity
and the dielectric constant value is shown in Fig2.11(a). The dispersion charac-
teristics of the PC are determined by using the Plane-Wave ExpansidMethod
(PWM). The structure has a PBG between the normalized frequeres of 0.25
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Figure 2.10: The geometry of the proposed DEMUX structure. Thdesign con-
sists of two cascaded PCWs with unequal waveguide widthg and w,, respec-
tively. The radii of the dielectric rods and the lattice periodicities aradentical.

and 0.38. The removal of an entire row of rods in th&-direction results in a
set of allowed modes in the vicinity of the normalized frequencies of 82and
0.39 that form a waveguide band. The cut-o frequency of the waguide band
can be modulated by the alteration of the waveguide width. In the maerical
calculations, the width of the waveguide is changed between 4.6nd 2.48. The
PBG region remains approximately constant since the total lling fator of the
PC structure does not change while altering the channel width. Hawer, the
position of the waveguide band on the frequency axis changes aseault of the
modi cation of the waveguide width. The evolution of the waveguide &nd with
respect to the waveguide width is shown in Fig2.11(b). For all the waveguide
widths, the cut-o frequencies of the waveguide bands lie inside tHeBG region
and that provides a large parametric interval for optimizing the dagn such that
it exhibits the desired DEMUX behavior. The expected de-multiplexeffequency
intervals are the slow light modes on the waveguide band that corgands to the
at regions of the waveguide band. Therefore, the widths of theascaded PCWs
should be selected to be separated enough such that the slow lighgjiions do not
coincide. Accordingly, the waveguide widths of the PCWs are chosesw; = 2a
and w, = 1.8a. This cascaded waveguide structure provides two separated slow
light regions for each one of the cascaded PCW sections. Finally, axtraction
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Figure 2.11: (a) The dispersion diagram of a two-dimensional classié¥C with

a r=a ratio of 0.24 and a dielectric constant of 12. (b) The evolution of the
waveguide band with respect to the waveguide width. The blue and ddines
correspond to the widths for the DEMUX design. The PCW widths arealtered
linearly from 1.6a to 2.4a with an increment of 0.5

mechanism is required in order to direct these slow light modes into drent
output channels.

A multimode PCW is designed as an output channel for each PCW seatio
Indeed, a single mode classical PCW can serve the same mechanisthésystem,
but the underlying reason for this choice can be explained by inspew the
dispersion characteristics of the designed output channel. Firstlyhe output
channels are constructed by removing two rods along thyedirection to drop the
slow light modes using their broadened spatial distribution along thg-direction.
Secondly, it is known that the group velocities of the targeted fregncy interval
are lower than the other modes that are allowed to propagate in tHeCW. Thus,
the impedance mismatch between the air and the structure for thtargeted modes
is larger than the other allowed frequencies that in turn results in aigni cant
amount of re ection in the coupling process between the main PCW anthe
output channels. A gradual transition in the impedances is needed touple the
targeted slow light modes into the free space e ciently. Moreoverit is known
that a broader PCW exhibits a set of allowed modes that have higheraup
velocities than a classical PCW with a waveguide width ov = 2a. Hence, such
a broad PCW can be a good candidate for a more optimized power eattion
through the output channel. Finally, a PCW is designed with a wavegug width
of 3a in order to propose a simpler design and to create a gradual impedan
transition for the slow light modes between the main channel and thair. The
DEMUX design is nalized by the formation of the output channels.
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Figure 2.12: The transmission spectra of the output channels. Theset shows
the enlarged view of the de-multiplexed frequency intervals.

The transmission spectra of the output channels are given in Fi@.12 The
numerical analysis of the proposed design is performed by using FDTSOLU-
TIONS (version 6.0) from Lumerical Solutions, Inc. (Vancouver, @nada), which
is a commercial software program based on the nite dierence timelomain
method (FDTD). The geometrical parameters and the dielectric ¢wstant of the
design are given in the previous section. The input source is chosamaGaussian
wave that has a wide range of frequency components in order toveothe entire
PBG region of the classical PC. The input source is positioned far emgh from
the DEMUX structure in order to illuminate the structure with almost at phase
fronts for achieving an approximate plane wave illumination. The eledt eld
intensity is monitored at the output of each output channel. The inénsity values
are normalized with respect to the intensity of the input source. Fig2.12clearly
shows that, the extraction of the slow light modes inside each PCWd&®n can
be achieved with a very high quality factor.

The transmission through the output channels is restricted by th®BG region
and the slow light region as explained in detail herein above. Howevdhere is
a second transmission peak with a much lower intensity for each outpchannel
that corresponds to faster modes compared to the narrow tramission peaks.
The occurrence of the second peaks is related to the back re iects at the out-
put of the each PCW section. This transmission which is due to the inteal
re ections inside the main channel can be decreased by creating ¢@n PCW
sections that can be the subject of a further optimization. It is oferved that the
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extraction of modes other than the slow light modes in channel 2 is huless than
channel 1. This observation shows that the re ection in the secdnPCW section
is less crucial than the re ections from the interface between theCW sections.
Moreover, the de-multiplexed frequency intervals at each outputhannel do not
overlap and the center frequencies are similar to the cut-o freguncies of the
waveguide bands shown in Fig2.11(b) and that shows that the results derived
from the PWM and FDTD methods are consistent. One can see thahé center
frequencies of the extracted slow light modes are not exactly thamse as the cut-
o frequencies of the corresponding waveguide widths but are slij)hhigher. The
reason behind that can be explained by the nature of the modes dietk=0 band
edge. The modes at th&=0 band edge have very large group indices that corre-
spond to a high e ective dielectric constant that can result in an apmximately
unity re ection at the PCW input. Therefore, the peak of the transmission at
the output channel slightly shifts to higher frequencies. The trasmission is also
restricted by the waveguide modes with higher frequencies becauseir group
indices decrease with the increase in the frequency and their eld tibutions
in the transverse direction become narrower and which gives rise dodecreased
coupling between the main channel and the output channels. Furhmore, these
two limitations on the de-multiplexed frequency intervals result in a naowband
transmission in frequency. The quality factors of the de-multiplexk frequency
intervals are calculated approximately as 1930 and 1550 for chahrieand 2,
respectively.

The spatial distributions of the de-multiplexed frequencies are s in Fig.
2.13 The behavior of the slow light modes in the main channel and the coliqy
between the main channel and the output channel can be clearly sdyved. The
investigated frequencies are selected such that they are thequencies of peak
transmission of the de-multiplexed frequency bands for each outpchannel. The
separation between the cut-o frequencies of the waveguide meslof the chosen
PCW sections can be seen in Fig.2.13a) as zero transmission through the
boundary of PC1 and PC2. Moreover, the broad spatial distributios of the slow
light modes for both channels are clearly demonstrated. In Fig2.13b), the
propagation of the frequencies to be de-multiplexed in the chann2lalong the
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Figure 2.13: The spatial distributions of the pulses with normalized équencies
of (a) a= = 0.2905 and (b)a= = 0.3105 that correspond to the centers of the
de-multiplexed frequency bands at PC1 and PC2 sections, respeely.

cascaded structure is shown. It is an allowed waveguide mode with aderate
group index whereas it becomes a slow light mode after entering thawgguide
section of PC2.

We also examined the spatial distributions of the center frequensieof the
de-multiplexed frequency bands along the-direction at the output of the output
channels and these results are shown in Fig2.14 The degree of the cross-
talk between output channels can be calculated by the usage of thkectric eld
intensities along thex-direction. The maximum cross-talk values for channel 1
and channel 2 are calculated as -20dB and -40dB, respectively.

The restrictions on the de-multiplexed frequencies result in a verywocross-
talk between the channels. Actually, the underlying reason for hang obtained
such small values for the cross-talk is the modulation of the wavdada bands
that is performed by changing the waveguide widths. The slight di ence in
the cut-o frequencies causes the de-multiplexed frequencieshe prohibited for
the next PCW section. In the proposed design, the de-multiplexedefquencies in
channel 1 are already in the stop band of channel 2 which yields a ydow cross
talk for channel 1. The reason for the low cross-talk for channglis the physical
mechanism of the de-multiplexing operation. The de-multiplexed fregncies in
channel 2 propagate with moderate group indices along the wavédgi of the PC1
section. Therefore, they cannot be dropped along channel 1 asasequence of
their narrow spatial distribution along the y-direction.

The de-multiplexing operation is investigated and achieved by utilizinghte
slow light regime of PCWSs. Further optimizations can be performed inrder to
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Figure 2.14: The spatial distributions of the center frequencies dhe de-
multiplexed frequency bands at the output channels along the-direction. The
vertical green dashed lines correspond to the positions of the put channels.

create a design with narrower de-multiplexed frequency bands, arder power
extracted power and a lower cross-talk ratio between the charae The length of
the PCWs can be modi ed in order to obtain di erent center frequegies. The
waveguide widths of the cascaded PCW sections can be adjusted mley to

modulate the de-multiplexed frequencies inside the PBG region. Theimber of
the PCW sections can be increased for the purpose of de-multiplegimore than
two sets of frequency bands. The back re ections inside the waygdes can be
minimized by a further careful optimization of the geometrical proprties of the
PCWs.

In this study, the utilization of a high permittivity dielectric has two signif-
icant advantages. Firstly, introducing a higher dielectric contrasbetween the
periodic structure and the background medium results in a larger RB and en-
ables the easier control of modulation by the modi cation of the PC aveguide
width. Secondly, the waveguide bands have smaller slopes at the0O band-edge
due to the usage of high permittivity dielectrics and that result in sloer modes.
However, a similar mechanism can be obtained by using materials with alter
dielectric constants, which are more appropriate concerning thetical frequen-
cies, with some drawbacks such as a narrower PBG region, whichresponds to
a less exible design, and de-multiplexed frequency intervals with loweuality
factors as an implication of the lower group indices at the operatingefguencies.
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2.4 Optical Diode-like Devices based on Graded
Photonic Crystals

Compact optical diode-like devices are one of the most demandedides for on
chip photonic circuits p1{61]. Due to reciprocity theorem for linear and pure di-
electric media, implementing diode-like electromagnetic wave propdmem brings
several technical di culties whereas the con nement and routingof the light
in photonic circuits are rather easier by means of index and band gapuiding.
One-way light propagation has signi cant importance because its efgonic ana-
logue is widely used in on chip electronic circuits named as electronic degodn
electronic diodes, the inhibition of the electrical signal propagatiors provided
by changing the polarity of the voltage di erence of the signal fronpositive to
negative. In the proposed design, the direction of the illumination dermines
the propagation of the optical pass through the device. For the &l proposal,
one-way propagation should work as to allow input signal to travelnrough the
device for forward direction illumination whereas the transmission shld be in-
hibited for the backward direction illumination. Early optical diode prgosals
have utilized di erent mechanism to obtain the desired e ect such abreaking
the time-reversal symmetry. Nonetheless, it is needed to introde material non-
linearity or metallic and magnetic materials in the early approache$1,53,58,61].
For designs including material nonlinearity, high-power input is genaly required
because majority of the nonlinear materials constitutes signi catyt low nonlin-
ear susceptibility coe cients. In addition, for the designs including netallic or
magnetic inclusions, high optical losses are generally observed. fikesthe fact
that the most of the early designs includes nonlinear, metallic or magtic media,
some di erent approaches may be realized for asymmetric light pragation by
only using linear and pure dielectric inclusions. For instance, asymmnigtgratings
can be used to manipulate the direction of the light direction by creatg higher
di action orders and suppresing thezeroth order for one of the illumination direc-
tions. Likewise, higher order di ractions can be eliminated and theeroth order
di raction dominates the power ow of the input signal to achieve agmmetric
light propagation [54{57]. This similar methodology is also used for devices that
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can be employed for acoustic waves by using sonic cryst&&, p3]. Additionally,
photonic crystal based approaches are also presented for oatidiode-like appli-
cations such as using hetero junction structures that utilizes dictional band gap
di erence e ect [64].

2.4.1 Asymmetric Light Propagation Methodology

The electronic analogous of the asymmetric light propagation is thdeetronic
diode mechanism. In electronic diodes, the ow of the electrons is iibited un-
der reverse biasing whereas the electrons ow without any prew@an mechanism
under forward bias. Therefore, electronic diode can be classi ed a nonlinear
circuit element. is a nonlinear circuit element. Similarly, this concept ecabe
carried to the photonics circuits because of the signi cant importace of asym-
metric information processing. Optical diode mechanism can be fullgalized by
proposing designs that break reciprocity. However, we proposepartial solu-
tion for asymmetric power collection at the detectors placed at thends of the
structure with keeping the media reciprocal.

The main aim of this design is concentrating the input wave into an area
for one of the illumination directions while de ecting the same frequay under
opposite illumination direction. A composite structure that has focsing abilities
can further increase the di erence between the concentratiomd the de ection
ratios of the operating frequencies under forward and backwaitthmination cases.
A classical PC waveguide allows a bundle of frequencies to propag#teough
which is also named as waveguide band. Moreover, the dispersionrelsteristics
of the waveguide band can be signi cantly changed by modifying theegmetric
properties. For instance, the cut-o frequencies of the allowed mdes can be
controllably altered by changing the width of the waveguide. Likewisehe unit
cell period of the PC waveguide can also be modi ed to achieve new disgion
characteristics. For the purpose of introducing an asymmetric wa de ection to
the system, we preferred to change the interdistances betwettre neighbouring
columns of the rods with increasing increments. One should noticeaththe
linear change in the interdistances can result in a simultaneous modation of
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the dispersion characteristics of the waveguide band. In other was, the change
in the interval of the allowed modes for each neighbouring column abds can
lead to de ect some of the modes at the spatial position that the nues are not
hosted in the guiding mechanism any more. Similarly, some of the modsm be
guided after a propagation inside the PC section without any mecham due to
the simultaneous change in the dispersion characteristics.

The following path of the light is shown in Fig.2.15 The major component
of the path of the waves are highlighted with red arrows. As explaidéen the pre-
vious paragraph, under forward illumination, the input wave propagtes through
the center of the structure at rst. After a few lattice distance electric elds
starts to leak towards they-direction. This leakage is due to the change in the
unit cell period of the rods alongx-direction. The input wave exits the structure
at the upper sides of the structure. The gradual change in the iurcell periods
alongx-direction results in loss of guiding mechanism in the structure. As stvn
in Fig. 2.15b), the main component of the input wave exits the structure at
the end of the waveguide for backward illumination. Therefore, it cabe seen
that the proposed structure provides a contrast ratio for oppsite directions of
illuminations at the ends of the waveguides in Fig2.15 In addition, the electric
eld distributions of the targeted frequency for the proposed linarly graded PC
structure are shown in Fig. 2.16 which have the general characteristics of the
proposed light path methodology.

The lack of symmetry along thex-direction in the proposed gradual PC waveg-
uide structure weakens the guiding mechanism for forward illuminatio However,
this lack of symmetry also strengthens the guiding mechanism foreghnput wave
that propagates inside the PC structure for backward illumination.As the sepa-
ration between the columns of rods increases, the waveguide matidts outside
of the PBG region which means that the guiding mechanism disappearshen
the waveguide modes start to leak out from the central part of #nwaveguide into
the bulk PC part of the strcuture. The targeted frequencies exithe structure in
the form of two main side lobes. This similar path is followed by the targed fre-
qguencies for the backward illumination. However, this similar path coesponds
to the entering of the targeted frequencies with the form of two &in side lobes
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Figure 2.15: Schematic representation of a chirped photonic crgstwaveguide
that enables lights asymmetric propagation is provided. (a) and (b3orrespond
to left-to-right and right-to-left propagation, respectively. Ydlow boxes in (a)
show unit cell variations along the propagation direction.

into the PC structure and then concentrating into the center of he waveguide at
the exit.

2.4.2 Numerical Results of the Proposed Device & Ex-
perimental Veri cation

This section is reprinted with permission fromg5]. Copyright 2012 by the Optical
Society of America.

As mentioned previously, time-reversal symmetry is given ds(k) = ! ( k)
where k represent the wave vector. In other words, if a structe provides optical
diode-like devices, it also means that the time-reversal symmetry the system
has already been broken. In this study, we proposed a graded pirac crystal
(PC) waveguide structure consisting only linear and pure dielectric aterials for
the purpose of achieving asymmetric light de ection operation. Di eent than the
classical PC waveguides, we break the periodicity of the PC structualong the
direction that is parallel to the waveguide to create a media constiting gradual
e ective dielectric permittivity.
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Figure 2.16: The detailed presentations of the intensity distributios in linearly
chirped waveguide con guration for the forward and backward lighpropagations
are shown in (a) and (b), respectively.
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Figure 2.17: (a) Schematic of a regular photonic crystal waveguidé) The dis-
persion diagram of regular photonic crystal waveguide. (c) Incidelight propa-
gation from left-to-right in the waveguide structure.
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First of all, the eld pro les of the waveguide modes in the regular PC aveg-
uide are calculated. Then, the spatial distributions of the modes #t are allowed
in a designed graded PC waveguide are compared with the regular P@weguide.
It is observed that the behavior of the waves propagating throdgthe waveguide
with opposite illumination directions have some di erences. By changinthe
geometrical parameters of the graded waveguide, the asymmetwave propaga-
tion properties of the waveguide are optimized. For comparison puoses, the
designed square-lattice PC waveguide is shown in Fig.17a). The radii of the
rods are chosen as 0.22vhere the unit cell period of the rods is denoted as
The dielectric permittivity of the rods are selected as 12. The PC waguide is
constructed by introducing a line defect along X direction. The sp#al distribu-
tions of the modes that lie inside the waveguide band for forward arzhckward
illumination cases are calculated under inputs that are TM polarized vére elec-
tric eld components of the waves are paralel to the plane of progation. The
spatial distributions are numerically calculated by utilizing nite-di er ence time-
domain method (FDTD). The dispersion diagram of the regular PC strcture is
given in Fig. 2.11b) by employing plane wave expansion method (PWM)gg].
The electric eld distribution of one of waveguide modes is shown in Fi@.17c)
where the input wave is illuminated from left to right. The eld distribution
under backward illumination case is also calculated and the results yiethme
pattern through the system which means that the system does nhsupport any
asymmetric propagation mechanism.
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The distance between each neighbouring column of the dielectric suh the
regular PC waveguide is intentionally altered incrementally to break th struc-
tural symmetry of the system which is shown in Fig2.18a). The unit cell period
of the rods are kept constant along-direction ( y = a). The alteration of the
interdistance between the rods along-direction is denoted asa(x). The total
length of the graded PC waveguide is aorund adong and the function ofa(x)
is altered between 0.58 and 2.5@. The spectra of the contrast ratio between
the output transmission under forward and backward illumination is povided in
Fig. 2.19b). The constrast ratio is de ned as

_ Tk T+/x

T=_~ "~
Tk T+/x

(2.10)

where T.» and T , denote the transmission intensity under ¥ and x direc-
tions, respectively. The non-zero regions in the contrast ratio sptra mean that
asymmetric power collection or optical diode-like behaviour can beqguided for
the presented structure. The peak contrast ratio occurs at ghnormalized fre-
guency ofa= =0.3288. In Fig. 2.19c) and 2.18f), the eld distributions of the
targeted frequency is given for forward and backward illuminatiorespectively.
The electric eld distributions along the y-direction at the output of the waveg-
uide can be seen in Figs2.18d) 2.18e). Considering the results given in Fig.
2.18 the waveguiding mechanism does not hold for the targeted frequey when
the input light is illuminated from the right side of the structure whereas the
main output transmission is concentrated just at the end of the weeguide which
corresponds to a strong guiding mechanism. One should note thduet following
path of the wave does not change by changing the direction of illumitian under
the assumption that the input wave is not a point source. For a inpusource that
has a comparable width to the width of the PC structure, the concgrating of
the majority of the power at the ends can di er which means that tle wave can
be de ected unidirectionally.

The similar approach is also investigated for using parabolic chirping pan-
eter instead of the previous linear increment between each neighing column of
rods. The two dimensional cross section of the structure is shownFig. 2.19a).
Due to usage of a di erent chirping parameter, the total length othe graded PC
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Figure 2.18: (a) A photonic crystal waveguide that has linearly incesed the
distance separation between each neighboring column of rods. {®)e spectral
content of the contrast ratio. The blue rectangle designates thselected frequency
value. (c) Time-domain snapshot of propagation of light from left taight. (d)
The transverse eld pro le across the end face of the structurg(e) The transverse
eld pro le across the front side of the structure. (f) Time-doman snapshot of

light propagation from right to left.
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waveguide is increased to 16.89 The reason behind this new chirping parameter
is to achieve a higher contrast ratio between the forward and baeskrd transmis-
sion. In Fig. 2.19b), the constrast ratio spectrum of the structure reveals thia
the operating frequency o= = 0.2992 experiences the maximum di erence for
opposite illumination directions. The electric eld distributions of the targeted
frequency for forward and backward illumination is illustrated in Fig.2.19c) and
2.19f), respectively. The electric eld distributions at the ends of thewaveguide
along they axis is also shown in Fig2.19d) and 2.19e). As it is evident in Fig.
2.19 the results also reveals that this PC waveguide structure also sk® optical
diode-like mechanism. Furthermore, it can be seen that the consaratio of the
graded PC waveguide structure with parabolic chirping coe cient is [gher than
the linear increment case when the ratio of the intensities for opptes directions
at the centerline of the waveguide is calculated.

After the numerical investigations, the experimentals are perfared for the
purpose of con rming the numerical results for the graded PC waguides. The
experiments are conducted in the microwave regime using an Anrit8v¥369A
network analyzer. The material of the rods in the experiments arselected as
alumina. The radii and the dielectric permittivity of the rods are givenasr =
0.159 cm and 4,0, = 9.61, respectively. Dierent than the proposed design,
two additional rows of dielectric rods are included in the upper and lav side
of the structure. The unit cell period of the PC waveguide structte along the
y-direction is kept similar with the numerical investigations. The corrgponding
unit cell period is calculated as, = 0.7227 cm. The height of the rods are selected
ash =15.32 cm ( 10Q) for the purpose of resembling the design with the two
dimensional proposal as much as possible. This selection of long ralde prevents
the leakage of the wave through the waveguide along tlzedirection. Naturally,
the transmission properties of the PC waveguide structures haween modi ed
because of the signi cant change in the dielectric permittivities of th rods that
are used in the numerical and the experimental studies. As well aset contrast
ratio is changed due to material changes, it is needed to re-de nbd targeted
frequencies where the maximum contrast ratio occur. Thus, th@ansmission
characteristics are recalculated numerically for the purpose ofraparison with
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Figure 2.19: (a) Another chirped photonic crystal waveguide is shvm. The dis-
tance between each neighbouring column of rods increased in a freniec pattern.
(b) The spectral content of the contrast ratio. The blue rectagle designates the
selected frequency value. (c) Time-domain snapshot of propampet of light from
left to right. (d) The transverse eld prole across the end face bthe struc-
ture. (e) The transverse eld pro le across the front side of thestructure. (f)
Time-domain snapshot of propagation of light from right to left.
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Figure 2.20: The simulated intensity distributions are provided at theoutside
of the structure for microwave region. (a) The transverse eld i le across the
end face of the linearly chirped waveguide. (b) The transverse elgro le across
the front face of the same structure. (c) The transverse eldno le across the
end face of the parabolically chirped waveguide. (d) The transverseld pro le
across the front face of the same structure.

the experimental e orts. Only for the targeted frequencies, t@ electric eld
pro les along the y-direction at the ends of the waveguides are shown in Fig.
2.2Q The targeted frequencies for the linear and parabolic chirping arE2.28
GHz and 12.77 GHz, respectively. The transverse electric eld dighutions for
the linear chirping case for forward and forward illumination is given in ig.
2.20a) and Fig. 2.2QDb), respectively. The similar plots are provided for the
parabolic chirping case in Fig.2.20c) and Fig. 2.20d). As it can be seen in
Fig. 2.20 the wave de ection is also achived for one of the illumination directian
even in the usage of materials with lower dielectric permittivities.

For the practical purposes, the PC waveguides are covered withfally ab-
sorbing layer which is made of carbon sheets with only opening a windewvthe
input and the output of the structures. The reason behind the pleing absorbing
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layer can be explained as to reach a meaningful calibration of the Imoantennas.
The transmission coe cients are calculated by the capture of thergire incident
wave from the transmitter antenna. Receiving antennas are platgust behind
the end of the structure to measure the transmission coe cientsThe transmitter
antennas are places far enough (the distance between the amtas is adjusted to
50cm) for the purpose of illuminating the whole PC interface with a plagrwave.

The transmission coe cients of the linearly and parabolically chirped E
waveguides are measured in the experiments for the targetedduencies of 12.36
GHz and 12.83 GHz, respectively. One should note that the experimal errors
and the impurities in the materials that are employed in the structure are the
main reason of the slight frequency shifts observed in the experint& than the
numerical results. Nonetheless, the experimental transmissionacacteristics are
in agreement with the numerical ones. In addition, it can be seen in Fig2.21
that the experimental results reveals the asymmetric light propadion properties
of both the graded PC waveguide structures. In the experimentthe transmis-
sion characteristics are measured for the frequencies that theaximum contrast
ratio occur between the forward and backward illuminations. The pt@ment of
the receiver antenna is changede with increments of @.%r the purpose of com-
pleting the electric eld distributions of the targeted frequencies athe ends of
the structure alongy-direction. The experimental transmission characteristics of
the targeted frequency for the linearly chirped PC waveguide stcture is given
in Fig. 2.21(a) and Fig. 2.21(b) for the forward and backward illumination case,
respectively. One should compare the numerical and the experint@results by
checking the Figs. 2.2(0a) and 2.20 (b) with Figs. 2.21(a) and 2.21 (b). For
the parabolically chirped PC waveguide structure, the numerical ahthe exper-
imental results can be compared by looking at the (c) and (d) subp of the
Figs. 2.20and 2.21 By inspecting the Figs. 2.20and 2.21, it can be said that
the experimental results are in agreement with the numerical oneklowever, the
limited spatial scan of the detector antennas results in non-smdotines which
can be re ned by reducing the step size of the measuring along thieirection.

Despite the fact that the numerical and the experimental resultdemonstrates
the similar transmission characteristics for the targeted operatiofrequencies, one
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Figure 2.21: The measured intensity distributions are provided at #outside of
the structure. (a) The transverse eld pro le across the end fee of the linearly
chirped waveguide. (b) The transverse eld pro le across the fra face of the
same structure. (c) The transverse eld pro le across the endite of the parabol-
ically chirped waveguide. (d) The transverse eld pro le across théront face of
the same structure.
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should note that the transmission ratios are observed lower in thegeriments.
The inconsistencies in the calibrations of the antennas and the paweakage
in the z-direction are the main reason for the lower experimental transns®n
ratios. One can also calculate the contrast ratios of the graded P@aveguide
structures, as well. The constrast ratios of the linearly and paratically chirped
designs are calculated as 24.8 dB and 30.8 dB, respectively.

2.5 Compact Photonic Crystal based Fabry-
Perot Cavity Design for Electrooptic Mod-

ulation

Photonic crystal (PC) based cavities have attracted consider&binterest because
of their having rich dispersion characteristics and enabling the enheed interac-
tion of light with matter in a small modal volume [3,67,68]. By using di erent
geometrical and structural approaches, various studies havedn performed for
the purpose of designing a PC cavity with an ultra-high quality-facto (Q) and
an ultra-small modal volume X 71]. In spite of the fact that the achievement
of a high Q and a small modal volume by utilizing a PC cavity implies the re-
duction of the transmitted power, such cavity designs has the pential to nd
applications in several elds including low-threshold lasers/f], coherent optical
devices T3], optical communication and quantum information processing sys-
tems [74, 79, optical Iters [ 76], and nonlinear photonic elements for photonic
chips [77]. Particularly, the possibility of creating a strong light-matter interac-
tion in the cavity region as a result of the highly localized elds can leadotthe
enhancement of the nonlinear and electro-optic e ects. For instae, due to the
enhancement of the nonlinear e ects, a PC cavity can lead to a sigmant mod-

i cation in the refractive index of the material that constitutes the cavity region
and, in turn, a signi cant modulation of the operation wavelength ca be real-
ized. Furthermore, PC cavities can be highly sensitive to changes imetrefractive
index of the cavity region inasmuch as the optical path of the tralimg wave in-
side the cavity region can be much larger than the physical length tie cavity.
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Considering the aforementioned features of PC cavities, it is pos&lio realize
high-Q, small modal-volume, compact, and high throughput devices thata be
utilized as e cient optical modulators by exploiting the possibility of adchieving
enhanced nonlinear and/or electro-optic e ects inside the cavityegion [78 80.

PC cavities can be constructed in several ways, including point and érdefect
cavities B1], which are conventional PC cavities and obtained by the removal ef-
ther a single rod/hole or multiple rods/holes in the cavity region, hetestructure
cavities [BZ] that consist of cavity regions having di erent periodicities and/or
lattice constants compared to those of the surrounding media, diridge cavi-
ties [83] that consist of input/output coupling lines and a free-standing PCslab
stage that is utilized for the purpose of minimizing the output plane laes by
bene ting from total internal re ection, and, nally, nanobeam cavities [84] that
are composed of a single line of rods/holes and exhibit higys in ultra-small
volumes.

In this study, we demonstrate a new type of PC cavity that is two-anensional
and based on Fabry-Perot type resonances. The design targethe simultane-
ous achievement of nearly unity power transmission and high eld lokzation
inside the cavity region. For the satisfaction of these design goalse utilize an
air-hole in slab con guration and the proposed design is shown in Fi§22 The
reasoning behind the use of an air-hole con guration is the enablind the in-
vestigation of the e ect of changing the refractive index inside theavity region
on the transmission spectrum. For the purposes of this investigah, we select
Lithium Niobate (LINbO 3) as the host material. We numerically demonstrate
that the high sensitivity of the e ective optical path to the refractive index of
the cavity region can be exploited for enabling the strong modulatioaf the res-
onance/operation frequency. Accordingly, we state that such @avity design can
be employed for enhancing the electro-optic e ect of LiNb9inside the cavity
region due to strong eld localization and enhanced light-matter intexction. In
addition, we show that it is possible to alter the operation frequencsnd Q of the
cavity by changing the cavity length,L ., and the number of the hole columns on
either side of the cavity,N, respectively. Finally, we investigate the possibility of
achieving a dual-mode operation regime for a particular polarizatioriage and a
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dual-polarization regime, where resonant transmission peaks footh transverse
magnetic (TM) and transverse electric (TE) polarization states a observed in-
side the photonic band-gap (PBG) region, by alterind.. and the r=a ratio.

2.5.1 Proposed Cavity and Sensitivity to Changes in Di-
electic Permittivity

As shown in Fig. 2.22, a Fabry-Perot type cavity, which is formed between two
identical PC sections that act as side mirrors, is formed and the letigof the
cavity is given by L.. The host material is selected as LiNb§) which has a trig-
onal molecular crystal system and exhibits Pockels e ect and nonkar optical
polarizability [85. Owing to its trigonal crystal distribution, which is known to
lack inversion symmetry, LINbG; displays electro-optic e ect with the applica-
tion of a static or time-dependent electric eld. For the numerical aalysis, the
incident wave is de ned as a plane wave that propagates in thez+direction. In
the practical realization stage, the plane wave eld distribution carbe approxi-
mated by coupling the incident light to a wide waveguide with the aid of aber.
It is assumed that the structure is in nitely long and periodic inthe x and vy
directions, respectively. It is noteworthy that holes with a length hat is much
larger than the operation wavelength and a large number of holes ihd y{axis
are required in the practical realization stage. Moreover, open bodary condi-
tion is applied for the z directions. The radius and the periodicity of the holes
are denoted byr and a, respectively. The main polarization state for operation
is the TM polarization, for which the electric eld is along they{axis as shown
in Fig. 2.22

In the rst step of the design stage, we construct a bulk PC for te purpose
of forming a broad PBG region. As a design goal, we desire the PBG i@y to
include o =1:55 m, which is the projected operation frequency. As a result of
birefringence, LINbG; has two di erent refractive indices: n,, for ordinary rays,
and ne, for extraordinary rays. Here, in the numerical analysis, we pref to use
Ne, Which is approximately given by 2.14 in the wavelength interval of intest.
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Figure 2.22: The cross-sectional view of the proposed Fabry-Becavity geom-
etry. The PC structure is assumed to be periodic and in nitely long alog the

y and x directions, respectively. The incident wave is assumed to be a plane
wave propagating in the +z direction. The transmission spectrum is obtained
with the aid of the transmission monitor.

Accordingly, we set the geometrical parameters for the bulk PC as= 510 nm
and r=a = 0:4. For con rming the existence of a PBG in the desired wavelength
range for TM polarization, in addition to the calculation of the disper®n di-
agram, we also investigate the transmission spectrum. The calcutat of the
dispersion diagram is performed by utilizing the plane wave expansioRWE)
method [66]. The transmission spectrum is obtained by running nite-di erence
time-domain (FDTD) simulations (FDTD Solutions, Lumerical Inc.), in which
one period of the corresponding structure is divided into 128 meshlls for en-
suring the obtaining of accurate data.

Secondly, we design the Fabry-Perot type cavity, see Fig.22 for the purpose
of obtaining a cavity resonance at o = 1:55 m. One reason for working in
the TM polarization is the possibility of the existence of a wider PBG ragn
compared to the TE case. In this design;=a is kept at 0.4 and, basically, the
cavity is formed by the removal of one column of holes in the middle dfe bulk
PC. For a=510 nm andr = 205 nm, we calculateL, = a 2r = 100 nm. It
should be noted here that the bulk PC sections act as highly re ec&vblocks and
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their performance is strongly dependent oil. As it will be evident in Fig. 2.25
the selection ofN aects Q and the peak power transmission, e.g., increasing
N implies increasingQ and decreasing peak power transmission. By noting the
strong eld localization inside the cavity, it can be predicted that thesensitivity
of the proposed structure to changes in the refractive index ofi¢ host medium
is expected to be higher than that of conventional optical devicess a result of
the lengthening of the e ective optical path due to multiple re ections from the
cavity mirrors. Here, the utilization of LINbO3; can enable the modulation of the
refractive index as a consequence of the application of a static étec eld. It has
recently been shown that the e ective modulation of the refractie index, n, in
structures having strongly localized static and optical elds can bexpressed as

follows [B9):
1

n= Ener33f§ptfe|¥;
wherene andr 33 denote the refractive index of LiNbQ for extraordinary rays and
the electro-optic coe cient of LiNbO3, respectively. In addition,f,, and f¢ are
used for the optical and the static eld localization factors, respstively. Finally,
V and L denote the applied voltage and the distance between the electrgde
which supply the external static voltage to the system, respectly. Qualitative

interpretation of Eq. 2.11shows that the refractive index of the cavity region can

(2.11)

be signi cantly modulated in geometries displaying the strong localizain of the
static and optical elds, i.e., high-Q cavities.

In the numerical consideration of the proposed geometry, we imita the
electro-optic e ect by changing the refractive index of the host m@erial solely
in the cavity region. Note that it is expected that the e ective refractive index
modulation is much stronger in the cavity region compared to the reof the
structure. Therefore, we assume that the existence of the di@coptic e ect can
be neglected outside the cavity region. Accordingly, the e ect ofhanging ne
inside the cavity region on the transmission spectrum is investigated

Following the investigation of the e ect of refractive index modulatio on the
transmission spectrum, di erent possible functionalities of the pq@osed geometry,
such as dual-mode and dual-polarization operation regimes, are ogjgd. For the
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enabling of dual-mode operationl.. = 610 nm, which corresponds to the removal
of an additional column of holes, is employed and, therefore, thetihg of the two
transmission resonances inside the PBG region is made possible. kadmalysis of
the dual-mode regime, we do not modify the geometrical paramesebesided. ..
The dispersion diagram and the transmission spectrum for TM wavésr the dual-
mode case are also provided. Moreover, we demonstrate that tsienultaneous
achievement of a high (nearly unity) power transmission and a larg@ is possible
for both of the resonances inside the PBG for the dual-mode case.

Finally, we analyze the possibility of the achievement of a high transnsi®n
and a largeQ for both TM and TE polarization states concurrently. For the
geometrical parameters that are used in the single-mode caseg tlesultant PBG
regions for TM and TE waves do not overlap and, as a consequenites resonance
frequencies for TE and TM polarizations have a signi cant spectratli erence.
Therefore, for enabling the achievement of two resonances thae fairly close to
each other in terms of wavelength, we modify the aforementioneé@metrical pa-
rameters and the parameters used for the analysis of the dualtagzation regime
are given bya = 540nm andr=a = 0:46. The obtained transmission spectra for
TM and TE waves reveal that it is possible to utilize the proposed geagtry for
both polarization states since both resonances exhibit a high tramgssion and a

high Q.

A
A 4

i

Figure 2.23: (a) The dispersion diagram and (b) power transmissiopextrum of
the bulk PC structure. The red and the black curves represent thupper and the
lower band of the PBG region, respectively.
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As it has been mentioned above that the dispersion diagram and thehsmis-
sion spectrum of the bulk PC witha =510 nm andr=a = 0:4 for TM waves are
calculated using the PWE and FDTD methods, respectively. The coesponding
results are shown in Fig.2.23 According to Fig. 2.23a), the bulk PC structure
displays a PBG region between the normalized frequencies of 0.27 Q@b for the
X direction of wavevectors. The transmission spectrum shown in i§. 2.23b)
con rms the existence of the PBG region and demonstrates thatdansmission is
suppressed between approximatelyo =1:2 mand ¢=1:7 m.

Next, we show the dispersion diagram and the transmission speatruor the
PC cavity geometry depicted in Fig. 2.22where N = 6. The corresponding
dispersion diagram is shown in Fig.2.24a) and the mode arising due to the
existence of the cavity is denoted by \Band of interest". Figure2.24b) shows
the transmission spectrum of the PC cavity between approximatelyo =1:1 m
and o = 2:3 m and Fig. 2.24c) is simply the enlarged view of the region
enclosed by the dashed rectangle in Fi@.24Db).

Figure 2.24(c) reveals that the normalized peak power transmission is approx-
imately given by 0.85 and, under the assumption that it is reasonablyrsll, Q
can be approximated as follows3[/]:

w 2co 3 1 0

Q = = ; (2.12)

w 0 2Co o 0

where w and ( are the full-width half-maximum linewidths evaluated when
the horizontal axis denotes the angular frequency and the wavetgh, respec-
tively. Finally, ¢ is the speed of light in vacuum. The minus sign in Eq2.12
shows that decreases whew increases and vice versa. For our purposes, this mi-
nus sign can simply be neglected. By using EQ.12 we calculate thatQ 1275
for the spectrum given in Fig. 2.24(c). In addition, note that the transmission
resonance occurs in the close vicinity ofy = 1:55 m.

It has been stated thatQ and the transmission spectrum are strongly de-
pendent on the re ectivity of the PC sections surrounding the caty region and,
therefore,N . In order to reveal this strong relation,N is incremented from 5to 7.
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Figure 2.24: (a) Dispersion diagram and (b) power transmission specn of the
proposed Fabry-Perot type cavity. (c) The enlarged view of theawity resonance
that is enclosed by the dashed rectangle.

Figure 2.25shows the evolution of the transmission spectrum of the PC cavitgrf
the above-mentioned\ values. On the one hand, it is observed thaD increases
with increasing N. On the other hand, however, the peak power transmission
at the cavity resonance decreases with increasiiy, since the re ectivity of the
cavity mirrors increase with increasingN. Meanwhile, the spectral position of
the cavity resonance is not modi ed because of the fact thdt. is kept constant.
Using Eq. 2.12 Q values of the cavity resonances fdd =5 and N = 7 cases are
evaluated as 455 and 4340, respectively.
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Figure 2.25: Power transmission spectra of the Fabry-Perot cayifor the cases
of (a) N=5, (b) N=6, and (c) N=7. The insets show the enlarged view of the
regions enclosed by the dashed rectangles.

Afterwards, we analyze the eld distributions for theN =5, N = 6, and
N = 7 cases at the wavelengths where the transmission of the cavityouhe is
maximum and these results are shown in Fig2.26 As expected, the optical
eld is highly localized inside and in the vicinity of the cavity region. As a reult
of the increase of the re ectivity of the cavity mirrors, increasingN conduces
to an increase in the e ective optical path of light and therefore, he optical
localization factor, f oo . Inside the cavity region, it is estimated that the average
fopt IS @approximately given by 13, 20 and 35 foN =5, N =6, and N = 7,
respectively. Finally, as can be seen in Fig.2.26 the localized elds inside
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the cavity region have an approximately uniform distribution similar towhat is
observed in a traditional Fabry-Perot resonator.

Figure 2.26: Electrical eld distributions of the Fabry-Perot cavities for the cases
of (a) N=5, (b) N=6 and (c) N=7. The white dashed circles denote the positions
of the holes.

The evolution of the transmission spectrum with respect to changean the
refractive index of the cavity region, n, is demonstrated in Fig. 2.27. The
practice of changing the refractive index of the cavity region is wellisti ed since
Fig. 2.26shows that the eld distribution is approximately uniform in the cavity
region. In the practical realization stage, the modi cation ofn corresponds to
the application of an external static eld. In other words, in this catext, we
model the electro-optic e ect by modifying the refractive index. The refractive
index of the cavity region is altered in linear increments of 0.05. Thelationship
between n and the peak transmission wavelength of the cavity mode reveals
that the designed Fabry-Perot cavity has a high refractive indexessitivity. The
amount of average redshift in the peak transmission wavelength igaduated as
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approximately 15 nm per 0.05 increase in the refractive index. Finallfig.
2.27 shows that the alteration of the refractive index a ects the valueof peak
power transmission negligibly and, therefore, the proposed sttuce can be a
good candidate for practical applications that demand the enhaament of the
electro-optic e ect.
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Figure 2.27: Evolution of the spectral position of the cavity resomee with respect
to the change in the refractive index of the cavity region, n.

Next, we investigate the dual-polarization regime by modifying the genetri-
cal parameters of the proposed geometry as stated previousigmelya = 520 nm
and r=a = 0:46. For these parameters, we calculale, = a 2r =41:6 nm. The
reasoning behind this modi cation is the enabling of the PBG regions ofM
and TE waves to coincide. Correspondingly, Fig2.28 shows the transmission
spectrum and the cavity resonances for TM and TE polarization stas. From
the viewpoint of practical applicability, it is advantageous that bothof the cavity
resonances yield similar peak power transmissions a@$. The distinction be-
tween the spectral positions of the cavity resonance for TM andE cases can be
gualitatively explained by noting that di erent polarization states can encounter
di erent cavity mirror re ectivity and, in addition, the propagation constants at
the cavity resonance wavelength can dier for TM and TE waves, sthat the
phase gained for TM and TE waves in a single round-trip can be di erén

It is known that L. determines the spectral position and the inter-distance
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Figure 2.28: Power transmission spectrum of the proposed FabiPgrot type cav-
ity for the dual-polarization operation regime.

between the consecutive allowed modes of a Fabry-Perot cavityorRhis particu-
lar Fabry-Perot cavity geometry, it is required for the observedavity resonances
to lie inside the PBG region of the corresponding PC structure. In # initial
design, for whicha =510 nm, r=a=0:4, andL. = 100 nm, L. has been carefully
selected with the purpose of supporting only one cavity mode insideg PBG
region. Nonetheless, by increasingj., we can expect the number of the sup-
ported cavity modes inside the PBG region to increase as a result caleasing
inter-distance between consecutive modes. For this reason, ve¢ Is. = 610 nm
by removing an additional column of holes neighbouring the initial cawtregion.
In this case, as predicted, the PBG region supports two distinct gdy modes at
di erent wavelengths. The dispersion diagram and the transmissiospectrum of
the dual-mode design are shown in Fig2.29 In particular, Fig. 2.29a) demon-
strates the occurrence of the two cavity modes that are denatdy \Bands of
interest”, compare to Fig. 2.24a) where only one cavity mode is allowed inside
the PBG region. The transmission spectrum given in Fig.2.29b) reveals the
occurrence and the excitation of the two high transmission and higQ cavity
modes. The normalized peak power transmission values are approxigly given
by 0.95 for the mode at o =1:36 m and 0.85 for the mode at , = 1:65 m. Fi-
nally, we calculate theQs by using Eq.2.12as 680 for the mode at( =1:36 m
and 2870 for the mode at o =1:65 m.
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Figure 2.29: (a) Dispersion diagram and (b) power transmission specn of the
dual-mode operation regime of the proposed Fabry-Perot type\agy.
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Chapter 3

Circular Polarization Generation
and Asymmetric Transmission
Utilizing Chiral Metamaterials

3.1 Introduction

Due to the possibility of achieving negative refraction using a chiraloute in
metamaterial based applications, the chiral metamaterials (CMMd)as attracted
signi cant interest [4]. CMMs are not identical to its mirror image, i.e., it can-
not be brought into congruence with its mirror image unless it is lifted othe
substrate B8]. The most signi cant electromagnetic property of CMMs can be
explained as the existence of the cross coupling between the eiecand mag-
netic elds of the wave. This cross coupling also leads to di erent trasmission
coe cients under right hand circularly polarized (RCP) and left hand circularly
polarized (LCP) wave illumination [5]. This di erence in the transmission coef-
cients also be utilized for the purpose achieving rotation in the polazation of
incoming wave 89|. Besides negative refraction, CMMs can be utilized in several
optical devices because of other intriguing properties such as diaptical activ-
ity and circular dichroism [90{95]. The strength of the cross coupling between
the magnetic and electric elds are modelled with the chirality parametr, ,
for CMMs. In addition, the constitutive relations between the eldsin a chiral
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medium are given with pg|

D i =C E
= 0 : (3.1)
B I1=Cq 0 H

For time harmonic waves in bianistropic media, the Maxwell equationsaa be
written as

r E= jw E jw H; (3.2a)
jw E+jwé& H + J: (3.2b)

_,
I
I

where and & are the coe cients for cross coupling between the electric and
magnetic elds.

Lorentz reciprocity theorem claims that
<a;b> = <b;a> (3.3)

which is valid for the bianistropic media under special conditions and éisotropic
media. In Egq. 3.3 a and b symbolizes the points that the transmitting and
receiving electromagnetic elds are measured or calculatedia; b> relates the
reaction of the eld E,, which is produced by the sourcé,, to the sourceJy,
which produces the eldE,. Likewise,<b;a> relates the reaction of the eldEy,
which is produced by the sourcdy, to the sourced,, which produces the eld
E.. Therefore the<a;b> and <b;a> can be written as p7]
Z
<a;b>= E,; JpdV; (3.4a)
7
<b;a> = Ep J,dV: (3.4b)

\Y

under the assumption that the magnetic current density is zero. it is deduced
from Eq. 3.4, the lorentz reciprocity theorem does hold for the bianistropic meal
if the and tensors are diagonally symmetrical97].
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However, for bianistropic media that has not symmetrical and tensors, the
coe cients in the constituent equations should be changed to créma comple-
mentary medium for the purpose of achieving reciprocity equationg he changed
coe cients can be writtenas ! T, &! T, 1 &,and ! T. The
reciprocity theorem can be rewritten with complementary coe cietts and com-
plementary elds for bianistropic media.

If the linear transmission matrix for forward propagation is writtenas

T T
Tlf - XX Xy : (3 . 5)
TyX Tyy

the same matrix for backward propagation can be expressed as

TP = . (3.6)

Chiral metamaterials which consist of linear constituents hold this fation
betweenT’ and TP [98]. Similarly, the transmission matrices for forward and

backward circular wave illuminations can be written as
I

T++ T+
T = : 3.7
c T (3.7)
and I
T++ T +
TP = ; 3.8
c T (3.8)

The cross coupling terms in the linear transmission matrices for foand and
backward illumination are interchanged. Thus, the asymmetric trasmission is
achieved by creating the di erence betweefﬁlf and T°. However, one should also
consider the fact that the polarization states of the backward ahforward waves
should be similar.
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For a x-polarized incoming wave, the di erence between the transmittedqwv-
ers between forward and backward illumination can be written as

= F)f Pb: jTij2 J Txyjzj (39)

Likewise, the di erence for the right hand circularly polarized wave &se can be
expressed as
c=P' PP T L2 )T, & (3.10)

. 6 | is the general condition for the asymmetric transmission. However
some attention is needed to the points that the degree of the asymetric trans-
mission may di er from one incoming wave polarization state to anothe In
addition, it is noteworthy to point that this asymmetric tranmission eect is a
reciprocal e ect and achieved in a reciprocal medium.

3.2 Circular Polarizer based on Chiral Metama-
terials

This section is reprinted with permission from39]. Copyright 2011 by the Optical
Society of America.

In this section, we study the potential of an electrically thin, asymratric
chiral circular polarizer structure, which is composed of isotropic aterials, in
obtaining LCP and RCP waves using arx-polarized incident wave. Circular
polarization is an important property for antenna applications 10 103, laser
applications [L03 104, remote sensors, and liquid crystal displaysd 05 104. In
the design process, we bene t from the metamaterial structureomposed of two
resonators, which are rotated by 90[6] with respect to one another. The design
proposed here is similar to those in Refs5,[107]; however, it is distinguished in
that asymmetry is introduced by reducing the sizes of the electritbp excited split
ring resonators (SRRs) in order to modify the transmission at the-polarization.
By using this size reduction, the magnitudes of the transmitted eleec elds in
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the x andy directions are equalized at the resonance frequencies, with a pase
di erence. The structure works as a left-hand and right-hand caular polarizer
around the lower and higher resonance frequencies, respectively

Circular polarization can be obtained from a linearly polarized incident awe
by using a CMM, due to the di erent circular polarization transmissioncoe -
cients for LCP and RCP waves at the resonances. For instancey the CMM
structures given in Refs. $, 90,109, the transmission di erences between RCP
and LCP waves are 8 dB, 1518 dB, and 10 dB, respectively. The stture pro-
posed in this Letter aims to introduce a larger magnitude di erencedtween LCP
and RCP waves at the output interface to obtain circular polarizatio.

Figure 3.1 shows the geometry of the CMM unit cell used in the simulations
and experiments. The unit cell consists of four double-layered bieped SRRs
placed on both sides of an FR-4 board with a relative permittivity of 4 ad a
dielectric loss tangent of 0.025. Copper that is 3tnh thick is used for the metallic
parts. SRRs are positioned so that they are rotated by 9@vith respect to their
neighbors.

We started the analysis with numerical simulations of the CMM struaire
using CST Microwave Studio (Computer Simulation Technology AG, Genany),
which is a commercial software that is based on the nite integratioomethod.
The boundaries are selected to be periodic in the and y directions and open
in the z direction. The material is excited by a plane wave propagating in the
direction of k( z), as shown in Fig. 3.1, with the electric eld in the x direction.
The following geometric parameters are used in the simulations andp&ximents:
ax = ay, =15mm,s; =6 mm, s; =4.2mm, w; = 0.7 mm, w, = 0.5 mm, d =
2.6 mm, andt = 1.5 mm. The structure is electrically thin sincet= is 0.024 and
0.03 for 5.1 GHz and 6.4 GHz, respectively. In addition, the periods ihé x and
y directions are also electrically small, sincax= is 0.255 at 5.1 GHz and 0.32
at 6.4 GHz.

For the experiments, we fabricated the structure with the dimensn of 15 by
15 unit cells. The experiment is conducted using two standard hormgnnas
facing each other at a 50 cm distance. The structure is placed in thmeiddle
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Figure 3.1: Geometry of the simulated and fabricated chiral metanterial unit
cell.

between the antennas. The transmission coe cient measuremenare performed
using an HP-8510C network analyzer (Agilent Technologies, USA)n lorder to
obtain the transmission characteristics of the structure, th& and y components
of the transmitted eld are studied in the simulations and experimerg in terms
of the transmission coe cients Ty, and Tyy.

The ratio jT,xj5Tx] and the phase dierence (T,x) ( Tx) are presented
in Figs. 3.2a) and 3.2b). The resonance peaks in Fig.3.2(a) correspond to
the frequencies where the electromagnetic coupling between tlog tand bottom
layers is strong, so thatT,y is large. According to the numerical results in Fig.
3.2(b), phase di erences betweerly, and T,x are (A) 89:.8 and (B) 892 at
5.1 GHz and 6.4 GHz, respectively. In addition, at these frequencidke ratios
of the magnitudes ofT,x and T, are 1.03 and 0.994, respectively. These results
prove that the transmitted waves are LCP and RCP waves at 5.1 GHand 6.4
GHz, respectively. The experimental data shown in Fig3.2is in good agreement
with the numerical results.

Circular polarization transmission coe cients can be calculated fronthe lin-
ear transmission coe cients Ty, Tyx, Txy, and Tyy [11]. Since the metamaterial
structure lacks C, symmetry because SRRs of di erent sizes are used, the four
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Figure 3.2: (a) Ratio of magnitudes ofT,x and T,., and (b) phase dierence
betweenTyy and Tyy.

circular transmission coe cients, T.. , T. , T ., T  should be calculated in or-
der to completely characterize the response of the CMM. Howeyéine structure

provides circular polarization only if the incident wave isx-polarized. Therefore,
Ey is assumed to be zero. Under this assumption, we de ne the circulaans-

formation coe cients C*(RCP) and C (LCP). The conversion from the linear
transmission coe cients to circular transformation coe cients becomes, simply,
C =T Ty [3]. Itis noteworthy that the calculated transformation coe -

cients are only valid for anx-polarized incident eld, since the structure lacksC,

symmetry.

Numerical and experimental circular transformation coe cients or the LCP
and RCP components are presented in Fig3.3. In this context, these param-
eters are de ned as the magnitude of the RCP and LCP waves at theutput
interface due to anx-polarized incident eld. In Fig. 3.3 0 dB corresponds to
the magnitude of the incidentx-polarized electric eld. The minimum contribu-
tion of the RCP component is observed at 5.1 GHz as 37 dB in Fi§.3a) and,
similarly, the minimum for the LCP component is obtained at 6.4 GHz as 48B.
The experimental results provided in Fig.3.3(b) are in good agreement with the
numerical results.

It follows from the presented results that the circular polarizer &ure of the
studied CMM originates from the di erent circular polarization transformation
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Figure 3.3: (a) Numerical and (b) experimental results for the citdar transfor-
mation coe cients.

coe cients for the RCP and LCP components, due to anx-polarized incident
wave. One of the circular polarizations is eliminated at the resonanfrequencies,
whereas the other polarization is transmitted with a small loss. As aesult, at
5.1 GHz, the transmitted wave is LCP. Similarly, at 6.4 GHz, the RCP waw is
transmitted.

As mentioned above, the proposed structure is similar to the strture studied
in Ref. [3]. In this work, the sizes of all the SRRs are equal (geometparameters
given ass; and w;), which means that at the frequencies of minimum RCP and
LCP wave transmission, all the SRRs are in the vicinity of resonancés a result,
Txx is around 20 dB near the resonance frequencies, whilg is obtained to be 6
dB at those frequencies. Hence, sindgx and Ty, are signi cantly di erent, the
resulting polarization is elliptical.

In the proposed design, the sizes of the SRR pairs, which are showrFig.
3.1, are reduced in order to increasd,,. Numerical results reveal that, in this
case,Ty is increased (to approximately 6.5 dB around the resonance freqeees)
by using the e ect exerted by the smaller SRR pairs being out of resance.
In order to understand the nature of the resonances occurrireg 5.1 GHz and
6.4 GHz, the surface current distribution is studied numerically. Thelirections
of the induced surface currents at the two resonances are simom Fig. 3.4
Smaller arrows are used for the smaller SRR pairs in order to indicatbat the
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Figure 3.4: Directions of the surface currents on the SRRs due the incident
electric eld polarized in the x-direction, at 5.1 GHz and 6.4 GHz

magnitude of the currents on those SRRs are smaller when comyhte the large
SRR pairs as an e ect of being out of resonance. As a result, transsion of
the x-polarization, Ty, is increased, and the geometrical parameters are carefully
optimized such that at the frequencies wherg( Tyx) ( Tx)] =90 , JTyxjT9Tx]

is approximately equal to unity. According to the simulations perfaned for

a y-polarized incident eld, the transmitted wave is elliptical, with jT,, j5Tyyj
=044 andj( Tyx) ( Tw)j =105 at 5.1 GHz. At 6.4 GHz, jTjqTyyj =
0.39 andj ( Tyx) ( Tx)j =5, and these values do not correspond to circular
polarization.

For the mutually 90 rotated SRR pairs, the resonance levels are determined
in line with the longitudinal magnetic dipole to magnetic dipole coupling [9]. N
merical study shows that at the lower resonance frequency, tiserface currents
on the twisted SRR pairs are in the same direction, leading to parallelagnetic
dipole moments for the twisted pairs. In contrast, at the higher onance fre-
guency, the surface currents on the twisted SRR pairs are antizlel, which
results in antiparallel magnetic dipole moments.

The major advantage of the structure is being electrically very thinAnother
advantage is that the structure is planar and easy to fabricate. ®the other
hand, narrowband operating frequency can be a drawback, dewkéng on the
application. However, broadband response may be achieved by ending the
design to three dimensions.
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3.3 Polarization Angle Dependent Rotation

This section is reprinted with permission from J09. Copyright 2011 by the
Optical Society of America.

It was recently shown that a carefully designed metamaterial reator can be
utilized in order to rotate the polarization of a wave 11(0. However, due to the
re ection based operation, the re ected wave and the incoming wa interfere,
which causes the design to be inconvenient for practical applicat®n Conse-
guently, transmission based polarization rotators have been proged 111 113.
Those structures exhibit remarkable polarization rotation e cienges in the vicin-
ity of their operation frequencies. However, for rotationally asymetric structures
operating as polarization rotators, transmitted waves are elliptidly polarized for
certain polarization angles 113. On the other hand, for rotationally symmetric
polarization rotators, the amount of rotation is independent of tle polarization
angle of the incident wave 111]. In order to overcome these limitations, in the
present section, we study the potential of an electrically thin pol&ation rota-
tor, whose rotatory power is polarization dependent, i.e., the linedaransmission
coe cients are dependent on the polarization angle of the incomingave. As a
consequence, the proposed chiral metamaterial (CMM) also exhghan asymmet-
ric transmission of linearly polarized waves at 6.2 GHz. Asymmetric trsmission
of electromagnetic waves is an optical phenomenon that has beémdsed for dif-
ferent structures in several studieslfl4 117. Using the theoretical calculations,
we obtained four polarization angles for which the transmission of éhstructure
is symmetric. In order to have linearly polarized eigenwaves for theMb/A, we
optimized the phases of the transmitted waves, so that any linearlgolarized
wave can be transmitted as a linearly polarized wave.

Such a design can be utilized in order to dynamically control the polaaton-
mode dispersion (PMD) in optical communication systemdsl g, modify the po-
larization of a laser output arbitrarily and dynamically, obtain an arbitrary linear
polarization from a steady antenna and scan certain polarization dictions in
order to characterize the response of a certain material to di ent incident po-
larizations. The proposed CMM can be integrated into a rotating s@e to easily
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obtain the desired polarization state by simple rotation of the stageith respect
to the analytical description provided in the subsequent section$n addition, the
proposed CMM can be stacked while avoiding the coupling e ect&1d in order
to obtain a larger rotation than one layer can provide.

3.3.1 Proposed Geometry

In order to obtain asymmetric transmission and incident wave polariion angle
dependent polarization rotation, the CMM structure that is compsed of four
U-shaped split ring resonator (SRR) pairs is a good candidaté, L07,127Q. It
is possible to introduce asymmetry by altering the dimensions of carh SRR
pairs. As a result, illuminating the structure by an incident wave polaeed in a
certain direction is not equivalent to illuminating the structure from the opposite
direction by a wave with the same polarization state. The introductio of such
an asymmetry also breaks the fourfold rotationaC, symmetry. Thus, circularly
polarized waves are not eigenwaves of the proposed design. Thit &an be used
as an advantage for the purpose of creating polarization angle agplent rotation.
As a consequence of the broke®y, symmetry, orthogonal electric eld components
(x and y components in this context) of an incident wave encounter di erdn
transmission coe cients, both in terms of magnitude and phase. Tik discrepancy
between the transmission coe cients can be optimized to yield a linegrpolarized
transmitted wave whose polarization angle is a function of the polaation angle
of the linearly polarized incident wave. In this study, we demonstratthe results
of this optimization numerically and experimentally. Afterwards, a cleed form
relationship is derived that relates the polarization rotation introdweed by the
CMM to the polarization angle of the incident wave.

The unit cell of the proposed CMM structure is depicted in Fig3.5. It is an
asymmetric version of the structure that has been studied in Ref$,107,120. In
a previous study, it has been demonstrated that a similar variant ahis design
operates as a circular polarizer for incident waves that are linearhofarized in the
x-direction [99]. For the circular polarizer, the coupling between the meta-atoms
has been optimized in order to provide maximum wave ellipticity in the viciiy
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Figure 3.5: Geometry of the simulated and fabricated chiral metanerial unit
cell.

of the resonance frequencies as to ensure that the transmittegve is circularly
polarized. Conversely, the design goal in this study is minimizing theagnsmitted
wave ellipticity as to rotate a linearly polarized incident wave without diorting
the linearity of the polarization.

The following geometrical parameters for the unit cell are used in ¢hsimula-
tions and experiments:a, = a, = 13:6 mm, s; =6 mm, s, = 4:8 mm, w; = 0:7
mm, w, = 0:55 mm,d =1:4 mm, andt = 1:5 mm. A FR-4 board with a relative
permittivity of 4 and a dielectric loss tangent of 0.025 is utilized as theubstrate.
For the metallic parts, copper that is 30 m thick is used. As it will be presented
subsequently, the operating frequency of the CMM is 6.2 GHz. At ik frequency,
the structure is electrically thin with t= 0:031. In addition, the periodicity in
the transverse plane is electrically small at 6.2 GHz, sin& = a, corresponds
to 0:281 .

3.3.2 Numerical Results

We initiated the analysis with numerical simulations of the proposed CM unit
cell using CST Microwave Studio (Computer Simulation Technology AGGer-
many), which is a commercially available software that utilizes the niteinte-
gration method. During the simulations, boundary conditions alonghte x and
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Figure 3.6: Magnitudes of the linear transmission coe cients when & CMM is
illuminated by (a) x-polarized and (b)y-polarized incident waves. (c) The mutual
phase di erences between the transmission coe cients.

y directions are adjusted to be periodic in order to obtain periodicity irthe
transverse plane. The boundary condition along the direction is selected to be
absorbing. In order to characterize the response of the CMM, ghstructure is
illuminated by plane waves propagating in the direction. Assuming the linearity
of the CMM, linear transmission coe cients T,x and Ty, are obtained from the
simulations when the incident wave ix-polarized. Similarly, for ay-polarized
incident wave, linear transmission coe cientsT,, and Ty, are obtained. The
magnitudes of the four linear transmission coe cients are shown inigs. 3.6(a)
and 3.6(b). The mutual phase di erences betweerMy, and Ty, and Ty, and Ty,
are shown in Fig.3.6(c).

Using Fig. 3.6, it is observed that the CMM creates an electric eld that
is orthogonal to the incident eld, since the cross-coupling term3,, and Ty
are non-zero. In addition, the simulation results reveal thafl,, and T, are
equal in terms of magnitude and phase (phase not shown here). dther words,
the transmitted x-polarization due to anx-polarized incidence is equal in terms
of magnitude and phase to the transmittedy-polarization due to ay-polarized
incidence. Conversely, it is noticed that the transmittedy-polarization due to
an x-polarized incidence is strongly di erent than the transmission of té x-
polarization due to ay-polarized incidence. Using these observations, it can
be deduced that this CMM con guration creates polarization angle ependent
chirality.

The asymmetric transmission of the structure is also explicable usirthe
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linear transmission coe cients. Due to the geometry, illuminating thestructure
by a plane wave polarized in they-direction and propagating in thez direction

is equivalent to illumination by a plane wave polarized in thex-direction and
propagating in the +z direction. The two waves encounter the same transmission
coe cients with respect to their polarization direction, e.g., Txx becomesT,, and
Tyx becomesT,,. Thus, the transmission of the CMM is asymmetric.

Figure 3.6(c) shows the mutual phase di erences between, and Tyy, and Ty,
and T,y . At 6.2 GHz, which is the operating frequency of the device, the mual
phase di erences are approximately equal to Qin turn demonstrating that at this
frequency optical activity is observed. Although the mutual phasdi erences are
0 , the phases of all the elements must be equal in order to avoid thahsmission
of elliptically polarized wave. We investigated the numerical results anobserved
that at 6.2 GHz, the phases of all linear transmission coe cients arequalized.
As a result, combining the two orthogonal cases, linearly polarizedawes are
eigenwaves of the CMM at 6.2 GHz and are transmitted with a polarizan
rotation.

Thereafter, circular transformation coe cients [99 are calculated using

Ck =T ITy; C, =Ty Ty (3.11)

for the two separate incident polarizations. In order to charactee the polar-
ization of the transmitted wave, the polarization azimuth rotation angle is
calculated using the formula

x5y = arg(C)-:;y) arg(Cx;y) (312)
and the ellipticity of the transmitted wave, which is de ned as

1 J x,y] J x,y] (313)

IClyi + 1Cey)

is determined. The results retrieved from the simulations for the parization
rotations and the transmitted wave ellipticities are shown in Fig.3.7. In Fig.
3.7(a), it is observed that the ellipticities of the transmitted waves forx-polarized
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Figure 3.7: (a) Ellipticities and (b) polarization azimuth rotation anglesof the
transmitted waves forx-polarized andy-polarized illumination.

andy-polarized incident elds are approximately equal to zero at 6.2 GHzyhich
corresponds to pure optical activity at this frequency. The coasponding azimuth
polarization rotation angles forx-polarized andy-polarized incident elds are
shown in Fig. 3.7(b).

According to the results given in Fig.3.7(b), an incident wave that is linearly
polarized in the x direction is rotated by 46 at 6.2 GHz, whereas &-polarized
incident wave is rotated by 15 at the same frequency. Due to di erent rotations
for x and y polarizations, each incident polarization angle encounters a di er-
ent rotation. The relationship between the incident polarization anig and the
resulting polarization rotation can be derived by performing simple genetrical
calculations based on the rotation values provided above. Howeyéar simplicity,
we will employ the transfer matrix formulation subsequently for detrmining this
relation.

3.3.3 Experimental Results

In order to characterize the behavior of the CMM and examine thealidity of
the simulation results, we performed experiments. We fabricatedhe structure
with a dimension of 16 by 16 unit cells. The experiment is conducted ugirtwo
standard horn antennas facing each other at a 60 cm distance. dlstructure
is placed in the middle between the antennas. The transmission coeents are
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Figure 3.8: (a) Experimental magnitudes ofl,, and Ty, and (b) T,y and Tyy.
(c) Mutual phase di erences obtained from the experiments.

Figure 3.9: (a) Experimental ellipticies and (b) polarization rotationf the trans-
mitted waves due tox- and y-polarized incident waves.

measured using an HP-8510C network analyzer (Agilent TechnologjidJSA).

The x and y components of the transmitted elds due tox- and y-polarized
incident waves are measured for characterization. Phase infortiom is also ob-
tained from the network analyzer in order to calculate the rotatiorand ellipticity
for the transmitted waves. The experimental magnitudes ofy, Ty, Tyx, and
T,y are shown in Fig. 3.8, as well as the phase di erences betweél, and Ty,
and Ty, and Ty,. In Fig. 3.6(c), the phase di erences are approximately equal
to 0 at 6.2GHz. For the experiment results, at 6.2 GHz we obtain 6 for the
phase di erence betweer,, and Tyx and 7 for the Ty, and T,y case. Through-
out the scanned frequency range, the experiment results agr@esely with the
simulations.
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In addition to the transmission results, we extracted the ellipticity ad po-
larization rotation information from the measurement data. Theseesults are
shown in Fig. 3.9, which is the experimental analog of Fig.3.7. At 6.2 GHz,
the ellipticity of a transmitted wave due to anx-polarized incidence is 2 . Sim-
ilarly, for a y-polarized incident wave, the ellipticity of the transmitted wave is
2:9 . These results are very close to the numerical results, where balliptici-
ties are approximately equal to 0. Subsequently, we examine the experimental
results for polarization rotation. Experiment results indicate thatthe amount of
rotation is 49 for an x-polarized incident wave at 6.2 GHz. This value di ers by
3 from the simulation results, which indicates a good agreement. Hoves, we
obtain a 26 rotation for a y-polarized wave at the same frequency. Numerical
results provided 15 rotation for a y-polarized eld, which diers by 11 from
the experiment result. These discrepancies can be attributed tbe inaccuracies
in the fabrication stage, multi-re ections in the experiment setupdi raction ef-
fects from the sharp edges of the CMM structure, probable misatiments, and
non-zero cross-polarization response of the antennas. In adulit, the resonance
frequencies slightly shift to higher frequencies in the experiment3he possible
reasons are the variance of the dielectric permittivity of the FR-4experiment
inaccuracies, and simulation inaccuracies, i.e., mesh size a ects thesonance
frequencies. Overall, we conclude that the agreement betweere thumerical and
experiment results is good and the operation of the CMM is veri ed g@erimen-
tally.

3.3.4 Formulation

Assuming that the CMM structure is a two-input and two-output system, where
the elds associated with thex andy directions represent the two inputs and the
two outputs of the system, a transmission matrixT, with the elementsT,y, Tyy,
Tyx, and T,y can be de ned so that the following relation holds

Exd — Txx Txy EXO . (3 14)
Eya Ty Ty Eyo ’
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where E,q and Eyq are the transmitted elds along the x and y directions, re-
spectively. Similarly, Eyo and Ey, represent the electric eld components of the
incident eld along the x andy directions. In linear equation form, Eq.3.14 can
be rewritten as the follows:

Exd Tyx Exo + Txy EyO; (315&)
Eyd = Tyx Exo+ Tyy Eyo: (315b)

Subsequent to the calculation of transmitteck andy components for an arbitrary
input to the system, the polarization angle of the transmitted waves calculated

as
1 TyxExot TyyEyo

=tan
Txx EXO + Txy EyO

(3.16)

In order to relate the transmitted polarization angle to the incidentpolarization
angle, without loss of generality, we assume that the magnitude dfi¢ incoming
wave is unity in all cases. Under this assumption, E¢3.16is modi ed as

1 Tyxcos + Ty, sin
T COS' + T,y sin'

= tan ; (3.17)
where' denotes the polarization angle of the incident wave. It is noteworytthat
the inverse tangent is a multi-valued function that requires speciaittention. The
guadrant where lies depends on the signs of the numerator and denominator of
Eqg. 3.17. Finally, the corresponding polarization rotation is de ned as

= (3.18)

Then, to calculate the polarization rotation introduced by the CMM d 6.2 GHz,
we constructed the transmission matrices using the simulation rd&ifor waves
propagating in thez and +z directions. Thereby, the asymmetric transmission of
the design would be demonstrated simultaneously with the incident fasization
angle dependent polarization rotation. For an incident wave propagng in the
z direction, the elements of the transmission matrix are given ag = 0:3568,
Ty = 0:1104,Tyx = 0:3599, andT,, = 0:3568. In general, these elements are
complex quantities carrying phase information. However, in this caswe omit
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Figure 3.10: (a) Polarization angles of the transmitted linearly polaread waves
with respect to the polarization angle of the incident wave, at 6.2 GHZor the

z and +z propagating waves. (b) Introduced polarization rotation to the z
and +z propagating waves with respect to the incident polarization anglet &.2
GHz.

the phases of the elements, since the simulation and experimentulés prove
that all the elements are in-phase. Thus, using only the magnitudeformation is
su cient. Similarly, for a + z propagating wave, the transmission matrix elements
are given asly, = 0:3568,T,y, = 0:3599,Tyx = 0:1104, andT,, = 0:3568. The two
transmission matrices demonstrate the asymmetric transmissiofithe structure,
sinceT,y, and Tyx values are not equal for the £ and =z cases. Figure3.1(a)
shows the calculated polarization angle of the transmitted wave, ing Eq. 3.17,
due to incident waves linearly polarized from Oto 360 and propagating in the

z and +z directions. The corresponding polarization rotation calculated usgn
Eq. 3.18is presented in Fig.3.1Qb).

As it is apparent in Fig. 3.10@a), at several angles, z and +z propagating
waves are transmitted symmetrically, with the same polarization. Heating
given by Eq. 3.17for the above-mentioned transmission matrices, we obtain the
following transcendental equation to calculate these angles:

0:3599cos +0:3568sin ;1 0:1104cos +0:3568sin

03568c08 +0:1104si1 2 0:3568c08  0.3599 sirl
(3.19)

Numerical solution for Eq. 3.19yields ' = 35:3, 1253, 2153, and 3053 .
Figure 3.1Qb) presents as a function of , which is calculated using Eqs3.17
and 3.18

tan !
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Figure 3.11: Directions of the induced surface currents due iepolarized plane
waves propagating in the z and +z directions at 6.2 GHz.

It is seen that the proposed CMM is reciprocal, i.e., it shows the samefor
the waves propagating in the z and +z directions, which are linearly polarized
at the angles those are being equal to the solutions of E®.19 In turn, for
polarization angles, which do not satisfy Eq3.19 the transmission is asymmetric,
i.e., di erent for waves propagating in the z and +z directions. In both cases,
linearly polarized waves are eigenwaves for both directions.

3.3.5 Surface Currents

In order to explain the asymmetric transmission, we investigated & induced
surface currents at 6.2 GHz, when the CMM is excited by-polarized waves
propagating in the z and +z directions. The simulation results indicate that
the directions of the induced surface currents are identical forokth excitations.
The directions of the surface currents are shown in Fig.11

As the next step, we have simulated a single SRR pair, where one SRR is
rotated by 90 with respect to the other. We observed that coupling from the
X polarization to the y polarization decreases when the electric eld vector of
the incident wave is parallel to the slit of the SRR that is closer to theaurce.
However, rotating the pair by 90, while keeping the electric eld vector direction
constant, does not change the transmission of the polarization. In the case
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where each SRR pair has the same dimensions, rotation does nota #he trans-
mission coe cients. In the asymmetric case, rotation decreasesupling from x
polarization to y-polarization, whereas the transmission of th&-polarization is
not changed. When the structure is rotated, smaller SRR pairs amot at the
resonance since their resonance frequencies are larger. In addjtaccording to
the simulation results, larger SRR pairs begin to produce legolarization com-
pared to the previous case. Thus, illuminating the structure by ax-polarized
wave is not equivalent to illumination by ay-polarized wave. It should also be
denoted that due to the geometry of the CMM, illuminating the struture by a
y-polarized wave propagating in the z direction is equivalent to illuminating it
by an x-polarized wave propagating in the & direction. Hence, as a result of dif-
ferent transmission coe cients for thex andy polarized waves, the transmission
of the structure is asymmetric.

3.4 Diodelike Asymmetric Transmission

This section is reprinted with permission from 121. Copyright 2012 by the
American Physical Society.

Simultaneous breaking of time reversal and spatial inversion symtries has
been considered as necessary for nonreciprocal transmissiondlumetric struc-
tures, enabling the obtaining ofw(k) 6 w( k) while involving anisotropic con-
stituents [122 123. The possibility of nonreciprocal light propagation owing to
the symmetry of the parity-time operator has also been studiedpf example, in
two-channel structures with a properly chosen symmetry of theomplex refrac-
tive index [124. At the same time, there were attempts to achieve asymmetric
but still reciprocal transmission while using conventional isotropiclinear and
low-loss/lossless materials. Among them, the asymmetric transmiss of lin-
early polarized waves in di ractive nonsymmetrical volumetric gratigs based on
photonic [54] and sonic §2] crystals, or made of ultralow-index materials 125,
and in nonsymmetrical metallic gratings supporting surface plasmer{113 129
should be mentioned. The asymmetric transmission of circularly polaed waves
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has been demonstrated at normal incidence in thin structures cmosed of meta-
atoms [115117,127. A thin structure composed of three-dimensional meta-atoms
without any rotational symmetry has been suggested that allowssgmmetric
transmission for an arbitrary, also linear, polarization of the inciderelectromag-
netic wave [L14.

In this section, we propose a new, ultrathin, three-layer structe made of
isotropic and linear materials, which enables a diode-like asymmetri@amsmission
of certain linearly polarized, normally incident waves. Nearly total tansmission is
demonstrated in cross-polarization regime in one direction, while thi@nsmission
in the opposite direction at the same polarization of the incident waves blocked.
Possible applications include microwave and optical isolation, integed photonic
circuits, ultrafast information processing, and optical interconects [L12§. To
our knowledge, diodelike asymmetric transmission of linearly polarizedhves at
normal incidence has not been observed before. In fact, it reqesrthe diagonal
components and one of the o -diagonal components of the Jonesatrix to be
zero, while the only non-zero element must be approximately unity fonaximum
e ciency. These requirements are not easily achievable, also in a dhlistructure,
without the support of additional physical mechanisms, in our cagée utilization
of elliptical eigenstates and the tunneling of electromagnetic waves

3.4.1 General Idea

The exploited physical mechanism is based on the combination of theupling
of electric and magnetic elds in mutually rotated split ring resonator(SRR)
pairs [L29 and electromagnetic wave tunneling through a metallic subwavelethg
mesh [L3(0. Tunneling is an exciting phenomenon that utilizes the potential of
nonpropagating waves in transmission. Unlike the previous exper@nof utilizing
the tunneling e ect [13(, we perform an ABC stacking type instead of an ABA
type. Layers A and C are, in fact, the same layers which are rotatdy =2 with
respect to each other. Layer B is a subwavelength mesh that a@s a negative
permittivity medium throughout the interested frequency range idependent of
the polarization. Because of the inclusion of layer B, the phase di ence between
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the transmission coe cients of the eigenwaves of the ABC stack ngeébe properly
optimized, yielding a strong modi cation in the transmission, i.e. enhatement of
one of the two o -diagonal (cross-polarized) components of tl®nes matrix (Tyy )

and suppression of all the othersTy,, Ty, Tyy). As a result, strongly asymmet-
ric, diode-like transmission takes place for the incident waves thate linearly
polarized in the x or y directions. Similar to Refs. 114117 127, asymmetric
transmission in the suggested structure is a completely reciproqgaienomenon.

One of the main ideas behind the proposed design is choosing two lay&rhich
do not exhibit C, symmetry, as Layer A and C. In addition, these layers must
be chosen such that they exhibit strong optical activity when broght together.
Accordingly, we choose the separate layers of the metamaterittusture given in
Ref. [L09 as Layer A and C.

Adopting the Jones matrix formalism, we relate the electric eld ampliides
of incident (I, 1y) and transmitted (Tx, Ty) elds [114, for the +z (forward)
propagation as follows:

I | ! ! !

Tf Tf Tf ' | f [ f
e S : (320
Ty TyX Tyy Iy Iy
Then, for the z (backward) propagation, we have
! ! !
Tb I b
= < (3.21)
Ty ly

According to Egs. 3.20and 3.21, if I = I = 0 (x-polarized incident wave) and
= 0, all transmitted energy corresponds to the nondiagonal (ces-polarized)
elements, leading to a strongly asymmetric transmission if these elents are sig-
ni cantly di erent in magnitude. Diodelike asymmetric transmission al occurs
whenl! = 1P =0. However, in this case, the direction of the strong transmission
should be reversed. Next, we will demonstrate that almost all the andent wave
energy can be converted to that of the cross-polarized transnatl wave for one
of the incidence directions, while it is largely re ected for the opposgtdirection,
so that a diodelike behavior occurs. In the ideal case, one must alst =1 and
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Figure 3.12: Geometries of (a) layer A and (b) layer C. (c) Arrangeemt of A
and C with respect to each other along with the mesh geometry ante stacking
scheme.

= 0. For the purposes of this study, we seek for the regimes with 1 and

3.4.2 Method

The unit cell of the proposed structure that is assumed to be peda in the
transverse plane is depicted in Fig3.12 It is composed of three distinct layers
that are referred to as Layer A, B and C. Fig.3.12a) and 3.12b) shows Layer A
and Layer C, respectively. They both contain four U-shaped SRRsd show the
lack of C, symmetry due to the involvement of the SRRs of di erent dimensions
The arrangement of layers A and C, and the scheme of stacking gmesented in
Fig. 3.12c) together with the geometry of Layer B. In the arrangement oA and
C, the SRRs of the same dimensions are paired together. Layer B issgioned
symmetrically between A and C. The geometric parameters for LayB are given
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by w=0:5 mm andp = 2:56 mm. The geometric parameters of both layers A
and C are given bys; = 6 mm, a; = 4:6 mm, s, = 5:52 mm, a, = 4:23 mm,
d=0:64 mm,t =1 mmanda, = a, = 12:8 mm. Te on dielectric substrates with
a relative dielectric permittivity of 2.1 and a loss tangent of 0.0002 andilized for
the layers A and C. Layer B is considered to be a stand-alone metallicucture
with a thickness of 20 m. The metal utilized for the structure of the SRRs and
the mesh is copper with a 20 m thickness. The total thickness of the structure
is 2.06 mm, which corresponds to/21 at 7 GHz while a,= 0:3.

We started the analysis with numerical simulations using CST MicrowavStu-
dio (Computer Simulation Technology, AG, Germany), by using periad bound-
ary conditions along thex andy directions and an open boundary condition for
the z direction, while the excitation source is ax-polarized plane wave. Then, in
order to experimentally verify the diodelike transmission, we fabri¢ad the struc-
ture with the dimension of 23 by 23 unit cells. The experiment was couadted
using two standard horn antennas facing each other at a 50 cm diste. The
sample is positioned in the middle between the antennas. The transsi@n coe -
cient measurements are performed using an HP-8510C networlabizer (Agilent
Technologies, USA). For the experimental characterization of ¢éhstructure, the
transmitted elds for the forward and backward propagating inciént waves are
studied in terms of the transmission coe cientsT,, and Tyy.

3.4.3 Results and Discussion

As the rst step, we studied the responses of the single layers, B, and C.
Figures 3.13a) and 3.13b) show jTy]j and jT,j, respectively. We see in Fig.
3.13a) that Layer A is resonant at 7.7 GHz whereas the resonance dresncy is

7 GHz for Layer C. Field distributions (not shown) reveal that at the resonance
frequency, the responses of the layers are governed by the SRRat have slits
parallel to the direction of the electric eld. In the case of Layer Csuch SRRs
are larger which implies that their resonance frequency is lower. Figu3.13b)
shows that thejT,,j values of layers A and C show maxima at around 8.5 GHz.
However,jTy«j does not exceed 0.06, indicating that the coupling between electric
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Figure 3.13: T, for (a) separate and (c) double layers, angll,,j for the same
(b) separate and (d) double layers.

and magnetic elds in the transverse plane is relatively weak. The shhdi erence
in jTyxj values for layers A and C is caused by the weak symmetry breaking of
the substrate [L31].

The numerical results of the AB and CB cases are presented in Fig.13c)
for jTxJ and in Fig. 3.13d) for jTyxj. Using Fig. 3.13c), we observe transmission
bands at 6.2 GHz and 7 GHz for the AB and CB cases, respectively. Mover, the
frequencies of zero transmissions are not modi ed by adding Lay®r Noting that
jTyxJ is negligible compared tgT,yj in these cases, we can approximately model
the transmission of AB and CB utilizing the transfer matrix method (TMM),
while assuming the eigenwaves to be linearly polarized, i.e., similarly to Ref
[137. Using the e ective medium theory (EMT), for x-polarized incident waves,
we characterize the separate layers as homogenous dielectric slalith 5 =
5:67 + 252=(7:78 f?), g =3:65 557°=f2, and ¢ = 6:33 +2865(7> f?)
wheref is the frequency in GHz. The e ective thickness required to reprade
the simulated magnitude and phase values is 1.22 mm for layers A and &\d
1.5 mm for layer B. The results obtained from the TMM calculations arshown
in Fig. 3.13c) and are in excellent agreement with the simulations. At the
same time, we observe a peak at 7 GHz f¢f,yj; see Fig. 3.13d). In order
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Figure 3.14: Numerical and experimental transmission spectra fitre ABS stack,
for x-polarized (a), (b) forward and (c), (d) backward propagating \aves; (e), (f)
numerical and experimental asymmetry factor.

to theoretically describejTyxj using EMT, one should determine the elliptically
polarized eigenwaves for layers A and C and retrieve the e ective qosittivity for
each eigenwave. Afterwards, TMM calculations should again be pemned.

Thereafter, we simulated the composite structure with ABC stackg-type.
The numerical results reveal that increasing the distance betwed¢he layers de-
creasegT,y] as a result of the decreased evanescent-wave coupling. Thusg on
should not leave any air gaps. The numerical and experimental rdisuthat
demonstrate the diodelike asymmetric transmission phenomenoneashown in
Fig. 3.14 According to these results, the frequency of the diodelike tramsssion
is 7 GHz. In Fig. 3.14c), it is observed that jT,xj approaches unity for the
backward propagating waves, whereg3,yj is close to zero for both propagation
directions. In turn, Fig. 3.14a) shows that only 10% of the incident eld is
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transmitted when the structure is excited by a forward propagatg wave. To
be exact, [Ty | is approximately 0.03, andjTyj is 0.1 and 0.98 for the forward
and backward propagating waves, respectively. These paranmst@rovide 1.09%
intensity transmission for the forward propagation and 96.1% intesity transmis-
sion for the backward propagation. These values correspond taetcontrast of 88
(19.5 dB), which is obtained as the ratio of the two transmitted interities. For
the backward propagation, the magnetic eld distribution inside thecomposite
structure (not shown) that is similar to the one given in Ref. 13Q reveals the
occurrence of the electromagnetic tunneling due to the high madite elds (see
Fig. 2 in Ref. [L3(). The transmission of the composite ABC structure can also
be modeled using EMT as we have done for the AB and CB cases. Hosvein the
composite case, the eigenwaves are elliptically polarized, so that sicgmt e ort

is needed to accurately apply the EMT framework. Instead, subgeently, we will
describe the behavior of the structure in terms of the eigenstateterpretation.

According to Fig. 3.14 the experiment results are in good agreement with
the numerical results, except for a slight shift of the frequencyfdhe maximal
asymmetry (7.1 GHz). The possible reasons for this shift can includg the
di erence of the e ective permittivity of the Te on substrate fro m the simulations,
(i) the small di erences in substrate and metal thicknesses, andiij the nite
size e ects. Experimental data show thafTyj = 0:141 and|T.j = 0:171 for a
forward propagating wave. These transmission coe cients yield 499 intensity
transmission at 7.1 GHz. On the other hand, for the backward premation,
we obtain that jTyj = 0:112, whereagT.] = 0:974, which corresponds to 96%
intensity transmission. Hence, the experimental contrast is 19.63 dB).

In this context, the asymmetry factoris de ned asjT5j? + jTj? | T)j?
jT;XjZ. We demonstrate the asymmetry factor of the structure for am-polarized
incident wave numerically and experimentally in Figs.3.14e) and 3.14f), re-
spectively. In particular, one can see two peaks of the asymmetfgictor that
are positioned at 6.3 GHz and 7 GHz. Such behavior is quite expectabibile
these two frequencies correspond to the transmission peaksjBfj, where the
transmitted intensity di erence is maximized as a result of increasingi erence
between the forward and backwardT,,j values. The simulation results state a
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0.45 and 0.95 asymmetry factor at 6.3 GHz and 7 GHz, respectivelyxferimen-
tal results show great agreement in terms of the asymmetry fawt which is now
of 0.38 at 6.3 GHz and 0.91 at 7.1 GHz. The direction of diodelike transrsign
is reversed for ay-polarized wave as is obvious from Eqgs3.20and 3.21 The
asymmetry factor is strongly dependent on the incident polarizatoand has its
maximum for the x- and y-polarized waves. On the other hand, the asymme-
try factor is zero for an incident wave that is linearly polarized at 45 meaning
complete symmetry in transmission.

3.4.4 Eigenstate Interpretation

For the achievement of diode-like asymmetric transmission, the Jes matrix
descriptions in Egs.3.20and 3.21state that Ty, = Ty, = Tyy =0and Tyy = 1
must be achieved for backward propagation. However, using theegent ABC-
type stacking approach, the transmission matrix for backward ppagation is
achieved as !

T= : (3.22)

where = 0:1. As it will be demonstrated subsequently, does not a ect the
magnitudes of the transmission coe cients and therefore, its vakiis not explicitly
given. Afterwards, the eigenwaves of the ABC structure are fod as P§|

! !
1 _ 1

i1 = 12g = 2 ;= 12g = 2 ; (3.23)
The eigenstates are orthogonal and counter-rotating elliptically gdarized waves.
We can de ne the transmitted waves adi; and T,i, wheni; and i, are incident
on the structure, respectively. HereT; and T, are complex transmission coe -
cients for the eigenwaves. Next, by decomposing arpolarized incident eld in
terms of the eigenwaves of the system, we obtain

! !
1 1, L (1=2)(T1 + To) .
T 0 = E(Tlll + Tzlz) = ( 1=2:2)e = Z(Tl T2) . (324)
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Thus, for the purpose of achievingT,j = 0, we needT, = T;. In other
words, the two counter-rotating eigenwaves must be transmittewith a phase
di erence of . At this point, the phase di erence is a critical parameter. The
subwavelength mesh in the structure acts as a necessary degreé&reedom that
enables the obtaining of the desired phase di erence between thaarismitted
eigenwaves. ThenjTyj is found as '™%jT;j and equal tounity at 7 GHz and,
therefore, for this frequency,jT;j = jT,j = 0:316. Electromagnetic tunneling
becomes evident as a result of the constructive interference tikettransmitted
eigenwaves in they direction. Next, we decompose §-polarized incident wave
in terms of the eigenwaves as follows:

! !
0 =2 P ad= 22T, T

T L = W(Tﬂl Taip) = (1=2)(T, + T») : (3.25)
In that case, jT,yj is equal to zero at 7 GHz. On the other hand;Tyyj is given
by 1¥jTij and equal to 0.1. Moreover, the ratio betweejiT,xj and jT,yj is found
as !, as was expected from Eq.3.22 Note that, due to Lorentz reciprocity
TS = T,,. Therefore, we conclude that the presented diodelike asymmetric
transmission originates from the common e ect of the two countemotating el-
liptically polarized eigenwaves that are transmitted through the sticture with a
phase dierence of . The phase dierence is of crucial importance since it de-
termines the magnitudes of the co- and cross-polarized transmiss One should
choose the eigenwaves such that the magnitude of their compohatong the y-
direction ( ¥?) should be as large as possible for maximizing the transmission
asymmetry. The calculations based on the Jones matrix formalismvesal that,
if 1 is achieved, any structure exhibiting the transmission of the elliptaly
polarized eigenstates with a phase di erence of would exhibit diodelike asym-
metric transmission. It is noteworthy that the modi cation of the mesh thickness
can decrease the asymmetry factor signi cantly as a consequenaf modifying
the phase di erence between the transmitted eigenstates.
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Chapter 4

Circular Polarizer Design based
on High-Contrast Gratings

4.1 Introduction

Due to exhibiting broadband and di raction-free high re ectivity regimes, high-
contrast gratings (HCGs) have attracted numerous researatse[6, 7]. This advan-
tageous high-re ectivity property can be utilized in at re ection lenses 132133,
vertical cavity surface emitting lasers 134, broadband polarization independent
re ectors [135, polarizing beam splitters 134, ultra low loss hollow core waveg-
uides [L37, beam steering deviceslBg and optical diode-like devicesq7]. In
addition, by means of the ease in the fabrication steps and the geeimcal de-
sign exibility, HCGs can be seen as good candidates for construagircompact
optical devices. Furthermore, the theoretical analysis of the bamy HCGs are
rather easier than the complex periodic electromagnetic structes like photonic
crystals and metamaterials because of the simpler periodic consgénis of the
HCG structures.

In this chapter, we propose a novel broadband circular polarizeesign based
on binary HCGs. The numerical and theoretical analysis of the prased device
is investigated for a stand-alone structure. Additionally, a more @distic design
on a substrate is proposed and the experimental veri cation of # proposed

94



circular polarization generation operation is performed around the&avelength of
=1:55m .

The circular polarization generation mechanism can be realized by apizing
the complex transmission coe cients under the transverse magte (TM) and
transverse electric (TE) polarized wave illumination. For the theott&cal investi-
gation purposes, the conditions for the unit transmittances in bt polarizations
are analytically calculated and the phase components for both poization are
compared. The unity transmission for both polarizations and the @se di er-
ence of 90 between the polarizations are required for the generation of cidem
polarization. Further, as it mentioned in the previous section, theidection of the
linearly polarized wave determines the handedness type of the gexted circular
polarization.

4.2 Theoretical and Numerical Investigations of
the Proposed Structure

This section is reprinted with permission from 139. Copyright 2012 by the
Optical Society of America.

As shown in Fig. 4.1, the proposed design consists of periodic two dimensional
binary HCGs which are assumed as in nitely long in the/-direction. Except the
ridges in Region Il are lled with high index material (Si), the materials br other
regions and the grooves in Region Il are selected as Si®egion Il can be seen
as the substrate and the reason behind the usage of the same ena with other
regions except the high index region can be explained as the purpo$achieving
unity transmission by eliminating any impedance matching concerns. uRher,
for the purpose of achieving the in nite medium e ects for practichapplications,
regions | and Ill can be constructed by antire ective coatings ah su ciently
thick SiO, substrate, respectively.

In adopting the theoretical analysis given in Ref.1[4Q, the condition for the
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unit transmittance of a TM polarized incident wave can be written as follows:

X Z
i (am ay) b hy, ()dx=1; (4.1)

m 0

where a, and a,, are the coe cients of the +z and z propagating eld com-

ponents of them™ waveguide mode, respectively, anldi?;m represents the lateral
magnetic eld distribution inside region Il. The condition given in Eq. @.1) im-

plies that the magnitude of the sum of the transmission coe cientsdr each mode
should add up to unity. It is noteworthy that the obtaining of identical phases
for the transmission coe cients of the individual modes is not a requement.

Bene ting from the duality, the unit transmittance condition for TE waves can
be written by replacing hl?,, in Eq. (4.1) with h, .

y;m

In order to enable the obtaining of a structure that acts as a cirdar polarizer
for linearly polarized incident plane waves with a polarization angle of 4, Eq.
(4.2 must be simultaneously satis ed for both TM and TE waves. Furthemore,
the phase di erence between the TM and TE transmission coe ciergs must be

= 2. This phase condition implies the following equation:

! !
X X
\ HgwA™ HinA™® = =2 (4.2)

m m

whereA = (an a,) and H is given as follows:

z
Hom = 1 hi,(0dx: (4.3)

0
In the calculation of Hgf,, hi in Eq. (4.3) should be replaced byhl?, .. Further-
more, one can show that the longitudinal wavenumber inside the dgiag region,

m, IS given by

2=(2ng=0)° Kn=Qnpa=0)? K (4.4)
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where j is the free-space wavelength arky., and k.., are the lateral wavenum-
bers of them™ waveguide mode inside the grooves and the ridges, respectively.
The dispersion relation betweerky and k, for TM waves is given as follows:

NpaKem tan (ke 1=2) = Ny %kgm tan (Kgmg=2): (4.5)
For TE waves, the dispersion relation is given by

Kem tan (Kem r=2) = Kg;m tan (kgmg=2): (4.6)

Figure 4.1: Geometrical description of the HCG circular polarizer. Té blue
regions indicate the presence of Si, whereas the white regions &i@..

As a result of the di erent dispersion relations, the longitudinal andateral
wavenumbers of the TM and TE modes can be di erent. At this pointwe invoke
a two-mode approximation such that the allowed values aoh are 0 and 1. The
correspondingKg, k;, and  values for a certainhg, r, g, and geometrical param-
eter set can be determined by the simultaneous solution of Eqst.4) and (4.5
for TM waves and Egs. £.4) and (4.6) for TE waves. The wavelength of interest
( o) is selected as 55 m. npy and ngy are set to 348 and 147, respectively,
which correspond to the refractive indices of Si and S@t this frequency. There-
after, with the usage of a custom parametric optimization code, ehgeometrical
parameters that satisfy Egs. 4.1) (for TM and TE waves simultaneously) and
(4.2) are obtained asr = 160 nm, g =220 nm, =380 nm, and hg =550 nm.

According to the given geometrical parameters, for TM waves, ¢hlateral
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wavenumbers inside region Il are calculated d§, = 4:2= 2, ki, = 19:43= 2
and kg, = 31:3= 2 k7, =54:9= 2. In a waveguide, the mode cut-o corresponds
to ., =0 and accordingly, in this system, the mode cut-o condition, whichis
derived from Eq. @.4), is given byk? = (nbarzng)2 kg. For larger k;, the resulting

m values are negative, which implies that the corresponding waveguidede
is exponentially decaying in the propagation direction (z). Thus, the rst TM
mode is a propagating waveguide mode, whereas the second oneesponds to
an exponentially decaying mode.

By performing a similar analysis for TE waves, the lateral wavenumbginside
the grating region are obtained akj, = 131= 2 k7, = 10:48= ? and kj, =
30:2= 2, kZ, = 53:8= 2. The lateral wavenumbers in the TE case again imply
that the rst mode and the second mode are propagating and evascent modes,
respectively.

The longitudinal wavenumber of then™ order di racted wave in transmission
and re ection is denoted by , anddenedas 2=(2 ng)* ,2 n? 2 :Since
o= =4 :1in the proposed design, only the' di raction order is propagating,
whereas all of the higher orders are evanescent, which results lre tfact that the
re ected and transmitted waves are plane waves propagating ine¢h z and +z
directions, respectively.

Figure 4.2: The normalized magnetic eld distributions at o = 1:55 m inside
region Il, (a) jHyj5Hoj and (b) jHxjgHoj for TM and TE waves, respectively.
The distributions are obtained under the two-mode approximationGrooves and
ridges are separated by the white dashed lines and denoted by G dRdrespec-
tively.

The magnitudes of the corresponding eld transmission coe cientare cal-
culated for the TM and TE cases as 988 and 0936, respectively. The phase
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di erence between these two coe cients is de ned a$ Tty \ Tte and its value
is obtained as 92, which is desired for the obtaining of a circularly polarized
wave at the output interface. Accordingly, it can be deduced thaa circularly
polarized wave should be transmitted if the structure is illuminated bya plane
wave that is linearly polarized at an angle of=4, meaning that the electric eld
components that correspond to the TE and TM polarizations havegeial magni-
tudes and are also in-phase. The magnetic eld distributions inside ¢hregion Il
obtained under the two-mode approximation for TM and TE waves & shown in
Fig. 4.2 The unequal lateral and longitudinal wavenumbers for the TE andM
modes, which also lead to unequal,, and a,, values along with unequah{;‘;m and
hin . distributions, result in signi cantly dierent eld distributions inside t he
periodic waveguide. For the further details of the calculation of theransmission
coe cients and the eld distributions, one can refer to Ref. L4Q, which provides
a detailed theoretical analysis for vertical binary gratings.

In order to verify the validity of the results obtained via the theord¢ical model,
we employ the Rigorous Coupled Wave Analysis (RCWA)1f1]. Using this
method, between the free space wavelengths of in and 35 m, the magni-
tudes of the TM and TE transmission coe cients and their phase di gence are
determined and these results are shown in Figh.3

~
/

Figure 4.3: (@) Field transmission coe cients for TM and TE waves andb) the
phase di erence between the transmission coe cients.

Thereatfter, the circular conversion coe cients, which indicate tle amplitudes
of the right-hand circularly polarized (RCP, +) and left-hand circulaly polarized
(LCP, ) waves at the output interface, for an incident wave that is linearly
polarized at an angle of =4 in the xy-plane can be calculated with a simple
transformation from the linear base to the circularbase & =0:5(Try  iTTg)
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[147. At this point, we de ne a conversion e ciency in order to characteize the
performance of the proposed structure, which is denoted B and can be given
as follows: c2 i
1S+ ) J
C s . 4.7
In order to incorporate the e ects arising due to the material disprsion of
Si and SiGQ, we perform Finite-Di erence Time-Domain (FDTD) simulations
using FDTD Solutions (Lumerical, Inc.), where the refractive index dta given
in Ref. [143 is utilized. Figure 4.4 shows the circular conversion coe cients
obtained from the RCWA along with the conversion e ciencies calculad using

the RCWA and FDTD methods.

Figure 4.4: (a) Circular conversion coe cients obtained using the R@/A and (b)
the conversion e ciencies obtained from the RCWA and FDTD. The waelength
range for the FDTD result satisfying the 09 e ciency threshold is denoted by

The RCWA method suggests that a conversion e ciency that is largethan
0:9 is achieved between the wavelengths of36 m and 236 m. According to
the FDTD results, where the material dispersion is taken into accoii properly,
the 0:9 threshold is achieved between:4 m and 236 m. As a consequence of
the strongly pronounced material dispersion e ects for Si for walengths smaller
than 1:5 m, a slightly narrower bandwidth is achieved. If the percent bandwit
is de ned as follows 144

= 1
BW% = 200%-"—L- —

h= L +1’ (4.8)

where  and | are the higher and lower corner wavelengths, respectively, a
BW% of 54% and 51% is achieved using the RCWA and FDTD methods, pesc-
tively. Despite causing an observable modi cation in the conversionagency

100



spectrum, the involvement of the material dispersion e ects doe®t signi cantly
modify the percent bandwidth, which shows that the proposed sicture in the
present study can be practically realizable.

4.3 Experimental Veri cation

This section is reprinted with permission from 145. Copyright 2012 by the
Optical Society of America.

In a recent study, we have shown that a two-dimensional HCG stcture with
optimized geometrical parameters can be utilized for implementing adadband
circular polarizer [L39. The optimized geometrical parameters have been sug-
gested by bene ting from the periodic dielectric slab waveguide intpretation,
which is studied rigorously in L40. The spectral transmission results obtained
from the rigorous coupled-wave analysisl§1] and nite-di erence time-domain
(FDTD) simulations (FDTD Solutions, Lumerical Inc.) have suggesté that an
operation percent bandwidth of 54% and 51% can be achieved, respvely, un-
der the assumption that the proposed structure is said to be withithe operation
regime if the conversion e ciency exceeds 0.9. For the sake of maxaimg the
operation bandwidth in this theoretical study, the material that isemployed out-
side the grating region as well as in the grooves between the silicoatgrgs has
been assumed to be silicon dioxide.

4.3.1 Proposed Geometry

In this paper, we study the potential of the experimental realizabn and charac-
terization of an HCG based broadband quarter-wave plate that cabe designed
by following the methodology given in 139. By considering the potential chal-
lenges in the fabrication stage and evaluating the limitations of the g&es used
in the nanofabrication processes, without sacri cing signi cantly fom the band-
width, we decided to design an HCG structure with sapphire substi@and silicon

101



Figure 4.5: lllustration of the proposed quarter-wave plate geortrg. The dashed
square box on the left denotes one period. The geometrical paratiers are given
by r = 220 nm, g = 350 nm, hg = 320 nm, and = 570 nm. In the theoreti-
cal and numerical consideration, for the sake of simplicity, regiorisand Il are
assumed to be innite in the z and +z directions, respectively. The materi-
als constituting region Il and the ridges in region Il are sapphire ahsilicon,
respectively, whereas region | is free-spacmng, N, and ng represent the refrac-
tive indices of free-space, silicon, and sapphire, respectiveGrating direction is
de ned such that it corresponds to they direction.

gratings, where the grooves between the gratings are free-spas well as the re-
gion that the wave is incident onto the structure from. The propasd geometry
is depicted in Fig. 4.5 The polarization states are de ned such that a plane
wave is transverse electric (TE) and transverse magnetic (TM) parized if the
magnetic eld is in the x and y directions, respectively, where the incident wave
propagates in the +z direction.

In the present study, a theoretical solution of the speci c HCG dagn prob-
lem is not provided due to the fact that the solution is fundamentally he same
as the ones given in139 140. However, we make a remark on the di erence
of this problem compared to the previously mentioned studies. As &sult of
the selection of di erent materials for lling regions | and lll, i.e., free-space and
sapphire, respectively, the wavenumbers of the zeroth re ecticand transmission
orders are expected to be di erent. The wavenumber of the zeélore ection order
is equal toky and given by ¢; =2 ,*, whereas the wavenumber of the zeroth
transmission order is equal tmsk, and, therefore, given by ¢y =2 ns . This
discrepancy results in unequal lateral magnetic eld distributions imegions | and
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Il [denoted by H'(x;z 6 tg) and H"' (x;z > 0) in [140, respectively]. There-
fore, ensuring the utilization of the correct lateral distributions vhile matching
the boundary conditions atz = hg and z = 0 is of crucial importance and
requires special attention.

The optimized HCG design is achieved with the aid of the theoretical kwau-
lations and the rigorous coupled-wave analysis for vertical binaryafings [141].
The utilized geometrical parameters are provided in the caption ofi§. 4.5 Sub-
sequently, FDTD simulations (FDTD Solutions, Lumerical Inc.) are run in order
to numerically characterize the transmission of the proposed HCGrscture for
TM and TE waves, while taking the e ects arising because of the matel disper-
sion into account, i.e., dependence of; and ng on the wavelength of the incident
light. In the simulations, the refractive index data given in 143 is employed
for ng and ng. The two-dimensional simulations are constructed such that the
periodic boundary condition is employed along th& direction, whereas the per-
fectly matched layer (PML) boundary condition is adopted along the direction.
The sapphire substrate is assumed to be extending to in nity in the # direction
for the purpose of avoiding the oscillations in the transmission spegi that
originate because of the Fabry-Perot modes created within a stitade of a nite
thickness. Moreover, as a result of the typical short coherentength of broad-
band light sources, such an e ect is not expected to be visible in thepgerimental
results, unless a substrate with a thickness that is comparable tbe operation
wavelength is employed.

4.3.2 Numerical Results

The numerically obtained normalized transmitted intensities for the &G for
normally incident TM and TE waves (Trvj? and jTgj?, respectively) are
shown in Fig. 4.6@). The proposed HCG geometry is optimized such that,
in the close neighborhood of = 1:55 m, the conditions Ty 'J Trgj and
\ (Trm) \ (Tyg) ' =2 are satis ed simultaneously, which result in the trans-
mission of a right-hand circularly polarized (RCP, +) and left-hand cicularly
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polarized (LCP, ) wave assuming that the structure is illuminated by a nor-
mally incident plane wave that is linearly polarized with a polarization plane
angle of 45 and 45 with respect to the x-axis on the xy-plane, respectively.

The circular conversion coe cients for 45 polarization angle are subsequently
calculated by C = 0:5(Trm iTte) [149 and shown in Fig. 4.6(b). Obvi-

ously, Try and Ttg are complex numbers, which carry the phase information
besides the magnitude. However, in the present experimental dil the phases

n

Figure 4.6: Numerical (a) TM and TE transmitted intensities, (b) ciraular con-
version coe cients, and (c) conversion e ciency spectrum obtaied via FDTD
simulations. The wavelength interval of operation is denoted by . The numer-
ical conversion e ciency spectrum yields a percent bandwidth of 42.

of the numerical transmission coe cients are not explicitly given, sioe the phase
information is not required for the obtaining of the experimental caversion coef-
cients. Instead, as it will be evident subsequently, these coe ciets can directly
be measured by the utilization of a linear polarizer and a quarter-wavplate.
Finally, the conversion e ciency, which is shown in Fig. 4.6(c), is calculated as

follows [139:

_ G2 jC
iC.i2+iC =

At this point, we impose a condition onC, such that the proposed structure

is said to be in the operation regime iC, 0:9 is satis ed. This condition

implies that, at the output interface, the intensity of the RCP waveshould be, at

least, 128 dB larger than that of the LCP wave. The numerical results sugge

Ce (4.9)
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that the C. condition is satis ed between o = 1:24 m and 190 m, which
corresponds to a percent bandwidth of 42%, if the percent banaith is de ned

as follows [L44:

= 1
BW% = 200%-~— - =
=L +1

(4.10)
where y and | represent the higher and lower corners of the operation band,
respectively. It is noteworthy that in the case of illumination by a plae wave

with a polarization plane angle of 45, C. and C would simply be swapped.

In addition to the conversion e ciency interpretation, one can de ne the con-
version characteristics of the proposed design by calculating thiipicity spec-
trum for transmitted waves. Under the assumption that the HCG idlluminated
by a normally incident plane wave with a polarization plane angle of 45, the
ellipticity, , can be calculated as follows[:
iCijj Cj

—arctan ———
JICij+]C |

(4.11)
By combining (4.9 and (4.11), can simply be calculated from theC, spectrum

as follows: I

P -
=arctan p (1+Ce)=(t C) 1 (4.12)
(1+Ce)=(1 Ce)+1

Using (4.12, it can be shown that a conversion e ciency of 0.9 corresponds to
= 32 . Finally, due to the one-to-one correspondence betweerand C, , only

Figure 4.7: (a) Zoomed out and (b) zoomed in top view SEM micrographof
the fabricated HCG structure. In (b), the legends V1, V2, and V3lenote the
geometrical parameterg, r, and , respectively.
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the Ce spectrum is provided in the present study.

4.3.3 Fabrication

The grating structure is fabricated onto a silicon-on-sapphire (S& wafer with a
100 mm diameter, which is purchased from Valley Design Corporatioithe wafer
consists of a 600 60 nm thick < 100> silicon layer that is grown epitaxially
on a 053 0:05 mm thick R-plane sapphire. Firstly, the SOS wafer is diced
into square shaped chips with the dimension of 6 mm by 6 mm. The fabaitton
process starts with the reduction of the thickness of the silicon layto 320 nm by
means of the reactive ion etching (RIE) technique, while using sulfiiexa uoride
(SFs) as the etchant gas. Afterwards, polymethyl methacrylate (PNMA), which
is an electron beam sensitive photoresist, is spun onto the sampleibSequently,
the desired grating structure is patterned onto the SOS sample ing e-beam
lithography. Following the development operation of the PMMA, the nal step is
accomplished by etching the unexposed silicon regions using the RYstem. The
scanning electron microscope (SEM) micrographs of the fabricdt&lCG sample
are shown in Fig.4.7.

4.3.4 Experimental Setup

The outlines of the two experimental setups, which are construed for the mea-
surement of the linear transmission coe cients and the circular corrsion coe -

cients of the HCG sample, are illustrated in Fig4.8in detail. In the experiments,
the sample is illuminated by a broadband near-infrared (NIR) light soce (Spec-
tral Products, ASBN-W100-F-L) and, with the aid of standard conmercial NIR

objectives and an adjustable aperture (not shown in Fig4.8), the spot size of
the incident light is adjusted to be 50 m. The normalization of the transmitted
elds is performed with respect to a solely sapphire region that is ohined by
etching the silicon layer on the SOS chip.

In the rst measurement, which is illustrated in Fig. 4.8(a), the linear intensity
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Figure 4.8: Visual illustrations of the experimental setups that araitilized for
the measurement of (a) linear transmission coe cients and (b) citrdar conversion
coe cients. The arrows, which lie inside the HCG samples and point upavds,
denote the grating direction that is de ned in the caption of Fig.4.5.

transmission coe cients (jTtyj? and jTrgj?) are obtained by the utilization of
an adjustable linear polarizer (Thorlabs, DGL10) that is used for ebling the
illumination of the grating region with TM and TE polarized light. In the second
measurement, which is illustrated in Fig.4.8(b) and conducted with the purpose
of measuring the circular conversion coe cients, the grating regiois illuminated
by an RCP wave as a result of the employment of an adjustable lineaolarizer
(with its transmission axis making a 45 angle with the x  axis) followed by a
guarter-wave plate (Thorlabs, WPQO05M-1550) that is oriented sth that its fast
axis is along thex direction. At the far eld, the transmitted wave through the
grating region is passed through an adjustable linear polarizer thas oriented
such that its transmission axis makes angles of +4and 45 with respect to the
X axis. Afterwards, the intensities of the waves that are transmitd through the
linear polarizer are measured using the spectrometer (Ocean OptitNIR256-2.5)
in order to nd the square of the magnitudes of the RCP and LCP corersion
coe cients (jC.j2 andjC j?), respectively. By the utilization of the Jones matrix
formalism, it can easily be shown that by adjusting the linear polarizeto +45
and 45, jC,j? and jC j? can be measured directly, respectively. As a result
of the period of the proposed HCG structure being equal to 570 nnkDTD
simulations and experiments are conducted between the free-spavavelengths
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Figure 4.9: Experimentally obtained (a) TM and TE transmitted intensties,

(b) circular conversion coe cients, and (c) conversion e ciency pectrum. The

wavelength interval of operation is denoted by . The experimental conversion
e ciency spectrum yields a percent bandwidth of 33%.

of 12 mand 2 m with the purpose of avoiding the wavelengths for which the
HCG is diractive, i.e., o<ns.

The proposed HCG based quarter-wave plate can be combined witH&EG
based 144, a wire grid [L47], a thin- Im grating [ 14§, or a plasmonic 149 linear
polarizer for the purpose of implementing a compact circular polarize

4.3.5 Experimental Results

The linear intensity transmission and circular conversion coe cientgfor an inci-
dent wave with a polarization plane angle of 43, and the conversion e ciency
spectrum obtained from the experiments are shown in Figt.9. Conversion e -
ciency data given in Fig.4.9(c) suggests that the experimental lower and higher
corner wavelengths are obtained as =1:25 mand 4 =1:75 m. The usage
of Eq. 4.10results in an experimental percent bandwidth of 33%. In spite of
the achievement of a smaller percent bandwidth compared to the merical pre-
dictions, the experimental results exhibit a good agreement with ghnumerical
results shown in Fig.4.6.
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We conjecture that the most signi cant factors responsible fronthe discrep-
ancies between the numerical and experimental results are nigze e ect and
nite substrate thickness. Finite-size e ect originates from the sage of nite
number of periods and nite grating length in the experiments (in comadiction
with the two-dimensional periodic FDTD simulations, where the numbreof pe-
riods and the grating length are in nite) and possibly modi es the lateal and
longitudinal wavenumbers of the excited modes inside region Il anagditionally,
this e ect can result in di raction from the edges of the sample. Theutilization
of a substrate with a nite thickness can result in multiple back-re etions inside
the substrate, modifying the overall behavior of the corrugatedurface and, in
addition, Fresnel re ection from the back-side of the substratean also modify
the transmission characteristics of the sample.

In addition to the aforementioned e ects, the trapezoidal gratig pro le
achieved after the nal etch step and possible deviations of the geetric pa-
rameters of the fabricated sample from the design parametersncaonduce to
the discrepancies between the numerical and experimental resulFurthermore,
less signi cant e ects such as the employment of non-ideal opticalements, i.e.,
linear polarizer and quarter-wave plate, probable small deviation dghe actual
refractive indices from the ones adopted in the simulations, and huan related
errors while setting the polarizer transmission axis angle and the dagof inci-
dence might as well contribute to the deviations in the experimentaksults from
the numerical ones.
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Chapter 5

Conclusions

The aim of this thesis was to propose compact and highly e cient optal devices
utilizing periodic meta-structures such as photonic crystals, metaaterials and
high contrast gratings.

In Chapter 2, rstly, we propose a wavelength de-multiplexer desigbased on
concatenated photonic crystal waveguides, for which dielectridling factors are
varied in order to target the slow light region. The frequency seldetty of the
device originates from the light behavior in the vicinity of the slow light egime
due to the high leakage as a result of the wider spatial distribution dghe elec-
tromagnetic waves inside the main waveguide. The spatial selectiohd erent
wavelengths occurs within consecutive photonic crystal wavegeidsections and
we numerically and experimentally demonstrate the successful deHtiplexing of
three wavelengths in a compact manner.

The preliminary results of the demultiplexer (DEMUX) design employinghe
slow light phenomena are encouraging. However, the DEMUX desigancbe
further studied in order to obtain higher output power levels at edt output
channel and a linear spacing in de-multiplexed frequencies. Moreqwvesing the
proposed de-multiplexer design idea, slab dielectric PC structurestlwvair holes
in triangular lattice form can be a good candidate to create similar deses that
work at optical frequencies avoiding the power leakage in the z-diteon. In
addition, the length of each PCW can be optimized to create a more ropact
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design.

Secondly, a frequency division de-multiplexer, which bene ts fromhe slow
light regime of the photonic crystal waveguides and is formed by a@aling waveg-
uides of unequal widths, is proposed. The de-multiplexing mechanismginates
from the spatial distribution characteristics of the slow light modesalong the
photonic crystal waveguides. The wavelength selectivity of the seaded pho-
tonic crystal sections is obtained by changing the waveguide widtH each sec-
tion. This waveguide band modulation also yields the spatial selectivitgf the
de-multiplexed frequency bands. The spatial and spectral progiies of the de-
multiplexed frequency bands are numerically investigated and demgirated. One
strict limitation for the usage of slow light modes is the relatively low exacted
power from output channels as a consequence of the high e ectdelectric per-
mittivity encountered by the slow light modes compared to the previgs de-
multiplexing e orts. In spite of the fact that the proposed design isoptimized
to achieve maximum coupling by introducing a gradual transition in the ective
dielectric permittivities between the main channel and the output cannels, input
and output couplers can be appended to the current geometryrfthe purpose of
smoothing the transition of e ective permittivities between the air aad the PC
design for enabling the obtaining of increased extracted power. &Hutilization of
the slow light regime for de-multiplexing purposes has several advages at rst
glance. Firstly, the de-multiplexers that are based on PC struct@s generally
require the occupation of large areas for the achievement of spdtselectivity;
however, the proposed structure has a very small footprint cqrared to the other
designs. Secondly, the de-multiplexed set of frequencies can haveery narrow
bandwidth and therefore, high quality factors can be obtained as r@sult of the
limited slow light regions in the photonic crystal waveguide bands. Firlg, a
very low cross-talk can be achieved by the utilization of the slow lightegime
with a proper modulation of the geometries of the consecutive plaotic crystal
waveguide sections.

Thereafter, the aim of next study was to obtain an optical diode-ld& act-
ing structure by utilizing chirped photonic crystals. For this goal, tke distances
between each neighboring column of rods of square lattice photomigystal are
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modi ed to obtain a chirped device. The standard waveguide show®miode like
behavior due to the symmetry of the structure. Optical pulse preagates identi-
cally in either direction in a standard waveguide. Nonetheless, in thergqposed
waveguide designs, the propagation and transmission of light colledtat the cen-
ter of the structure are not the same in the two opposite directi We witness
the transmission asymmetry in the light propagation though the chped PCW.

The experimental results obtained at the microwave frequenciesrcrm the nu-

merically observed asymmetric light propagation. The presented sign based on
the linear optic concept is a practical choice and may help the advasmoent of re-
search activities utilizing the asymmetric light propagation of light. Tte ultimate

engineering of chirping parameters not only in terms of lattice spag@rbut also
using other parameters such as rods radii and refractive index naaneters may
give rise to the superior performance of the optical diode-like phatic structures.

Lastly for the photonic crystal based applications, we propose abry-Perot
type cavity with side mirrors that are formed by an air-hole photoniccrystal
structure for the purpose of achieving a high transmission and a higjuality-
factor cavity resonance. It is stated that the proposed struare can be employed
in electro-optic e ect based applications in order to enhance this ect. It is
demonstrated that the spectral position and quality factor of te cavity reso-
nance can be modied by changing cavity length, 4, and number of rows, N,
respectively. In addition, we provide the electrical eld distributiors inside the
cavity region at the resonance wavelengths and show that we obtaon the av-
erage, f,x = 13,20,35 for N = 5,6,7, respectively. With the aid of these results,
we state the possibility of utilizing the proposed design for the enhaement of
the electro-optic e ect. Then, we show that, as a result of the &devement of a
large f,ot, the spectral position of the cavity resonance becomes highly sgive
to the refractive index of the material constituting the cavity regon. Finally, we
study the possibility of realizing other functionalities by using the prposed cavity
geometry, i.e., dual-mode and dual-polarization operation regimesn terms of
practical applicability, the proposed structure can be employed in Vethreshold
lasers, coherent optical devices, optical communication and quam information
processing systems, and optical lters.
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In Chapter 3, rst of all proposed chiral metamaterial(CMM) basel applica-
tions, we have designed an asymmetric CMM structure based on fodiouble-
layered U-shaped split ring resonators (SRRs). Left hand circulgrpolarized
(LCP) and right hand circularly polarizer (RCP) waves are obtained irthe vicin-
ity of 5.1 GHz and 6.4 GHz, respectively, when the structure is illuminad by an
x-polarized wave propagating in thez direction. The design can be utilized as a
circular polarizer for microwave applications.

Secondly, we have designed an electrically thin CMM structure thatllaws
obtaining polarization rotation, which is dependent on the polarizatio angle of
the incident linearly polarized plane wave at 6.2 GHz. We derived a closéam
expression, which relate the degree of polarization rotation to thgolarization
angle of the incident wave. In addition, it has been demonstrated &t the trans-
mission matrix, T, depends on the propagation direction of the incoimg wave.
Thus, the transmission through the structure is asymmetric for liearly polarized
waves. On the other hand, four angles have been found for whidiettransmis-
sion is symmetric. Finally, surface current distributions at 6.2 GHz & studied in
order to explain the underlying mechanism behind the asymmetric tremission.
The CMM can be utilized in microwave applications as a con gurable poleration
rotator.

The last e ect we investigated related to chiral metamaterials is theunidi-
rectional transmission. we demonstrated a diodelike asymmetricamsmission
for normally incident x- and y-polarized waves in an electrically thin reciprocal
structure. In addition to the planar ultrathin design, the usage oisotropic and
linear materials only makes this and similar structures the promising odidates
for practical applications. The backward-to-forward transmigsn contrast of the
structure at the operating frequency 7 GHz is 19.5 and 13 dB acdimg to the
simulation and experiment results, respectively. The asymmetry dtor at this
frequency is 0.95 for the simulation results and 0.91 for the experints.

In Chapter 4, we studied both theoretically and experimentally on aixcular
polarizer design based on binary high contrast gratings (HCGSs). itrally, we have
numerically and theoretically designed an optimized two dimensional H&Zsuch
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that the transmitted wave is circularly polarized if the structure is illuminated
by a plane wave with a polarization plane angle of/4. It has numerically been
shown that a conversion e ciency that is larger than 0.9 can be achved within
a 51% bandwidth.

After the numerical and theoretical study, we have shown the faication
and the experimental characterization of a broadband quartexave plate that
is based on two-dimensional silicon HCGs, where sapphire is employexdtiae
substrate. It has been shown that a conversion e ciency that is igher than
0.9 can be achieved in a percent bandwidth of 42% and 33% numericallyda
experimentally, respectively. RCP and LCP waves can be obtained layljusting
the transmission axis of the linear polarizer to 45and -45 with respect to the
X-axis, respectively. In terms of practical applicability, the proposd structure
can be employed in laser and nanoantenna applications, liquid crystdisplays,
and remote sensors.
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