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Summary

SUMMARY

In this PhD project, three different approachesehbeen studied for tunable
photonic devices based on MEMS technology. First,dptical double barrier structure
has been numerically studied and experimentally aestnated as the thermo-optical
switch, switchable polarizer and optical tunneljogctions integrated as reconfigurable
WDM system. Second, the slow light structure usimegamaterial with coupled split ring
unit cells is numerically analyzed. Finally, a tblea magnetic metamaterial is

demonstrated using MEMS technology.

The first major work is to use the optical tunngleffects to design MEMS based
photonic devices. Three different tunable photalegices has been demonstrated using
thermo-optical tuning. A thermo-optic switch is liead using MEMS technology. The
device is fabricated on silicon-on-isolator wafesing deep etching process. The
transmission of the optical switch is controlled thg optical length of the central rib
which is thermally controlled by the external pungpturrent. In experiment, it measures
a switching speed of fis and an extinction ratio of 30 dB. switchable polarizer is
demonstrated using the double optical barrier sirecwhich transmit the light with one
polarization state and filter out the others. Ipexment it measures a PER of lager than
23 dB when the pumping current is above 60 mA. §ligching time is shorter than 125
pus which is limited by the polarization analyzer dise the experiment. A MEMS
reconfigurable add-drop multiplexer is realizeddpplied the optical tunneling structure
to the ribbed waveguide. The tunable add-dropipieker is based on Y-shape optical

double barriers tunneling junction which are readizby MEMS technology. In the



Summary

experiment, a five-channel prototype of the tunalddd-drop multiplexer is
demonstrated. The measured output is ranged fr@r9.2% nm to 1559.21 nm.

A tunable slow light metamaterial via tuning thebsuate refractive index is
numerically studied. The couple SRR unit cell isgwsed for enhanced tunability and
slow light function. The simulation results shovatthhe coupled SRR design improves
the tunability of the effective permittivity andeteffective permeability by 70 and 200
times, respectively. The required permittivity cbanis only 0.025, which can be
achieved by either thermal-optic effect or photowluced free carrier effect of the
semiconductor materials. It may find potential &mgilons in data storage, photonic
circuits, optical communications and bio-sensors.

To show the real time modulation of the magneticamaterials, a THz tunable
metamaterial using the MEMS technology is numelycahalyzed and experimentally
demonstrated. The tunable magnetic metamateriasristructed by split ring unit cells
the geometry of which can be changed by MEMS aatsailhe size of the unit cells is
around 40um x 40 um corresponding to the resonance frequency in Tédion. The
effective permeability of the tunable magnetic medgerial can be tuned from negative (-
0.1) to positive (0.5) at the resonant frequentyddmonstrates a unique approach to
control the optical properties of metamaterials efmnging the geometric dimensions

and shapes of the unit cells.
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Chapter 1
Introduction

CHAPTER 1

INTRODUCTION

1.1 Motivation

More than 3000 years ago, ancient Chinese builtcdreaower to deliver
messages using the signal flame. Today, a singtéerfiber with the core size around 9
micrometers can carry more than one trillion biés pecond. To date, light is not only
used as the medium of signals for telecommunicatidnl10], but also used for laser
manufacturing, biological and chemical sensing, ic@dliagnostics and therapy, display
technology, and optical computing etc. Therefomtolling light with a faster, stable
and low power consuming way becomes the goal pdrdue researchers studying
photonic devices. Many switchable (or tunable) pha devices such as tunable lasers
[11-14], optical switches [15-20] and variable opti attenuators [21, 22] have been
developed to meet the needs of vast applicatiomes.bbttleneck of further increasing the
performance of photonic devices always lies in fibllowing two questions: How to
reduce the device scale so that it can be intaefjristeo a photonic circuit? How to

control the micro-scaled or even nano-scaled photevices?

Microelectromechanical Systems (MEMS) offers a mecdl platform to solve the

above two problems [23-25]. MEMS is the technoloagyng very small (micro-scaled)
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devices. It is also called Nanoelectromechanicadt8ys (NEMS) when the devices
become nano size. Different from the hypotheticésion of molecular nanotechnology or
molecular electronics, MEMS are made up of comptmbatween 1 to 100 micrometers
in size (i.e. 0.001 to 0.1 mm) and MEMS devicesegally range in size from 20

micrometers to a millimeter. Borrowing the ideagnfrlarge scaled devices, traditional
MEMS technology succeed in building micro-scaledickes based on micromachining
processes. MEMS technology offers the integratibmechanical elements, sensors,
actuators, and electronics on a common silicon tealesthrough microfabrication on

silicon wafer or adds new structural layers to fah@a mechanical and electromechanical
devices. In this way, large size optical devices lba scaled down to micro-scale using

the MEMS technology.

Generally speaking, there are two methods to cbtiteopropagation of the light
within the tunable photonic devices. One methodoischange the geometry of the
photonic devices to control the path way of thenaldight. For example, a movable
mirror is often used to change the direction of th#ected light in MEMS optical
switches. The other method is to change the oppicgderties of the device compositing
materials such as the photonic switches. Therethod is used in many MEMS optical
devices. However, the switching time of the MEMSchmamical structures is typical at
milliseconds. The second method attracts more aor@ mesearch interests because of its

faster switching time.

The optical properties of the compositing mater@fighe photonic devices are

often realized by stimulating the material usingrtho, electrical or optical method.
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However the changes of the optical properties aite ¢jmited. Take silicon for example,

the refractive index change of the silicon is tgflic less than 0.5%. Therefore, the
micro-optical resonators are often applied to enbathe effect of the compositing

material change. In most cases, it is not feasdbEmply scale down the optical cavities
used in large scaled optical devices to build MEM&ices, because the size effects
might cause some problems in the performance ofrticeo-scaled devices. Therefore,
the optical resonators have to be carefully desigoneneet the needs of the micro-scaled

photonic devices.

Metamaterials refers to the artificial material® tbptical properties of which
relay on both the geometry of the unit cells angirtikompositing materials. The unit
cells of metamaterials are sub-wavelength resomatdr the incident light whose
wavelength is typically ten times of the size d# tmit cells. The size of the unit cells for
THz metamaterials is around tens of micros which #me typical size for MEMS
devices. Therefore, the geometry of the THz metanatunit cells can be tuned by
MEMS technology. It offers another method to makerascaled tunable photonic

devices.

1.2 Obijective

The ultimate objective of this PhD project is tosidm micro-scaled tunable
photonic devices which have merits of low powerstonption, fast tuning speed, large
tuning range and small device scales etc. To aehitns objective, two different

approaches have been studied in this thesis: Téteoe is to apply MEMS technology
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to double optical barrier structure the signal figh which is transmitted via resonance
tunneling effect. The other approach is to use ME3#t8cture to tune the geometry of
the THz metamaterial unit cells. In this way thetenal properties of the THz

metamaterial can be changed for potential apptinaton tunable photonic devices.

The double optical barriers structures are oftexdue study the super luminance
effects. In this PhD project, the frustrated totaérnal reflection (FTIR) structures are
realized using MEMS technology to control the pggtéon of the signal light. A
numerical analysis method is developed to studyogidnize the parameters of the FTIR

structure and five different tunable photonic desiare demonstrated.

In order to demonstrate the possibility of combihe MEMS technology with
metamaterial structures, a numerical study on alienslow light waveguide is first

given and then followed by the demonstration afreable magnetic metamaterial.

1.3 Major contributions

The major contributions of this thesis are sumnaatias the following:

A thermo-optic switch is realized based on optical double optical barrier
structure, which has a high-low-high-low-high refractive exd construct formed by
micromachined silicon prisms and air gaps. Analgsiews such structure features full
transmission (i.e., ON state) and requires lowactive index change for switching
function. The device is fabricated on silicon-oak&or wafer using deep etching process.

In experiment, it measures a switching speedgf &nd an extinction ratio of 30 dB.
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A switchable polarizer is demonstrated using the double optical barrier structure.
In experiment it measures a PER of lager than 28vb&n the pumping current is above
60 mA. The switching time is shorter than 126 which is limited by the polarization

analyzer used in the experiment.

A MEMS tunable add-drop multiplexer is realized by applied the optical
tunneling structure to the ribbed waveguide. The tunable add-drop multiplexer is based
on Y-shape optical double barriers tunneling jumttwhich are realized by MEMS
technology. In the experiment, a five-channel prgie of the tunable add-drop
multiplexer is demonstrated. The measured outpranged from 1549.24 nm to 1559.21
nm.

A tunable slow light metamaterial via tuning the substrate refractive index is
numerically studied. The couple SRR unit cell is finally proposed amamerically
characterized. The simulation results show thatcingpled SRR design improves the
tunability of the effective permittivity and thefeftive permeability by 70 and 200 times,
respectively The required permittivity change my00.025, which can be achieved by
either thermal-optic effect or photon induced fezerier effect of the semiconductor
materials. It may find potential applications intalatorage, photonic circuits, optical

communications and bio-sensors.

A tunable metamaterial using the MEMS technology is numerically analyzed and
experimentally demonstrated. The effective permeability of the tunable magneti

metamaterial can be tuned from negative (-0.1) ¢sitye (0.5) at the resonant
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frequency. It demonstrates a unique approach tdralothe optical properties of

metamaterials via changing the geometric dimensamisshapes of the unit cells.

1.4 Organization of the thesis

This thesis is focused on the design and experiroérthe tunable photonic

devices based on MEMS technology which is dividgd six chapters:

Chapter one gives a brief introduction of the mation, objective, major

contribution and organization of the thesis.

Chapter two gives the literature survey on optiesgonators, tunable photonic

devices and tunable metamaterials.

Chapter three demonstrate MEMS devices based dnabptinneling effects.
Firstly, the frustrated total internal reflectioRT(R) optical barrier structure is presented
and its transmission states are numerically studigdransfer matrix method (83.1). The
design of MEMS optical double barriers switch vio# first elaborated, followed by the
theoretical and experimental analyses is shown3i2.8Then, the application of the
MEMS optical double barrier structure as the svatik polarization beam splitter is
shown in 83.3. The optical tunneling effect is camald with the rib waveguide and form
a reconfigurable optical tunneling junction is smown 83.4 and followed by its
applications on the wavelength de-multiplex syst&mally the conclusion is shown in
83.5.

Chapter four is focused on the tuning of the slayhtl metamaterials via the

refractive index change of the substrate. The tllitglof the tunable metamaterial is
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limited by the material properties of the substréte tuning range of which is normally
not very large. The objective of this chapter i$itol a new metamaterial structure which
can enhance tunability of the tunable metamaterfralghermore, the tuning of the group
velocity index of such tunable metamaterials i® alamerically studied. This chapter is
organized as follow: The design of the slow lightaweguide constructed by
metamaterials is shown in 84.1. The fishnet uniit iseanalyzed in 84.2 as a possible
candidate for the building blocks of slow light veguide. A coupled SRR unit cell is
given in 84.3 for better tunability. The tuning thle material properties and slow light
group index on a fishnet metamaterial is shown4m8The discussion on absorption is
given in 84.5.

Chapter five shows a new way to tune the opticaperties of the metamaterials.
This tuning method combines micromachined technplegth the design of the
metamaterial unit cells. It can make the metamateriunable without exciting their
compositing materials. Therefore, the tunablilifytlee metamaterial is no longer limited
by the refractive index change of the nature malteriln this chapter, a split ring
structure is selected to demonstrate the tuninghodetThe electrical and magnetic
response of the tunable metamaterial is demondtrdteth numerically and
experimentally. This chapter is organized as foiowhe design of the tunable
metamaterial is given in 85.1. The numerical analyd the tunable metamaterial is
shown in 85.2 and followed by the fabrication (§58d experimental demonstration in

§5.4. Finally the summary is given in 85.5.
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CHAPTER 2

LITERATURE SURVEY

In this chapter, the literature survey of optiaahrieling, micro-cavities, optical
switches, slow light waveguide and metamateriaks @resented. The optical micro-
cavities are the key components for the micro-scpheotonic devices tuned by changing
the material properties of the compositing matenahich is faster and more stable than
those devices tuned by the mechanical method. kereoptical micro-cavities are
categorized by their geometry and summarized by thelity factors. The micro-scaled
optical switches are presented to be comparedauthtapproaches in Chapter 3. Finally,

the survey of metamaterials is presented.

2.1 Survey of optical tunneling

2.1.1 Definition of the optical tunneling effect

Optical tunneling effect refers to the phenomenbphmtons penetrating through
the classically impenetrable barriers (e.g., therface where the total internal reflection
occurs, photonic bandgap, metal layer, etc.), amd the electron tunneling through the
guantum barriers. Such effect has attracted brosatest of physical studies for both

fundamental and technological reasons and hasllydhemome the cornerstone between
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the classical theory of electromagnetic waves amahtym physics. In particular, the
optical tunneling effect is indispensable to th@erimental study of tunneling process.
Since the wavelength of light is aroungirh, optical tunneling structures are on order of
micrometers compared to the nanometer-scale efetttrmeling structures. Additionally,
the optical tunneling is not complicated by othieleseffects such as electron-electron

couplings.

According to the quantum physics, all particlegluding photons, can tunnel
trough barriers which classically impossible foerthto go through. Photons can tunnel
through the optical barriers such as the photoaitdbgap, mental, above-critical-angle
air gap (FTIR effect) and show great similarity thee electron tunneling effect. For
decades, the analogy between the photon tunnehidgetectron tunneling has been
widely studied because the longer wavelengths efpthotons bear great advantage in

experiments [26, 27].

According to resent research on the analogue atalpand electron tunneling
effects, identical transmission probabilities can dbtained from the two dimensional
Maxwell equations for photons and the one dimeraiddchrodinger equations for

electrons by making the equivalence as below [28],

2mE e’
5 = 5
ke c?

-

cos-8
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where m,V, and E are the mass, barrier potential, and energy ofetaetron,
respectively; whilecs n andé, n denote the frequency, medium refractive index téued

incidence angle of the photon, respectively.

Consider the photon tunneling process within nosegttion single and double
optical barriers structures. When an optical wawadient on a single barrier structure,
some of the photons tunnel through the barrier atigers are reflected back. The
amplitudes of the electric field reflected backwanddifferent interfaces are geometric
proportional such that the elimination of the reflen will be impossible. However, the
situation is a bit more complex when two opticalrieas are taken into consideration.
Similar to the electron tunneling cases which hagen theoretically studied [29] and
experimentally observed [30] quite a long time atj tunneling probability can be
greatly enhanced by the resonance of the photdmsebe the two barriers. Furthermore,
the total transmission condition can be achieveadjysting the potential of the optical
barriers and the distance between them. In anotlued, the optical barrier can be
bridged by placing another barrier beside it witbger distance and potential which is

named as the resonance tunneling effect in botitreteand photon multi-barriers.
2.1.2 Applications of the optical tunneling effect

In quantum physics, optical tunneling effects afeero used for experimental
demonstration of the superluminal effect. The spenal effect, also named as the
faster than light (FTL) effect, refers the propagatof information or matter with the
speed faster than the light. The superluminal effes been proposed and studied for

years shortly after the discovery of quantum meid@ntunneling. In 1930, the

10
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discussion on the speed of the tunneling procdsisght up. A approximate analysis on
time dependent Schrodinger equations and the csinalithat the tunneling takes no
appreciable time was made. This conclusion had lkessussed for 30 years until the
guantum tunneling devices has been made basedimrfilth technology. Then the
guestion is revised in an effort to understand fileguency limitations for tunneling
structures consisted of metal-insulator-metal thim sandwiches and an analytical
expression for the time delay in barrier tunnelingich suggests a finite and short
traversal tunneling time that saturates with distawas given. To date, although no
direct experiment shows the tunneling speed of enatan be faster than the speed of
light, the experimental study on superluminal dffasing optical tunneling structures
remains an interesting research which has poteapiplications on communication and

space travelling.

S -

Fig. 2.1: Schematic of optical tunneling on 1D mmt¢ structure

The experimental measurement of superluminal dptticaneling times in double
barrier photonic band gaps was demonstrated by 3% tunneling pulses is chosen to
be 1500 nm in wavelength and the experiment isexhout on double barrier fiber Bragg

gratings. The transit time is measured to be paiadlly short which implying the

11
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superluminal propagation and the saturation effattthe barrier distance are also

observed.

The other and maybe the most widely used applicdtpoptical tunneling effect
is the coupling of the photonic devices between-wabelength gaps. For example,
optical tunneling effects has been used as the liogupetween the waveguide and
photonic micro-cavities, the coupling between thésmp and metal surface for the
generation of the surface plasmon waves and thpliogubetween the laser head and
cavities. In Chapter 3, the optical tunneling efffiesing frustrated total internal reflection

will be used to design the thermo-optical switches.

2.2 Survey of optical micro-cavities

Dielectric optical micro-cavities are the key compots for densely-integrated
optical circuits. Most of the micro-cavities noweds are large compared with the
resonance wavelengths which are the limits of the sf the micro-cavities. However,
the structure size of the micro-cavities can beiced to the order of the wavelength by
using the compositing materials with large refnaetindex contrast. The optical micro-
cavities can be categorized into three differemtesy by their geometry, such as the
Fabry-Pérot (FP) cavity, photonic crystal microitag and the whispering gallery

micro-cavities etc.

12
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2.2.1 Fabry-Pérot micro-cavities

The Fabry-Pérot (FP) micro-cavity is named afteai@s Fabry and Alfred Perot who
construct this optical micro-cavity as interferoeref26, 27]. The typical FP cavity is
constructed with a transparent plate with two wtifey surfaces, or two parallel highly
reflecting mirrors (Fig. 2.1). Divided by their mors, the FP micro-cavities can be
categorized by three different types: the planganiFP micro-cavities (Fig. 2.1(a)), the
curved mirror FP micro-cavities (Fig. 2.1(b)) aheé Bragg mirror FP micro-cavities (Fig.
2.1(c)). The plane mirror FP micro-cavities are thest basic type of the FP cavity and
have been widely used in the applications suclhses Icavities, etalon and filters [28, 29].
The curved mirror FP cavities can further focus ligket due to the shape of its mirror
which reduces the scattering loss due to the nsirfbne Bragg mirror FP micro-cavities
has larger Q factors than the cured mirror andeptainror FP cavities because the Bragg

mirror usually has a larger reflection coefficient.

(@)
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(b)

(€)

Fig. 2.2: Different types of Fabry-Pérot micro-d&s. (a) the plane mirror FP cavity, (b)

the curved mirror FP cavity and (c) the Bragg mif® cavity.

The transmission spectrum of FP micro-cavities dsinetion of wavelength
exhibits peaks of large transmission correspontbnmgsonances of the micro-cavity. The

transmission coefficient can be written as [30]

(1 —R)* (2.2)

(1-R)?+4-R - sin*(359)

T =

whereT is the transmission coefficierR is the reflection coefficient of the mirrord,is

the optical length between the two mirrors adnd the wavelength.

The FP cavity is widely used in telecommunicatiansl laser optics. The most
important common applications are as filters, inolwha series of thin film layers are
deposited on an optical surface by vapor depositiimse multi thin film layers
structures have similar geometries with 1D photamystal [30]. The FP cavity can also

be used as the optical wavemeter, laser cavitidsetalons etc. The FP optical cavities

14
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can be scaled down to micro size for densely-i@iegr photonic circuit. However the
edge effects caused by the scattering of the hglsbme obvious when the cavity size

become small enough to be compared with the wagtien
2.2.2 Photonic crystal micro-cavities

Periodical structures with high refractive indexntast have recently become
very interesting structures for light localizatiohhe periodical structures, also called
photonic crystals, can be designed to have theopimtbandgap which stop the light
from propagating at all directions. Theoreticalpeaking, light can be trapped within a
very small region by constructing the confinememrigdical structures at three
dimensions (3D). However, 3D photonic crystals moe easy to be fabricated with the
existing fabrication techniques [31, 32]. 1D phataerystals derived directly from Bragg
reflectors has already been widely used in comrakrapplications such as data
communications, laser cavities and sensors etgHidonic crystals are fabricated using
dielectric membrane with periodically patterneddsobr arrays of small pillars which

have been demonstrated in many works [33-37].

00 00
00 00
® O 00
00 00
00 00

Fig. 2.3: Schematic of 2D photonic crystal micreita
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The photonic crystal micro-cavities can be desigieetiave not only very high
quality factors (Q factor) but also very small modgumes. The light can be localized
within a very small region according to the desighe typical lattices of the photonic
crystals are one quarter of the resonance wavélesgd the photonic crystal micro-
cavities can be realized by simply remove or chahgepositions of the building blocks
(holes or pillars). Therefore, the size of the pinat micro-cavities can be scaled down
the order of the wavelength. Furthermore, the dattstructures are very easy to be
integrated with each other. However, the couplirigthee light from outside to the
photonic micro-cavities remains a problem. Thedaffactor increased the light-matter
interactions which ensure the nonlinear tuning e photonic crystal micro-cavities.
However, the large Q factors also lower the thrieshaf the signal light induced
nonlinear effect which limits the power of the saagthus decrease the signal noise ratio

(SNR).

2.2.3 Micro-cavities with whispering gallery mode

The whispering gallery modes are confined by carttirs total internal reflection
of the cavity interface. One of the largest whigpgigallery mode cavities is the temple
of the heaven the size of which is around 5000 regoreeters. The resonant waves are the
sound waves other than the optical waves. Howelenvhispering gallery mode cavities
can be scaled down to small enough to comparesf@ant wavelength. In recent years,
many different micro-cavities with whispering gaj)lenode have been studied, such as

the micro-sphere cavities, the toroid micro-casgiteend the micro-ring cavities [38-40].
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The whispering gallery mode micro-cavities have ynapplications such as micro-
lasers, narrow filters, optical switching, ultradirsensing, displacement measurements,

high resolution spectroscopy, Raman sources awéestof nonlinear optical effects.

TN

o/

Fig. 2.4: Schematic of whispering gallery mode (WQMcro-cavity.

Similar to the photonic crystal micro-cavities, thispering gallery mode
micro-cavities has merits such as, high Q factoralsmode volume and small size etc.
The fabrication techniques remain challenging réigarthe commercial applications. As
the scattering loss dominate the total loss of nadgspering gallery modes, the cavity

surfaces have to the carefully polished.

Micro-cavities fabricated using dielectric matésjasuch as semiconductors, glass
and polymers etc., are the key components for rmbshe tunable photonic devices
which is modulated using the nonlinear effects.l&iic micro-cavities can localize the
light field within a very small volume thus havehaggh Q factor and enhanced light-

matter interaction. In this way, the nonlinear effeof the nature material can be
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amplified and the resonant frequency of the miaeites can be shifted. This is the
basic concept used in most micro-scaled tunableopio devices which has been
intensively studied recently. However, the dieliectnicro-cavities have the limitations
as follows: Firstly, the power of the signal lighg limited by the Q factor and
compositing material of the micro-cavities. Sighght of large power may introduce the
nonlinear effect of the micro-cavities and causedélf-modulation. This problem can be
solved by choosing the signal light wavelength amn-sensitive regions of the
compositing materials. Another limitation of thecna-cavities is the narrow band width
of the resonant spectrum. The working frequencies tgpically chosen to be the
resonance frequency of the micro-cavities thusgeetrum can be very narrow band due
to high Q of the micro-cavities. Finally, the dieiec micro-cavities control the light by
modulate the electric field of the incident lightwes. Dielectric micro-cavities cannot
directly affect the magnetic field without ferronmegic components which limits their
applications on magnetic resonance based deviatsagisuperlens. In chapter three, a
new approach is developed to design the tunableoplmodevices based on MEMS

technology.

2.3 Survey of optical switches

Optical switches often refers to the device thathées signals in optical fibers or
integrated optical circuits (IOCs) to be selectyvsWitched from one circuit to another.
In commercial term, optical switch often referstie equipment that switches the signal

light from one photonic circuit to another by efedically switching between fiber
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transponders. Traditional MEMS borrow the ideahidhe commercial optical switches
and using movable mirrors or shutters to switch light in micro-scaled photonic
circuits using electronically controlled actuatdrsrecent years, photonic switches which
switch the pathway of the light using nonlineareeté attract more and more research
interest due to their fast switching speed and power consumption. In this section, the

optical switches are categorized by their switchimechanism.
2.3.1 Mechanical optical switch

The mechanical optical switches refer to those asviwhich change the path
way of the light using the mechanically actuatedveable paths such as the movable
optical fibers or mirrors [41-43]. Fig. 2.4 showsetschematic of a mechanical optical
switch based on MEMS movable mirrors. The opticalitch consists of four
components: one input fiber, two output fibers andhovable mirrors. The input and
output fiber 1 is directly coupled to each otherd ahe output fiber 2 is placed
perpendicularly to the other two fibers. The sigingthit from the input fiber is reflected
90° to the output fiber 2 when a 4&ilted movable mirror is placed between the input
fiber and output fiber one (Fig. 2.4 (a)). The sigiight can be switched to output fiber 1
when the moveable mirror on longer block the sidighit between the input fiber and
output fiber 1. In this way, the signal light fraime input fiber can be switched between
the output fiber 1 and 2 by mechanically changepttstion of the moveable mirrors [44,

45).
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N\, Moveable mirror

Input fiber Output fiber 1

Output fiber 2

(a)
\Moveable mirror
|
Input fiber Output fiber 1
Output fiber 2
(b)

Fig. 2.5: The schematic of a mechanical opticalt@wi(a) signal light is switched to

output fiber 2 (b) signal light is switched to outgiber 1.

This kind of the optical switches advanced in btmadl switching and simple
geometry. However, the switching speed is limitgdtie mass of the movable parts.

That is because the acceleration of the movabls ffévers, mirrors) obeys the Newton’s
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law while the force given by the actuator cannotim&eased infinitely. The typical
switching time of the mechanical optical switchnicro-scaled size is around several
milliseconds. Furthermore, the typical sized of #wtuator is around several square

millimeters which prevent the mechanical opticaitshes from being densely integrated.
2.3.2 Thermo-optical switch

The thermo-optical switch refers to those devicéscly switch the pathway of
the signal light by the thermo-optical effect [4B}4The thermo-optical switch can be
divided into two groups. One is switching the liglging thermo-expansion effect. For
example, the transmission the Bragg mirrors isligepended on the lattice constant of
each mirrors. When the lattice constant is changthé thermo effect, the transmission
of the Bragg mirror of certain wavelength can bé&dved from 100% to 0%. In this way
the Bragg mirror can be functioned as an opticatckw The switching speed of the
thermo-expansion is similar to that of the mechanaptical switch. As this kind of
switching requires heating the whole mirror, thétswng speed of the thermo-expansion
optical switch might be even delayed by the heé#fusion process without cooling

system.

The other kind of thermo-optical switch is changthg refractive index of the
optical micro-cavities via thermo-effect. For exdejpthe thermo-induced refractive

index of the silicon material can be expresseabaw [48]

dr
— =186X107%/K (2.3)
dT /
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The switching time of the thermo-optical switchair®und microseconds since the
localized heating is required only on the microlsdaptical cavities. The expansion of
the crystal lattice for nature crystals is typigadiround microseconds. However, most
thermo-optical switches have much longer switchiingg due to the lack of fast heating
system and cooling systems which is not easy tdntegrated to the micro-scaled

devices.

2.3.3 All optical switch
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Fig. 2.6: (a) The schematic of all optical switasbd on 2D photonic crystal cavities. (b)
The change of the refractive index as the funatibpumping light power and the length

of the central resonator.

The concept of all optical switches derives diredtbm the ideal of all optical
networks (AON) or all photonic circuit which, angloto the electronic circuit, uses light
wave communication exclusively within the netwohk.this way the limitation of the
optical-electrical-optical (OEO) conversion candireumvented. All optical switches are
the building blocks for the optical transistors amdical logic gate. Practically speaking,
the power of the signal light within the optical issh has to be comparable to the
triggering light so that it can be used in AON. WMos$ the reported all optical switches
are, more precisely speaking, optical switcheggénigd by photon induced free carrier
effect. For example, the all optical switch basa®d photonic crystal cavities is shown
in Fig. 2.5 (a) [49]. The refractive index of thentral resonator is changed by the
vertically incident pumping light while the pathwayf the signal light within the
photonic crystal waveguide can be modulated. Tee &arrier effect on refractive index

changeAn is plotted in Fig. 2.5 (b) using the following edions [48]

An= —[8.8X 10722AN_ 4 8.5 x 10718 (AN, ) (2.2)

where AN and AN, is the free carrier density induced by free etewrand holes

respectively.
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The triggered light changes the refractive indexhefoptical switch compositing
material thus changes the pathway of the signdit.ligherefore, the power of the
triggered light are much stronger than that ofslgmal light which creates a bottleneck
for the all optical switch applications. The tydisavitching time of the all optical switch
is in the order of picoseconds which are limited thye carrier relaxation time.
Researchers in quantum optics are building allcaptswitches using photon-photon
interactions which use one photon to control thedmission of the other. It might be a
solution to the above mentioned problem. Howeveerd are still many basic works

unfinished.

Optical switches have been widely used in teleconmaations, optical
computations and biomedical chips. Of all the aggions, the switching speed is always
the most frequently concerned parameter of thecalpgwitches which are limited by the
following conditions: Firstly, the ultimate bottleok of the switching time is the response
time of the compositing materials to each switchingchanisms. For example, the
switching speed of the mechanical optical switclselamited by the moving speed and
displacement required by the moving components agththe movable mirrors and
shutters. However the thermo-optical switch is tedi by the material response of the
thermo expansion and relaxation time of the cryl#tice. Therefore, changing the
compositing material may be one solution to furthmarease the switching time. For
example, the optical properties of many nonlinegstals, such as the liquid crystal, can
be dramatically changed by the thermo or electrsaltations. Such nonlinear crystals

can be used as the compositing material for theapswitches. For example, liquid
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crystals are used in optical micro-cavities or Matdhnder interferometer [50] for
optical switching. However, the nonlinear crystalsrease the fabrication difficulties and

are not suitable for densely-integrations.

2.4 Survey of slow light waveguides

Generally speaking, there are two procedures #rabe used to control the group
velocity of light. One of these is to exploit ma&trresonances, such as the sharp
absorption resonances of an atomic vapor. Contal lwe achieved, for example, by
applying a strong optical field and using nonlinetiects to modify the optical response
experienced in a signal pulse, as in the work aif Efaal. Examples of this approach are
electromagnetically induced transparency (EIT).abidition to EIT, there are several
other sorts of material resonances that can be tesptbduce slow-light effects. There
has been particular success with the use of sttediBrillouin scattering and the use of
stimulated Raman scattering. In each of these psesg the strong gain feature induced
by the presence of a strong pump field will alsodouce, as a consequence of the
Kramers—Kronig relations, a rapid spectral variiio the refractive index, which in turn
leads to strong slow-light effects. The other pdace is to use material engineering to
fabricate microstructured materials, such as arcdyshicrorings and photonic crystals
that have artificially created resonances and aptiesponses. For instance, the group
velocity of light in a photonic crystal can be skavdown dramatically near the band

edge of the photonic Brillouin zone. One particidaample of this approach is the work
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of Vlasov et al. at IBM, in which by appropriatetiganing of a silicon waveguide a
group index of 300 was produced, corresponding 89@fold reduction in the group
velocity.

In recent years, slow light has been intensivalgistd by two different groups of
researchers divided by the frequency region theyirgerested in. One group of people
works on the optical region. They use dialecticyomveguide with large dispersion to
slow the light down by resonance. For examplectheled resonance optical waveguide
(CROW) is used for slow light purposed since thetph life time in the high Q optical
cavities are very long. Generally speaking the tetecesponse of the wave-guiding
structure is tailored by introducing the artificiatructures. The other groups of
researchers work on slow backward waves establishedgineering practice giving rise
to both microwave tubes [51] and to antennas [824ves propagating on coupled LC
circuits were investigated by Atabekov [53] andirSiand Sazonov [54] as simple
examples of periodic filters and slow wave struesuwhich is similar as the CROW in
the optical frequency region. An antenna array show[55] excited by a single element
was shown to be able to support a leaky wave wisgbartially guided and partially
radiating. Slow waves can also be achieved by matoeg the light along a set of
spherical nano-particles [56-58], electrically claab metallic rods [59], or a set of
magnetically coupled loops as shown in [60, 61JoSeéhslow light waves generated by
tailoring the magnetic response of the wave-guidstigictures are called magneto-
inductive (or MI) waves. Metamaterials offers atfdem to tailor both the electric and

the magnetic response of the artificially engindemave-guiding structures. Therefore,

26



Chapter 2
Literature Survey

both the electro-inductive and magneto-inductivewslight waves can be found in

metamaterials.

2.5 Survey of metamaterials

This Metamaterials are artificially engineered miats, formed by integrating
various sub-wavelength unit cells, which can exhiliconventional optical responses
not observed in their individual compositing maésior in natural media. For example,
negative, low, or near-zero permittivity or permiéigbcan be observed in metamaterials
with carefully designed unit cells. The negativéraetive index can be observed in
certain frequencies when both the permittivity ate permeability are negative.
Metamaterials, especially the negative refractivéek metamaterials, have attracted a
great deal of research interest in recent year§2The first experimental verification
of a metamaterial with negative refraction is destmted at microwave frequencies [78]
using split-ring resonators predicted by Sir Pendd]. Experimental and theoretical
studies of metamaterials which started in the mwvenge frequency region are steadily
moving into the higher frequency region. Recentesxpental breakthroughs show the
optical response of metamaterials in the THz, neflaand visible frequencies [80-83]

with the aid of the nano-fabrication techniques.

It is important to point out that the concept oftameaterials is not limited to the
negative-index material. Other artificially engine@ materials with unusual parameter
values, such as epsilon-near-zero (ENZ) materi@ds 85], epsilon-very-large (EVL)

materials [86, 87], highly dispersive materialsd asingle-negative (SNG) media, may
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offer exciting potential applications as well. Fastance, using ENZ materials, it has
been shown theoretically that the possibility oliseging light through very narrow
channels and tight bends [88]. The ENZ material&cviare used in transparency and
cloaking are also shown in [89, 90]. Generally &p& metamaterials provide a
platform for dispersion engineering and managemdnth means the dispersion of the
materials can be designed by changing the geonaéttizeir unit cells. It is a direct
method to modulate and tailor electromagnetic wakes example, it is well known that
by stacking pairs of thin layers of plasmonic malee.g., Ag) and conventional
dielectric, one can form an anisotropic metamaltevteose permittivity tensor elements
can achieve near zero or very high values [91] Wwheannot be achieved by bulk

materials with single composition.

2.5.1 Magnetic metamaterials

Magnetic metamaterials consisting of artificiallgstgned unit cells with a strong
magnetic response have been developed into an tampdsranch of the metamaterials
research. For example, the split ring resonator call is designed for strong magnetic
response which was investigated in [92-99]. Manykscave been down in different
forms of split ring structures. One of the splitgistructures with broadside coupling is
proposed in [100], another structure, namely thia split ring, was proposed in [101],
and a three-dimensional set of rings, isotropidt $pig, was introduced in [102]. The
singly split ring was known before as a broken I1¢bp3, 104]. The split pipe [105, 106]
is a novel bulk variant of the single ring resomatghout need of a substrate; it was also

introduced under the name of the finger ring [104e loop with loaded capacity was
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described by Schelkunoff and Friis [108] and lateed by Wiltshire et al. and by
Mossalaei et al. [109]. Other metamaterial unitscelith strong magnetic resonance are
also proposed, such as double circular elementd],[thiral, double-helix particles, the
Swiss Roll [111] and the Spiral Resonator [112] €ither metamaterials using particles
are also demonstrated such as “castle” rings [11@Bbyrinth” rings [114], or
“metasolenoids” [115]. The development of the fiefdnagnetic metamaterials has taken
a new turn when miniaturization of split rings wgsimicrofabrication was employed to
increase the magnetic resonance frequency of materi@ms to 1 THz (300um
wavelength) [116]. Nanofabrication led to furthecrease of the magnetic resonance
frequency first to 100 THz (@m wavelength) [117] and most recently to the vesibl
range [118-120]. Novel nanoparticles such as a phiclosely spaced nanostripes or
nanorods [121, 122], the nanostructured U-par{it®3, 124] and the nanostructuréd
crescent” [125] were introduced. The magnetic matanals open a gateway to tailor
the magnetic response of the artificial structusghout introducing the ferromagnetic

materials.

2.5.2 Tunable metamaterials

Metamaterials are the artificial materials with mammoperties which may result
in the applications which cannot be realized byureatmaterials, such as invisibility
cloaks, negative refraction and perfect lenses -flilZ#. However, metamaterials has
drawback as follows: Firstly, the significant fremey dispersion caused by the
resonance nature of the metamaterials leads tomdhew bandwidth and large metal

absorption. Although narrow bandwidth is requiredr fsome applications, the
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applications of the metamaterials are limited sy narrow bandwidth in many cases.
Practically speaking, the working frequency ranfarny given design on metamaterials
is about 5% to 10% compared to its central frequehike many nature materials, the
limitation on the bandwidth and absorption severelstricts metamaterials from many
potential applications. Therefore, a compositinghef nature materials with metamaterial
structures, namely hybrid metamaterials, becomesthgect which is under more and
more intensively researches [131, 132].

Hybrid metamaterials refer to those metamateriaés dompositing materials of
which are strongly involved in the resonant of thaiit cells. In other words, the optical
properties of the hybrid metamaterial, such astfective permittivity and permeability,
are strongly dependent on the material propertfethe@r compositing materials. The
hybrid metamaterials have passive properties (eafjve electric response, negative
magnetic response or slow light) which are priosigieed by the geometry of the unit
cell and compositing materials which is similaralbthe artificial materials. In addition,
the hybrid metamaterials have dynamic propertieschsas photoconductivity,
nonlinearity, gain etc., which result from the siganteraction between the compositing
material and the unit cell resonance [133-140].ahother point of view, the hybrid
metamaterial is designed to enhance or tailor tbelimear properties, such as the
photoconductivity, thermo-optical effect and frearreer injection via voltage, which
belong to the compositing materials of the hybrietamaterials.

The dielectric compositing materials of the metariats are often used as the
substrate to provide the mechanical support fomtieéal parts [141, 142]. The effect of

the metamaterial substrate has long been considesetthe red shift in the working
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frequency and the origin of the dielectric loss ethneed to be minimized by the design.
However, the tunable electric response of the safestoffers a method to dynamic
control the metamaterial unit cell resonance bathtle resonant frequency and the
resonant magnitude. The tunable hybrid metamasebloptical and voltage switching
method have been demonstrated by Willie J. PaailthRichard D. Averitt from Boston
university [143-147]. The metamaterial with gaindien to compensate the loss due to
the metal structures have been intensively studieently [148-150]. The absorbed light
energy caused by the collision of the electronthémetal parts of the unit cells can be
compensated by the electrically pumped gain mednside the unit cells. It offers a

possible solution to the loss problem of the metanmls.

2.6 Summary

The literature survey is conducted to fulfill thveot major objectives of this PhD
project. One is to design MEMS based photonic a=vicom the device level which is
focused on how to build photonic devices by desigra structure which is much larger
than the working wavelength. The other one is wigtea MEMS based photonic devices
by reshaping sub-wavelength unit cells which isardgd as the atom of the materials.
Those kinds of devices has potential applicatioh&lwmainly comes from the material
properties of the massive unit cells and workindoager wavelength region such as
THz. Therefore, the literature survey is focusedwa different parts. One is the optical

tunneling structures [156-165] which are used foitding the MEMS photonic devices
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at device level and their counterpart optical micawities which has already been widely
used in optical MEMS. The other is metamaterial tn@dslow light waveguide.

The optical cavities, such as the F-P cavitiestqgiio crystal cavities and WGM
cavities etc., have already widely been used iicapMEMS for the design of micro-
scaled photonic devices for years because of thigsnseich as small size, enhanced light
matter interaction, high sensitivity of the envineental change etc. The resonance
tunneling structures are similar with the opticavities due to the resonance nature of the
light which leads to properties such as wavelersgilective, high Q factor, and tunable
etc. However, in this PhD project, an optical deubarrier structure is chosen to build
MEMS based photonic devices due to the reasoreslless follows. Firstly, the coupling
of the FTIR double barrier structure to the outpah be controlled by the MEMS
structure. The coupling efficiency of the tunnelistguctures determines the photon life
time within the FTIR structure which is one of tkey features dominating the Q factor
of the whole device. Secondly, the tuning of théRFunneling structure is more flexible
using MEMS structure than that of the micro-casitids will be discussed in chapter 3,
the FTIR structure can be tuned by changing theacg¥e index of the compositing
material, the incident angle or the polarizatioatess etc. which can be possible realized
with the MEMS technology. Finally the FTIR tunneistructure can be tuning by the
refractive index variation of the central rib whichn be used as the waveguide of the
pump light for all-optical modulation. It might e solution to reduce the pump light
power of the tunable devices realized by photoniced free carrier effect which requires

very high power pump light in most devices basegiical micro-cavities.
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Metamaterials are engineered materials the unis célwhich are designed to
mimic the molecular or atoms of nature materialke lother artificial materials, such as
photonic crystals, metamaterials offers a platféontailor the light by the design of the
unit cell geometry. In this chapter, three intargstnetamaterial properties related to the
PhD project presented in Chapter 4 and Chapterv® been introduced. Firstly, the slow
light properties of the metamaterial are surveyte slow light effect has been widely
studied in the dielectric waveguides using higha@dr cavities. However, most of the
dielectric high Q factor cavities confine the lidght tailor its electric field. Metamaterial
offers a new platform to directly response thedeat magnetic field and slow light by
the coupled magnetic resonators. The magnetic nsgpof the metamaterial unit cells
not only results in the magneto-introductive slaght waves but also results in many
applications which cannot be realized in natureemas. However, those applications,
such as the super lens, cloaking, and negativaatafe index slow light effect, are quite
limited by the narrow band and high absorption domehe resonance nature of the
metamaterial unit cells. Tunable metamaterial offgzossible solution to such problem
by changing the electric response of the substriatiee metamaterials. The narrow band
width can be partially solved by the metamateriaith tunable working frequencies
while the absorption problem can be compensatedading gain medium to the
metamaterial unit cells. In chapter 4, a slow ligietamaterial with tunable slow light
factor controlled by the substrate refractive indexproposed. A mechanical tunable

metamaterial using MEMS structure is demonstratedhapter 5.
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CHAPTER 3

OPTICAL TUNNELING AND DEVICES

Most of the previous studies focus on only the lgirmgptical barrier structure. The
main purpose is to study the frustrated total maéreflection (FTIR) phenomenon and
the associated superluminal tunneling process.c@lpstructures with more than one
barrier are not well addressed. On the other h#rel,electron tunneling through the
double quantum barriers presents an interestirtigriegéhat the tunneling probability can
be greatly enhanced by the resonance between tbebawriers, which have been
theoretically studied and experimentally observeadega long time ago. Based on the
analogy of optical tunneling and electron tunnelitige double or even multiple optical
barriers should work for the optical transmissitviaracteristics. Microelectromechanical
systems (MEMS) is the technology of the very snfalicro-scale) systems which are
often used as platform of integrated mechanicahetds, sensors, actuators. It is possible
to realize the switchable optical tunneling deviegs the micro-machined structure

which are consist of the components ranging fromeise to hundreds of microns.

The objective of this chapter is to demonstrate MEdgvices based on optical
tunneling effects. Firstly, the frustrated totateimal reflection (FTIR) optical barrier

structure is presented and its transmission statesnumerically studied via transfer

34



Chapter 3
Optical Tunneling and Devices

matrix method (83.1). The design of MEMS opticatldie barriers switch will be first
elaborated, followed by the theoretical and expental analyses is shown in 83.2. Then,
the application of the MEMS optical double barristructure as the switchable
polarization beam splitter is shown in 83.3. Théagb tunneling effect is combined with
the rib waveguide and form a reconfigurable opttoaheling junction is shown in 83.4
and followed by its applications on the wavelend#rmultiplex system. Finally the

conclusion is given in 83.5.
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3.1 Design and numerical analysis

In this section, the FTIR optical barrier strucgigge numerically analyzed. The
schematics of the single and double FTIR opticaliéaare firstly given. Then followed
by the introduction of the transfer matrix methokiiet is used as the mainly tool for the
numerical simulation in this chapter. Finally, thhansmission coefficient of both single
and double optical barriers structures are analymeter different parameters. To avoid

ambiguity, the simulation of this section is usthg transverse magnetic (TM).
3.1.1 Single and double FTIR optical barriers.

The single optical barrier and the double opticalriers are illustrated in Figs.
3.1(a) and 3.1(b), respectively. The single optizarrier structure consists of two
identical hemi-spherical dielectric prisms sepatdig a thin air gap. The FTIR condition
is achieved by adjusting the incidence angle beybadritical angle. As the prisms have
higher refractive index, the air gap functions asoatical barrier as illustrated in Fig.
3.1(c). When a EM wave is incident on the singleribg some of the photons tunnel
through the barrier while others are reflected backthe reflection always exists (unless
the air gap widthd = 0, i.e., no air gap), the transmission cannathel00%. The double
barrier structure in Fig. 3.1(b) has one more diele rib between the two prisms. In this
way, it forms two air gaps and thus double optizatriers as illustrated in Fig. 1(d).
Analogy to the electron tunneling cases, the rescm@f photons between two barriers

could conceptually enhance the transmission to 100%
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Fig. 3.1: Optical barrier structures and their telmy effects. (a) Top view of the single
optical barrier structure that has a thin air gapdsviched between two hemispherical
prisms; (b) top view of the double optical barséuctures, which has an addition central
rib in the middle and has two thin air gaps; (cdiag tunneling effect through the single
optical barrier, which can have only partial tramssion; and (d) optical tunneling effect
through the double optical barriers, which suppbriistransmission due to the resonance

between the barriers.
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The actually relationship should be analyzed asvielt should be noted that the
radius of the prisms is much larger than the ap gadth. The choice of the hemi-
spherical shape is for the convenience of impleatemt. With proper parameters, the
prism can act as a focus lens to collimate thet lighbe an exactly plane wave before
hitting the air gap. The plane incident wave igical to the uniformity of optical

tunneling. The design of the hemi-spherical prissrdiscussed in the next section 83.2.
3.1.2 The transfer matrix analyses on FTIR tunnelig structures.

The analytical model of the double barriers isvaimdn Fig. 3.2. For
simplicity, the two air gaps are chosen to be igahiand the prisms are also identical.
Besides, the prisms and the central rib share dhee anaterial. The air gap width and
their distances are expresseddaandg respectively. In this letter, it is assumed to be
silicon material, which has a refractive index 8.42 and a corresponding critical angle
6. = 17.0 degrees. The transmission of the doubleeoarcan be derived by the transfer
matrix method. In the first step, the transfer imatf a single barrier (the right half of

Fig. 3.2) should be derived. The reflection coédint R can be expressed as [161]

p= 10 TT2® (3.1)

a id
1+rpte

wherery, andtmn (M, n = 0, 1 or 2) are the reflection coefficient andnBmission

coefficient at different interfaces given by Frdsegquations. The phase terdnis given

by
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§ = (4mtd/2)y1 —nZsin?0 (3.2)

Whered is the width of air gap andlis the wavelength.

[M] [N] [M]

Fig. 3.2. Analytical model of the double opticattder structure.
Due to the above critical angle condition, the ghakift of the light traveling

through the air gap is imaginary which is resuliedthe attenuation of the light

amplitude. Therefore, the transmission coefficieotn be written as

i
T = typtgae (3.3)

1 id
1+ mpty e
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wheree® is the amplitude coefficient representing theratiion of the light each time

tunneling through the air gap which can be caledats

Tip + Tpo 8™
14+ 7,725

A | _ . (34)

| ‘ tiotes
N L+, et

After certain derivation, the transfer matrix M fibie single optical barrier can be

expressed as

Tr—R* R
_| T T (3.5)
M=
R 1
T T

In a similar way, the transfer matrix N of the gahtib can be written as
v=[=* 9] (3.6)

wheregis the phase shift when the light travels throughrib.
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With the transfer matrices of the air gap part grelcentral rib part, the overall

transfer matrixMgoupe fOr the double optical barriers structure can dlewdated as

11 My
Myoupe = MNM = g!l ] (3.7)

Mg
22

Therefore, the reflection coefficieRyounie and the transmission coefficiefoupie

can be written as

Rypupie(md, g,.8) = [—mzlfmnj: (3.8)

Tﬁ'oub!a (ﬂ’! drgr Hj = ( (39)

Mgy — mlzmzl)‘

m,

-
-

It can be seen from Eq. (3.9) that the transmissuefficient is the function of
four parameters), d, 8 andg (the central rib width). Heré andg can be normalized with
respect to the incidence wavelength so that thiaari is not reflected in Eqgs. (3.8) and
(3.9). It should be point out that the distanceMeein the air gaps cannot be too large so

that it will not cause large space shift betwedleceed waves.

41



Chapter 3
Optical Tunneling and Devices

3.1.3 Transmission versus incidence angle
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Fig. 3.3: The transmission versus incident angldif&drent air gap distances for both (a)

single optical barrier and (b) double optical berri
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The incident angl@is one of the key parameters which determine #émefation
energy of the photons passing through the optieatidrs. The incident photons can
penetrate the optical barriers with certain proligbin form of evanescent waves.
Generally speaking, the increasing of the incidgergles reduces the penetration depth of
the evanescent waves thus decrease the transmisidhe optical barriers. The
transmissions versus the incident angle for boftsifale and (b) double optical barriers

are plotted in Fig. 3.3.

Fig. 3.3(a) shows the transmission of the singleidrawhen the incident angié
is ranged from 16° to 18°. Here the refractive mdéthe hemi-spherical prism is set to
be 3.42 which is the refractive index of siliconrdtared region (the critical angl@. is
17°.). The incident light in Fig. 3.3(a) is transtadl through the single optical barrier via
refraction whend< 17°. In fact, the FTIR structure shown in Fig. 3.1(ah& an optical
barrier yet since it doesn’t oblique the light. Tayatical barrier is formed whe@> 17°.
The transmission of the light is depended on thmneiing effect. It is shown in Fig.
3.1(a) that the transmission of the single optluadrier structure is decreasing ésgs
increasing. The most rapidly drop of the transmissoccurs near 17° where the total
internal reflection happens. The ratio of the traission drop to the incident angle
changeAT /A# is depended on the width of the air ghbecause the larger tloeis the
smaller the transmission probability of the photoisg. 3.3(b) shows that the
transmission of double optical barriers is not ntone decreasing a8 is increasing.
The transmission can become 100% if the incidegleasatisfies the resonance tunneling

condition. The increasing of the air gap width @éases the full width at half maximum
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(FWHM) of the transmission curve. It should be pethout that the simulation range of
Fig. 3.3(b) is from 18° to 18.2° which is differédndm that of Fig. 3.3(a). That is because
the transmission of the double optical barrieracdtire is more sensitive to the incident
angle change than that of the single optical barfiée simulation range has to be
decreased to resolve the transmission peaks. ahemiission at the incident angle below
the critical angle is shown in the later sectior&s58and 83.6 which is not further

discussed here.
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3.1.4 Transmission versus the air gap distance
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Fig. 3.4: The transmission versus air gaat different incident angle for both (a) single

optical barrier and (b) double optical barrier.
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The transmissions at different incident angleshtoth Fig. 3.4(a) single optical
barrier and Fig. 3.4(b) double optical barrierrigdrsely proportion to the air gap width
d. Fig. 3.4(a) shows the transmission of the sidmgeier can drop from 100% to 0%
whend changes from 0 ta. The transmission of both single and double optiearier
can be eliminated when the change of the air gafamtieAd > A. The ration of the
transmission drop versus the air gap chan@@d of the double optical barrier structure

is more sensitive to the incident angle than th&he single optical barrier structure.
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Fig. 3.5: The contour map of single barrier trargsiain at different incident angles and

air gaps.

The effects of air gap and incident anglé&/ on single barrier transmission is
shown in Fig. 3.5. The bright parts represent tigh transmission region while the dark
parts represent the low transmission region. Thlgition range of the incident angle is
from 16° (<&) to 18° (>&) and the range of the air gap is from B.® 0.9A. The single

barrier transmission can be tuned from 100% to @¥6Hanging the incident angle. The
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AT/AG becomes maximum near the critical angle. Howethes, effects of the air gap
change becomes obvious only at above the critioglearegion when the transmission is
depend on the tunneling other than the refracfidmerefore, the tuning of the incident
angle of the single barrier structure can be usetthe variable optical attenuator (VOA)
or the optical switch. The air gap tuning of thegée barrier structure has potential
applications on VOA. The switching effect of the gap tuning is not as good as that of
the incident tuning. However, the linearity of thie gap tuning is better since there is not

any abruptly drop of transmission near the critaragle.
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Fig. 3.6: The contour map of double optical bagitmansmission at different incident

angles and air gaps.

The effects of air gagl and incident angled on double optical barriers
transmission is shown in Fig. 3.6. The bright pegfresent the high transmission region
while the dark parts represent the low transmisseagion. The simulation range of the

incident angle is from 16° (&) to 18° (>&) and the range of the air gap is from B.t®
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0.9 A. The change of the transmission by either theyajr tuning or the incident angle
tuning is not obvious because the incident lightassmitted through via refraction other
than the tunneling. However the high transmissemgian is limited within a very narrow
region as the incident angle is larger than thecatiangle. The tuning of the incident
angle and the air gap of the double optical basterrctures has applications on both the

optical switch and VOA.
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3.1.5 Transmission versus the refractive index chae.
Although the air gap width and the incident angie be changed using MEMS

system, the most stable and fast way to tune tloeorscaled devices is changing the
refractive index of the device compositing matetidHowever, this tuning method is
limited by the properties of the compositing matksi In this project, the demonstrated
devices are all silicon based devices realized EBM@ technology. Here, the effects of
refractive index change on the transmission of Isatlgle and double optical barriers are
numerically analyzed. The experimental demonstnatd such thermo tuning devices

will be shown in §3.2 to §3.6.
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Fig.3.7: The transmission versus the refractivexchange of single barrier structure.

Fig. 3.7 shows the transmission versus the refradiidex change of single
barrier structure at different incident angles.c8ithe refractive index of silicon is near
3.42 at infrared region, the simulation range ef éfractive index is from 3.410 to 3.430

which is the 3.420 + 0.010. The incident anglehssen to be above the critical angle
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(18°) so that only the transmitted light via tunnglare considered. The transmission is
simulated when the air gap widthis chosen to be 0%, 1.0A and 1.5\ respectively. It

is shown in Fig. 3.7 that the transmission is alnliogar to the refractive index in this
region. The transmission change is only around $@%6h is too small for applications
such as variable optical attenuator (VOA) or optsseitch. It should be point out that, if
the incident angle is chosen to be near the criicgle, it is possible to change the
critical angle by changing the refractive indextloé compositing material. The incident
light transmission can be changed from refractiorthte tunneling which can have a

larger tuning range.
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Fig. 3.8: The transmission versus the refractideinchange of double barrier structure

at different air gap width.

The transmission versus the refractive index charigouble barrier structure at
different incident angles is shown in Fig. 3.8. eTéimulation range of the refractive

index is from 3.410 to 3.430 which are the samEigs3.7. The incident angle is chosen
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to be above the critical angle (18°) so that ohlg transmitted light via tunneling are
considered. The transmission is simulated wherathgap widthd is chosen to be Q\%
1.0 and 1.3 respectively. Different from the single barrieartsmission, the tuning
range of the double barrier transmission is ab®#.9The FWHM of the transmission
spectrum become narrower when the air gap widtndseasing. The tuning of the
transmission of the double optical barrier struesucan be 100% at the refractive index

change less than 0.005.
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Fig. 3.9: The contour map of single barrier trarssian versus the incident angle and

refractive index.

The single barrier transmission at different inaidangle and refractive index is
shown in Fig. 3.9. The bright part represents tigh transmission region and the dark
part represents the low transmission region. Thaulsition range of incident angle is
from 17° to 18° degree which is above the incidergle. The refractive index is changed

from 3.410 to 3.430 which are 3.42 + 0.010. It t@nseen from Fig. 3.9 that the high
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transmission region is at lower frequency and highedfractive index region. The
refractive index change can change the criticaleanf the silicon-air interface which
makes the incident angle change has the samestfet¢he transmission as the refractive
index change. TheAT/An becomes maximum near the critical angle when the
transmission is changed from tunneling effect foagion. It should be point out that the
interfaces between the two prisms (Fig. 3.1(a)uabt form a FP cavity which can
enhance the transmission of the refraction. It @xeld why the transmission is not

increased monotonously as the refractive indemdgeasing.

18.00 10
M
] 0.8
o I7.7
L]
2
e
£ 175
(3]
[ o
L14]
& 17.2
=
Q
£
17.0

3.410 3.415 13.420 3.425 3.430
Refractive index n (n.u.)

Fig. 3.10: The contour map of double barrier trassian versus the incident angle and

refractive index.

The double barrier transmission at different inoidengles and refractive indexes
is shown in Fig. 3.10. The bright part represeimsitigh transmission region and the dark
part represents the low transmission region. Thaulsition range of incident angle is

from 17° to 18° degree which is above the inciderdle. The refractive index is changed
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from 3.410 to 3.430 which are 3.42 £ 0.010. It tenseen from Fig. 3.9 that the high
transmission region becomes narrower as the incalegie is increasing. The resonance
tunneling condition is quite sensitive to both tiedractive index and incident angle.
Therefore, a small variation of the incident angterefractive index can result in the

sudden change of the transmission near the higbririgsion region.
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3.1.6 Transmission versus the central rib width.
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Fig. 3.11: The transmission versus the centrardih g.

The transmission as the function of the normalizenatral rib widthg is shown in
Fig. 3.11. The simulation range of the g is from6DI to 11.80\. The incident angle is
set to be 18°. The transmission has periodical pealy is changing. It is because that
the tunneled light is resonance within the centibl The resonance condition is
dependent on the optical length of the central Titrerefore, the variation of the central
rib width affects the transmission coefficient dktincident light. The position of the
transmission peak is not affected much by the &ir djstancel. However the FWHM of
the transmission peak is affecteddyrhe larger thel is the narrower the FWHM of the
transmission peak is. In other works, the sengjtivi the transmission on the variation of

g is depended on d.

It can be summarized from Fig. 3.5, 3.6, 3.9 aidd 3hat, both the single barrier

structure (Fig. 3.1(a)) and the double barriercdtmes (Fig. 3.1(b)) have applications on

54



Chapter 3
Optical Tunneling and Devices

optical switch and the VOA. As shown in Eq. 3.% thansmission depends on incident
angle 6 air gap distancal, refractive indexn and the central rib widtly. The
transmission of the single barrier structure isnmtyadominated by the way the incident
light is transmitted (refraction or tunneling). Tefre, the transmission coefficient is
determined by whether the incident angle is aboeetow the critical angle. In general,
the double optical barrier structure is more seresito the parameters change than the
single barrier structure do. Therefore, it can beduas optical switch or sensor which is
required to have high sensitivity or fast switchspeed. Furthermore, the sensitivity of
the double optical barrier structure can be adjubteoptimizing the parameters such as
0, @ andd. For example, if a double barrier optical switshdiesigned by changing the
refractive index of the central rib width the refractive index chande required to have
the switching effect can be adjusted by changirgaih gap distance which determines
the sensitivity of the transmission on central gagth g (Fig. 3.11). In the following
sections, the MEMS optical devices based on dobhleiers optical tunneling effects

will be demonstrated.
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3.2 MEMS thermo-optical switch

3.2.1 Design of the thermo-optical switch

Air gap Output waveﬂ'o)%n)y ?&eﬂected wavefront

x%:put wavefrontil® Micro-heater ;ﬁ?put wavefronI Rib

Resonance
| tunneling

(a) (b)

Fig. 3.12: Design and working principle of the eptidouble-well structure. (a) Top view
and potential diagram in the ON state; (b) Top veavd potential diagram in the OFF

State.
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Fig. 3.13: Contour map of (a) TE and (b) TM ligrdartsmission as functions dfA and

g/A. Inset shows Transmission states of larger region.
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The design and switching process of the thermazaptitch is illustrated in Fig.
3.12 [162]. The double-well structure is consisttwb hemi-cylindrical silicon prisms,
two air gaps and a silicon rib, and maintains sytnyna the horizontal direction as
shown in Fig. 3.12. The air gaps function as twbcap barriers as the refractive index of

air is smaller than that of silicon.

The corresponding optical potential diagrams amwshin Fig. 3.12. The rib
region acts as a resonant cavity between the twoabpvells. The resonance condition is
highly dependent on the optical path lerigé n - g, wheren is the refractive index of
the rib andy is the physical length of the rib. A micro-heatedeposited on top of the rib
region for adjusting the refractive index of thb.rin the initial state (Fig. 3.12(a)), the
transmission reaches its maximum by choosing tbegirparameters, corresponding to
the ON state. The switching process is achievechésting up the rib region. The
increase of the rib’s refractive index breaks #®onance condition and thus shut off the

light transmission of the outputs (Fig. 3.12(bprresponding to the OFF state.

To obtain a maximum transmission for the initiatet it is necessary to choose
the proper parameters. Due to the symmetry, thdldewmell construct in Fig. 3.12 has
only 3 independent parameters for setting theainitperation condition, i.e., the incident
angel 0, the normalized air gap widtd/A and the normalized rib widtig/A. The
wavelengthi is not an independent variable since it can benabred intod andg. Due
to the use of silicon material, the refractive aeof the prisms and the rib is also fixed
(heren = 3.42 for silicon). As the transfer matrix methlogls been proven effective in

studying the multi-layered structures, it is addpte analyze the double-well construct.
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Following this method, the characteristic matrixdvbf the optical double barriers switch

can be expressed as,

B B [mu My (3.10)
Mpg = MNM = |, " m::]
whereM and N are the characteristic matrices of the single welll the rib region,

respectively.

Then the reflection and transmission can be detesghfrom the matrix elements
m; (i, ] = 1 or 2). The incident anglgis chosen to be 18°, greater than the criticaleang
17°. So the transmission is only dependentlehandg/A. Fig. 3.13 shows the contour
map for the TE and TM wave. The bright region représ high transmission while the
dark part means low transmission. In Fig. 3.13f&,transmission of the TE polarization
is close to 100% when it hdsl < 0.05 (the white region on the left side). Tlsibecause
the thin air gap can be easily penetrated by imtidight. Most of the light just travels
through the gaps instead of being reflected backsnating between the air gaps. Sharp
peak can be observed when it b&s> 1.2, implying the transmission is very sensitive
the width of the central rib. By analogy, the aapgwidth is equivalent to the potential to
the electron tunneling barriers. As the air gagn@eased, more and more photons are
reflected back by the interfaces. The width of caEntib is actually the length of the
resonance cavity between the two barriers and ithdetermines how well the reflected
light waves can cancel each other. This is whyttés@smission becomes more and more

dependent on the central rib width when the air gawidened up. The inset in Fig.
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3.12(a) shows a larger range of central rib widitlcan be seen that the peaks appear
periodically with respect to the change of rib widBuch periodicity is a strong evidence
of the existence of resonance between barriers.shhgness of the peaks also implies
that the central rib and the air gap should be folyechosen to reach the full
transmission condition. For the TM polarizatione theriodicity and sharp peaks also

exist as shown in Fig. 3.12(b) and its inset.

It can be observed that a sharp peak appearswebetyA = 11.54 — 11.56 when
it hasd/A > 0.4. And the peak narrows down with the increaisd/A. The inset figure
shows a larger range of the rib width. The peakseapperiodically with respect to the
change of the rib width. This periodicity provideddence on the existence of resonance
between optical wells. The sharpness of the peaakdéias that the transmission is very
sensitive to the rib width change. And it shouldegially sensitive to the rib’s refractive
index change since the rib width and refractiveeintiave the same contribution to the
optical path length. This is the physical mechanitmat facilitates the thermo-optic
switching by heating up the rib. Based on the nirakmlanalysis using Eq. (3.10), the
designed parameters are chosen tg/de= 11.55 andi/A = 1.5 which ensure the high
transmission (ideally lager than 99%) in the ihigeate and low refractive index change

(An = 2.57 x 107%) required by the switching process. Fbr 1550 nm, there amg =

17.9um andd = 2.3um.

The choice of the cylindrical shape of the prissi$or collimating the Gaussian
waveform from the input fiber to the approximater@ waveform and converts the

tunneled plane waveform into the output. As thenglavave is required during the
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resonance tunneling between the two optical barrtbe radius of the output wave has to
be as large as possible. According to the lenstemsaof the Gaussian beam, the input

wavelengthA, the lens radius and the distance between fiber and the input ptism

satisfy,

r=(L+ZEfL)*(n—1j (3.11)

whereZ, is the Rayleigh length of the Gaussian bears w = w /1 wherewp = 4.2pm

which is the waist radius of the Gaussian bear®fricident light in the experiment.
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Fig. 3.14: The lens radius versus fiber distanadifdrent incident wavelength.

The relation between the lens radius and the disthetween fiber and the input
prism is shown in Fig. 3.14. The best choice fa fibber distance i& = 34.5um and

correspondinglyr = 179 um. It is because thair/AL = 0 which means the largest
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tolerance to the fabrication imperfection. Howe\es,the single mode fiber used in the
experiment is around 125 mm wide and the incidegfieais 18°, there is not enough
space for the fibers If = 34.5um. In this work, the distance between fiber anditipait

prism is chosen to be 170n. There are two solutions for this problem. Oneeimoving

the fiber which collecting the reflected light (Fig 15). If the optical switch is designed
to be two ported, the fiber for reflection is nangpulsory in this design. The other
solution is increasing the distance between theatdn fiber so that the input fiber can
be put nearer to the input prism. An extra lenstbdse put between the reflection fiber
and the input prism. It will increase the loss betw the reflection fiber and the input

prism.

3.2.2 Fabrication of thermo-optical switch

After the design, the device is fabricated by desgztive ion etching on a silicon-
on-insulator wafer, which has a pba structural layer bonded on a handling wafer
through a 24m oxide layer. The overview of the fabricated theroptic switch is shown
in Fig. 3.15 after the integration of three sing@de fibers (one for input, one for
reflection and another for transmission). Eachheftivo silicon prisms is supported by a
bi-directional actuator. The core part of the st within a footprint of 40& 400pm?.
The micro-heater is formed by patterning a serpershaped aluminum wire (O} #n
thick) on top of the rib. The fiber grooves arehett to ensure the incident angle of 18°.
The bi-directional actuator provides a maximum ispment of 5um in any direction

under a driving potential of 6.8 V. The air gapsa®en the rib and prisms can be finely
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adjusted by the tuning the driving voltage of theuator for optimizing the initial

working condition.

Microheater

\

\
2" Prism

4_...-\ | 1% Prism
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A put

18akuU X128 188mm

Fig. 3.15: Scanning electron micrograph of theitatted thermo-optic switch.
At the initial state, both the TE and TM are fultgnsmitted. With the increase of
JAn|, the transmissions of both the TE and TM droprdtically. At An| = 1x 10°, the
TE goes down to -41 dB while the TM goes to -25 tBthis paper, TE polarization is
chosen for the experiment for better sensitivitygéneral, only a change in the refractive
index of order 18 is required to achieve a contrast of transmis&ipr80 dB. For the
silicon material, the refractive index change igragimately linear near the room

temperature.

The refractive index change of the order*I@n be easily achieved by thermo
effects. It should be noted that the change inréfactive index of the central rib is

equivalent to the change in the width of the cénibasince the resonance condition is
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determined by the optical path length, which is @tiplication of the refractive index

and the width of the central rib.

3.2.3 Experimental demonstration of thermo-opticabwitch

The experiment setup is shown in Fig. 3.16. Th&damt light is generated by a
Tunable laser source with the wavelength tuninggeainom 1520 nm to 1620 nm. The
incident light is input to and collected from thetical switch by single mode fibers
which are fixed on the optical table during the erkpent to maintain the polarization
state of the input light. The micro-heater is puthg®y a source measurement unit
(SMU). The pumping current is around 50 mA. Thensraitted light is collected by a
photo detector which is connected to the opticacspm analyzer (OSA) or the

oscilloscope for further analyze.

OSA

Single mode fiber

Optical switch
Tunable laser i PD

Sample holder

SMU Oscilloscope

Fig. 3.16: Experimental setup of the thermo-optswaitch
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As there are always fabrication errors, the maxinttansmission may not occur
at the designed 1550 nm. Therefore the first stegxperiment is to measure the
transmission spectrum of the optical switch. Theulteis shown in Fig. 3.17. At room

temperature, the peak transmission occurs at 1548.7vith a bandwidth of 0.8 nm.

Correspondingly, the Q factor is around 20°.

- = Switch!off
4;---- . Switchéon

-15

Normalized transmission T (dB)

1520 1530 1540 1550 1560
Wavelength 2 (nm)

Fig. 3.17: Transmission spectrum of the opticaltslwi The blue solid line refers to the

off-state of the optical switch and the red dotied refers to the on-state.

According to the simulation, the Q factor on orded0" which is one order lager
than that of the experimental results. The disarepas mainly due to the lack of
collimation in the vertical direction of the opticdouble barriers structure. When the rib
region is heated up, the transmission spectrum dvbal changed. Fig. 3.17 shows that
the peak wavelength is shifted by 2 nm when theovieater is under a static driving

current of 75 mA.
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Fig. 3.18: The static tuning process of the theopteal switch. The transmission is
measured at different pumping current. The rededotine shows the experimental

results and the blue line shows the simulationltgesu

The static switching characteristics are plottedrign 3.18. The optical power is
normalized with respect to the maximum output powdre insertion loss is around 10
dB. The incident light is from a laser light soufgedo AQ4321D) with an input power
of 0 dBm. The wavelength follows the peak wavelbngftthe transmission spectrum as
measured above. A polarization controller is usedhaintain the TEpolarization. The
electrical current generated by a source measurtenménis applied to the micro-heater
via micro-probes. Here the electric current is e@moas the control parameter because the
actual temperature and refractive index change atalp@ measured directly during the
experiment. With the gradual increase of the hgaturrent, the output power dropped
dramatically. The measured extinction ratio is 3@B, which roughly matches the

predicted value of 35 dB given by the simulation.
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Fig. 3.19: The dynamic tuning process of the theaptical switch. The transmission is

measured as the function of time. The blue satfid §hows the optical output power

The switching process is monitored by an oscillpecdTDS360) which is
connected to the photo detector. The transmitigd Is collected by the photo detector
and the voltage signal is read by the oscilloscdpestly, the readings given by the
oscilloscope is calibrated by the tunable lasereault is shown in Fig. 3.19 that the
reading of the oscilloscope is not linear to thpuinpower of the light. Therefore, the
measured signal from the oscilloscope has to bmalared by the measurement results

shown in Fig. 3.19.

The dynamic switching process is shown in Fig. 3t2€re a square voltage pulse
of 10 V (duration 1us) from a waveform generator (HP 33120A) is appleethe micro-
heater. The response time (ON to OFF state) isunegdo be 1us, which is the same as

the duration of the driven signal. This suggestt the response time could be further

67



Chapter 3
Optical Tunneling and Devices

decreased by a shorter driven voltage pulse. Howtéeerelaxation time (2hs) of the

optical switch is much longer than the response tilme to the slow heat dissipation.
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Fig. 3.20: The dynamic tuning process of the theaptical switch. The transmission is
measured as the function of time. The blue saotid §hows the normalized optical output

power. The red dashed line shows the pumping velggmerated by the SMU.

In conclusion, this work has demonstrated a fastntio-optic switching process
by the resonant tunneling effect of a silicon mmazhined optical double barrier
structure. In the static and dynamic experimerg,dktinction ratio of larger than 30 dB
and the switching speed ofus are achieved. The VOA function of such doubleiber
structure is also shown in Fig. 3.18. This thermptiecoswitch design not only inherits the
merits of the micromachining such as compact faotpfine tuning structures and easy
integration with the external fiber optics but atfistinguishes itself by its fast switching

speed, low power consumption and in-plane light atetibn.
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3.3 MEMS switchable polarizer

Traditional polarizer used in MEMS systems is pgsmhich refract or reflect the
light regarding its polarization state. For examplden the incident angle of the light is
equal to the Brewster's angle, only TE polarizeghtican be reflected. Therefore, the
traditional PBS has two major drawbacks. One isTtReand TM polarized light is not
totally separated in the refraction so that thesegbmponent is needed to obtain the pure
TM polarized light. The other drawback is tradi@bipolarizer is not easy to be tuned.
The main tuning method for the traditional MEMS au@ter is to change the incident
angle by mechanically rotating the prisms whiclmas easy since the incident angle has

to be precisely controlled [163].

As shown in Fig. 3.13, the resonance tunneling tmmd for TE and TM
polarized light is different. Therefore, the doulidarriers structure is polarization
selective. Although the resonance tunneling coowlitor both TE and TM polarized light
are periodical, the period for TE and TM polarideght is the same. Therefore, the
double optical barrier structure cannot transmieé thE and TM polarized light
simultaneously no matter how its parameters beangdd. For example, if the double
optical barriers structure allows TE polarized tiggh transmit through, the TM polarized
light will be reflected back which is functions aspolarization beam splitter. In the
previous section, it has been demonstrated thategmnance tunneling condition can be
tuned by changing the refractive index of the adntib. Therefore, it is possible to
switch the tunneling condition between the TE lighd TM light thus makes the PBS

tunable.
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3.3.1 Design of the MEMS switchable polarizer

Coupling prism Silicon rib

Output fiber
—

Input fiber

Non-polarized light Liner-polarized light

Micro-heater

Fig. 3.21: The schematic of MEMS switchable pokariz

Fig. 3.21 shows the schematic of the MEMS switohadalarizer. It consists of
three parts: an input and an output fiber, coupprigms and a central rib. The spacing
between the rib and the prisms are smaller thanvtt&ing wavelength. The input fiber
is aligned with the semi-cylinder prism so that spmtarized light can be incident on
parallel surfaces above the critical angle andstrats through the polarizer via resonant
enhanced optical tunneling effect which is highdynsitive to the polarization state of the
incident light. It allows only one polarization &ao pass through the polarizer while
blocks the other. The required polarization statethe polarizer can be tuned to the

perpendicularly direction via changing the refraetindex of the central rib.

The transmission of the double barriers structwresimulated using transfer
matrix method to choose the optimized parametarshi®s MEMS switchable polarizer.

Since the polarizer is designed to be tuned by@harthe refractive index of the central
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rib only, air gap width of the design is fixed a8 um and the central rib width is chosen

to be 18um.

TE polarized

Incident angle (degree)

0 20 20 60 80 100
Temperature change AT (K)

Fig. 3.22: Contour map on the transmission verstierent temperature and incident
angle for both TE and TM polarized light. Insert®w the large scale of the contour

maps.

The contour map of the output laser power versugelgagth and refractive
index change is shown in Fig 3.22. The bright coépresents high transmission while
the dark one stands for low transmission. It carsdxn from the simulation results that
both the transverse electric (TE) polarization ahe transverse magnetic (TM)
polarization have a bright stripe in the regionndérest. The two stripes are separated but
share the same inclination. The separation imghes it is not possible to get high
transmission for both the TE and TM with a givermbination of the refractive index

change and the wavelength. In another word, thestnéssion is highly selective to the
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polarization state. The inclination suggests thatwavelength of the laser output is red
shifted with the increase of the refractive inddxttee central silicon. This acts as the
fundamental mechanism for the wavelength tuningnetlough the cavity length

between the fiber end and the HR laser facet doeshange. It can be observed from
Fig. 3.22 that the TE light have narrower stripétwithan the TM light because the TM
light is easier to penetrate the optical tunneBtrgcture than the TE light due to the in-

plane electric field.

Transmission T (a.u.)

0.00 0.01 0.02 0.03 0.04
Rib refractive index change An (n.u.)

Fig. 3.23: The transmission as the function of riffeactive index change of the central

rib for the input wavelength at 1550 nm.

The numerical results are shown in Fig. 3.23 far ttansmission of the optical
tunneling structure versus the refractive indexngeaof the central silicon layer. The
incident angle is 18°. According to the simulatr@sults, the polarization state remained
unchanged when the refractive index chafgas less than 0.01. Under this condition,

the refractive index change only affects the wawgtle of the peak transmission.
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However, when thén is larger than 0.01, the polarization of the traitted light is
switched to its perpendicular position. Thus make tequired polarization state for
transmitted light changes from TE to TM. The fepectrum range (FPR) of the optical

tunneling spectrum can reach 30 nm.

3.3.2 Fabrication of the MEMS switchable polarizer

SR ro-heater
R

Input fiber

Fig. 3.24: Scanning electron micrograph of theitatted switchable polarizer.

The overview of an integrated MEMS switchable pakaris shown in Fig. 3.24
by a scanning electron micrograph (SEM). The wistiacture is fabricated on a SOI
wafer with a silicon structure layer of T#n thick. The input and output fiber is aligned
by the fiber groove. The semi-cylinder shaped piisfiabricated to have a radius of 170
pum for the optimal coupling of the light into théodér. The distance of the fiber to the
input prism is 34.5um which can be adjusted by the fiber stage durregexperiment.

The air gap between the central silicon layer drel grism is 0.9um and the central
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silicon layer is 3Qum wide. The incident angle of the light is 18° gr than the critical

angle of 17° for the silicon/air interface. The muit fiber is connected to an optical
spectrum analyzer (OSA) to monitor the alignmentha device. The position of the
fiber is adjusted by the fiber stage until a singlede output with relatively strong power

is achieved.

3.3.3 Experimental results and discussions

Polarization

analyzer

Single mode fiber

, PBS
Tunable laser Polarizer - | PD
Cable
SMU Power meter

Fig. 3.25: The experimental setup of the MEMS shatde polarizer

The experimental setup is similar as that of therrio-optical switch which is
shown in Fig. 3.16. The incident light is generabgda tunable light source ranged from
1520 nm to 1620 nm and the polarization state efititident light is controlled by a
polarizer. The polarizer is not necessary durirggdractical application of the switchable
polarizer. During the measurement the incidentnma#ion is controlled to demonstrate
the transmission coefficient of different polaripatstate. The single mode fibers used to

guide light from the tunable laser source to thetchable polarizer and then to the
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polarization analyzer are fixed on the optical ¢afol maintain the polarization state of the
light. The SMU is used to pump the micro-heatethaf PBS thus control the refractive
index of the central rib. The transmitted lightaisalyzed by the optical power meter for
the transmission at different polarization stafepolarization analyzer is used to analyze

the polarization state of the output light.
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Fig. 3.26: The normalized transmission versus thlarfzation rotation angle at different
incident angles. The green triangle, red circulad &lue square represent the normal

incidencefd = 0°, refractiond= 10° and tunneling = 18° respectively.

The normalized transmissions versus the polarizatmation angle at three
different incident angles are measured to illustridte polarization dependence on the
incident angle. The polarization rotation angle nzethe angle between the electric field
of the incident light and the TE polarized lightigF3.26 inserts). The experiment is
performed on the double barrier structure withbwet fiber groove which is shown in the

insert SEM graph of Fig. 3.26. In this way, theident angle can be tuned freely by the
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fiber stage. The green triangle, red circular arde bsquare represent the normal
incidenced = 0°, refractiond = 10° and tunnelin@ = 18° respectively. It is show in Fig.
3.26 that the polarization state has little effeots the transmission of the normal
incidence. The variation of the transmission canchesed by the polarizer which
controls the polarization state of the tunableraseirce. The polarization states have a
small effect on the transmission for the refractiwhen the incident angle is 10°.
However, the transmission of the tunneling lighhighly depended on the polarization

state which means the double optical barriers &tracan be used as a polarizer.
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Fig. 3.27: The normalized transmission versus tbating current of the micro-heater.
The blue triangle dashed line represents the TErigeld light and the red square dashed

line represents the TM polarized light.

The normalized transmission of the incident lightmeasured under different
pumping current of the micro-heater located on d¢bkatral rib for both TE and TM

polarization states. The heating current is ranfgeeh 0 mA to 80 mA. The refractive
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index change of the central rib cannot be measdnexttly since the device is of the
micro-scale. The initial state the polarizer isattow the TE polarized light to transmit
through and reflect the TM polarized light. Howevigre transmission of TE polarized
light is decreasing as the heating current is eireg. When the heating current is above
60 mA, the transmission of the TM polarized ligrecbme nontrivial and finally it

increased to its maximum when the heating pow80 imA.
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Fig. 3.28: Experiment results of MEMS switchabldapiaer. (a) the static switching
process of the PER as the pump current increadethé dynamic response of the
polarization state of the output when pumped wehiqalically changed heating current.

The dashed line shows the time variation of thegiomcurrent.

Fig. 3.28 shows the experimental results of the MEMvitchable polarizer. The
polarization extinction ratio (PER) is defined asver ration of the TM polarized light to
the TE polarized light which is measured using afation analyzer (POD-101A). The
change of the PER between the initial and finiatest is larger than 23 dB. The pumping
current of the micro-heater is tuned from 0 mA @ InA. As shown in Fig. 3.28(a), the
polarization state is switched from the initialtstéo the perpendicular final state when
the electrical pumping current is above 60 mA. Poéncaré sphere diagrams show that
the polarization state of the initial state and tin@l state are almost perpendicular to
each other. Fig 3.28(b) shows the dynamic respofighe output polarization states
under the periodical pumping current. S1, S2 andaB8 vector parameters which
represent the polarization state in Poincaré sphEne dashed line is the electrical
pumping current with the periodicity of 13%. The polarization vectors are changed
according to the pumping current which indicates the switching time of the polarizer
is less than one period (1§5). However, the switching period chosen in theeexpent
is limited by the response time of the polarizataoralyzer. The shorter switching time is
not demonstrated in this experiment. Accordingh® éxperimental results shown in Fig.

3.20, the typical switching time of the MEMS polari is around several micro seconds.
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3.4 Optical tunneling junction on optical waveguide for

reconfigurable WDM system.

In previous sections, the double optical barriehsctv the input and output light
is coupled by prisms are demonstrated as opticétisyWOA and polarizer. The double
optical barriers coupling light from free spacengsprisms have merits such as flexible
configuration, fast tuning speed and fabricatiomwemience. However, there are two
drawbacks which limit the double barriers strucsuie@m been further integrated into the
photonic circuit. One drawback is the device stabeery large (typically 40um x 400
pnm) which prevent the massive integration of suchiads. The device scale is mainly
determined by the size of the prisms which areléingest components of the double
barrier structures. Although the size of the prisias be reduces by some smart designs,
it cannot be smaller than the spot size of the &8anseam from the single mode fiber.
The other drawback is that the divergence of thes&an beam is very large when
propagating a large distance. Although the Gaudstam can be temporally transformed
to approximate plane wave to meet the requiremetiteoresonance tunneling condition,
it will become Gaussian beam again after propagaishort distance from the prisms.
The divergence increases the spot size of the @aulssam thus increases the loss of the
integrated structures. Optical waveguides have hesed as components in integrated
photonic circuits or as the wave guiding mediunoptical communication systems for

many years. In this section, an optical tunnelimgciion and its application on
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reconfigurable WDM system are demonstrated by cogthie double barriers structures

with the optical waveguide.

3.4.1 Design of the optical tunneling junctions

RiK Micro-heater
Input

B/ Port 3
f

Port 2 \ Port 1

Air gap

Fig. 3.29: The schematic of optical tunneling jumict

The schematic of optical tunneling junction is show Fig. 3.29. The optical
tunneling junction is based on a cross-shaped wastegwith four ports: one port for
input light, port 1 for transmission, port 2 forfleetion and port 3 for reference. The
central rib is formed by cutting two symmetry gapshe cross region. A micro-heater is
located on the rib region to control the resondno@eling conditions from input to port
1. The working principle of the optical tunnelingngtion is similar to the prim coupled
double barriers structures discussed in perviowsiosss. The angle of two crossed
waveguide is 36° which is two times of the incidamgle of the input light on the
interface between the waveguide and the air gap.ofical barriers are formed since
the incident angle is 18° which is larger than¢hgcal angle. The transmission between

the input and port 1 is depended on the resonameceling effect.
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_Input

L

(b)

Fig. 3.30: Electric field distribution of opticalunneling junction when the rib

temperature is (a) 293 K and (b) 310 K respectively
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The micro-heater is patterned on the rib structiarecontrol the resonance
tunneling condition of the junction via changing ttefractive index of the rib. Port 2 is
to collect the reflected light which is not sagsfithe resonance tunneling condition. Port
3 is kept to monitor the cross talk from the inpott. It should be pointed out that, the
incident light has to satisfy both the resonanaeéling condition and the waveguide

propagating condition to be transmitted from inpaoit to port 1.

The electric field distribution calculated by thiaite differential time domain
(FDTD) method is shown in Fig. 3.30. The brighttpaepresent the high electric field
concentration and the dark parts represent thesleetric field concentration. The air gap
is set to be 0.5m, the rib width is 1.644m and the waveguide width isp@n. The input
wavelength is chosen to be 1550 nm and the incalegie is 18°. In the initial state (Fig.
3.30(a)), most of the light is transmitted from ubgo port three since the resonance
tunneling condition is satisfied. Here the refraetindex of the central rib is set to be
3.420 which is the refractive index value of silicat room temperature (293 K). Fig.
3.30(b) shows the FDTD simulation results whenrtherefractive index changes from
3.420 to 3.423. The refractive index chadgas 0.003 which can be caused by rising the
temperature of silicon by 17 K. According to Fig3®&b), most of the light is reflected

back to port 2 as the rib refractive index is cleahg
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Fig. 3.31: The schematic of the reconfigurable WDBlstem integrated by optical

tunneling junctions

The schematic of reconfigurable wavelength de-plgitier (WDM) system is
shown in Fig. 3.31. The reconfigurable multiplexensists of one input channel, one
output channel and five drop channels which aretrotbed by the heating current
induced by the metal pad. Light can be transmifteoh the input channel to the output
channel by total internal reflection. Here, thehpatay from the input channel to the
output channel is called the transport waveguitle (aveguide with rainbow arrows).
The transport waveguide and the waveguides fodtbp channel (channel 1 to 5) are
separated by a rib structure. The transport wadegand the drop channel form a Y-
shape optical tunneling junction which allows tlght with certain wavelength dropping
from the transport waveguide to the drop channéke @ropped wavelength of each

junction is controlled by the heat current indubgdhe micro-heater.
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Fig. 3.32: The contour map of the transmissionha& tunneling junction at different

incident wavelengths and rib widths.

Fig. 3.32 shows the contour map of the tunnelingciion transmission at
different rib widths and wavelengths. The brighttpa the high transmission region
which shows the output wavelength is determinethkyib width. The rib width of each
channel is varying from 1.2m to 2.0um so that the output of each channel is different
from each other. Other wavelengths which do nasfyathe resonance condition of the
tunneling junctions (dark region of Fig. 3.32) rensain the transport waveguide and are
transmitted to the output port. Small vibratiorritsf optical length can be induced by the
thermo-optical tuning of the rib refractive indexhieh can finely tune the drop
wavelength of each channel. In this way, the dmgguency can cover the frequency

span from 1545 nm to 1555 nm.
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3.4.2 Experimental results and discussions

Fig. 3.33: Scanning electron micrograph of the nfigorable WDM system.

Figure 3.33 shows the scanning electronic micrdgrég@EM) of the fabricated
MEMS tunable add-drop multiplexer. The inset shae enlarged picture of the
tunneling junction which is connected to the filgeoove by the ribbed waveguide. The
tilt angle of the fiber grooves is 45 degree wihie incident angle of each tunneling
junction is 18° since the fiber grooves and thaaaptunneling junctions are connected
by curved waveguide. Both the metal pad and ribcasged with aluminum so that the
ribbed region can be heated via the pumping curr@ndduced by the micro-needle
connected with the aluminum pad. The rib widthgh&f tunneling junctions vary from
1.15um to 1.95um which ensure the output wavelength is differénéach channels.

The tunable add-drop multiplexer is fabricated gssilicon-on-insolate wafer with the

working depth of um.
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Fig. 3.34: Experiment results of the output wavgthrat different rib width.

Fig. 3.34 shows the measured output of each chaiihel experiment results
show the same tendency as the simulated resulesdifterence between the measured
and the simulated output wavelength is mainly irduby the fabrication imperfect of
the rib width. According to the measured outpug, fdbricated rib width is 200 nm wider

than expected which is within the mismatch toleeaoicthe masks.

3.5 Summary

In this chapter, the double optical barrier stroettealized by MEMS technology
is demonstrated for different photonic devices. Thestrated total internal reflection
(FTIR) optical barrier structure is presented atsdtiansmission states are numerically
studied via transfer matrix method. Then three &vable photonic devices is
demonstrated using MEMS system. A thermo-opticavinig characteristics of an optical

double optical barrier structure is demonstrateticlv has a high-low-high-low-high

86



Chapter 3
Optical Tunneling and Devices

refractive index construct formed by micromachiséton prisms and air gaps. Analysis
shows such structure features full transmissi@n, (ON state) and requires low refractive
index change for switching function. The devicéalsricated on silicon-on-isolator wafer
using deep etching process. In experiment, it nteasal switching speed ofs and an
extinction ratio of 30 dB. A switchable polarizerdemonstrated using the double optical
barrier structure. In experiment it measures a BERger than 23 dB when the pumping
current is above 60 mA. The switching time is shothan 125us which is limited by the
polarization analyzer used in the experim&MEMS tunable add-drop multiplexer is
finally presented, the output of which can be tumgdthermo-optical effects. The
tunable add-drop multiplexer is based on Y-shapgcalpdouble barriers tunneling
junction which are realized by MEMS technology. the experiment, a five-channel
prototype of the tunable add-drop multiplexer isndastrated. The measured output is

ranged from 1549.24 nm to 1559.21 nm.

87



Chapter 4
Tunable Slow Light Metamaterials

CHAPTER 4

TUNABLE SLOW LIGHT METAMATERIALS

This chapter is focused on the tuning of the slayhtl metamaterials via the
refractive index change of the substrate. The tllitglof the tunable metamaterial is
limited by the material properties of the substréte tuning range of which is normally
not very large. The objective of this chapter i$itol a new metamaterial structure which
can enhance tunability of the tunable metamateralghermore, the tuning of the group

velocity index of such tunable metamaterials is @lsmerically studied.
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4.1 Design of metamaterial slow light waveguide

Light can be slowed within either the homogenousenmgs or waveguides. For
homogenous materials, light is interact with thectbn gases of the atoms or molecular
which results in the delay of the propagation & light waves. The slow light factor is
equal to the refractive index of the homogenousenas which is typically low in nature
material. The slow light waveguides are typicaéiglized by enhanced dispersion caused
by the waveguide geometry. The light waves are eidr¢o resonance within the
waveguide so that the effective propagation constan be very large. In this way, the

propagation speed of the light can be slowed daowvthe slow light waveguides.

Similar as the CROW waveguide consists of dieleaptical micro-cavities, the
magnetoinductive slow light waveguide is consistéanagnetically coupled metal ring
arrays (Fig. 4.1). The magnetoinductive slow liglaveguides can be divided into two
groups: in-plane coupling waveguides (Fig. 4.1 & multi-plane coupling waveguides
(Fig. 4.1 (b)) based on their geometries. Metanelteslow light waveguides are
constructed with unit cells which are typically wmiletrings. Constructed by sub-
wavelength unit cells, metamaterials can be treatedhe homogenous materials the
refractive index of which can be very large. Funthere, the metamaterials can be used
as the waveguide the slow light factor of which barfurther increased by the resonance
between the couplings of the unit cells. Thereforestamaterials are ideal building

blocks for slow light waveguides.
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Fig. 4.1: Schematic of magnetoinductive slow ligigve guide. (a) coupling within a

single layer (b) coupling between two layers.

The dispersion relation of magnetoinductive waas lee written as
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1
jwl+——+ R+ 2joMcoska =0 (4.7)
jewl

wherelL, C, andR are the self-inductance, capacitance and resistahthe metal rings
respectivelyM is the mutual inductance between the nearest.rknigthe wave number

anda is the period of the array.

For multi-layer waveguides, the dispersion relatad magnetoinductive waves

can be written as

1
(_j'c-_:lL t——t R, 4+ 2jwM, cos ka] ®
jwC,y

1 .
(_j'-cr_:lL to ot R, + 2jwM, cos kac) = —w M (4.8)
Jaby

where the top and bottom metal rings are of theesa®if-inductance. Both the
transmission and slow light factor are highly degexh on the coupling of the top and

bottom metal rings.

The unit cell structure must satisfy the followitwgo conditions to achieve the
high tunability of the tunable metamaterial. Onetle#é conditions is to concentrate the
electric field within the substrate. The other atind is to find a method the control the

surface current of the metal films using the rdfv@cindex change of the substrate.
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(b)

Fig. 4.2: Schematic of the metamaterial slow liglaveguide. (a) and (b) are schematics

of the slow light waveguide which shows the lighbgagating along the waveguide

before (a) and after (b) the permittivity of thdstrate is changed.
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To increase the tunability of the unit cell by charg the substrate permittivity, a
coupled SRR structure is designed as the unitatelhe metamaterial waveguide. Fig.
4.2 shows the schematic diagram of the unit cell issinset shows the side view. The
unit cell consists of two identical SRRs, each &asnner ring and an outer ring. Both
rings are square and split. The side length ofrther ring isa; = 150 nm and that of the
outer ring isa, = 270 nm. All the wires has the same width- 30 nm. The gap of the
splitting isG = 30 nm. The two ring resonators are located affrtbnt and back side of
the substrate, respectively. The gap of the odibgr overlaps with each other in the
magnetic field (H field) direction. In addition, bawires are buried in the central plane of
the substrate. In the light propagation directity the wires are aligned to the central
lines of the two resonators, respectively. Thaedatconstant is 300 nm along the electric
field (E field) direction PE and is 600 nm aloRg The substrate is 60 nm thick and the
material is chosen as silicon in the calculationlevthe metal parts are made of perfect
electric conductor (PEC) material. As the eledietd is concentrated within the gaps of
the outer rings, the coupling of the two SRRs ghhi dependent on the spacing between
the two gaps. Although the distance between the sSRR., the thickness of the
substrate) cannot be changed easily once theywhriedted, the refractive index (i.e., the
permittivity and/or the permeability) between theam be tuned without much difficulty,
which is equivalent to a thickness change of thbssate. Therefore, the electric
response of the unit cell to the incident terah€ftEz) waves is dependent on the
refractive index of the substrate. For the magnetsponse of metamaterials, it is
actually induced by the surface current of the imetdich is different from the

traditional magnetic materials. In the coupled SRRe surface current of the two split
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rings goes to opposite directions of the overlappegion. The induced electromotive
force is dependent on the coupling of the surfageeats, which also varies with the
permittivity of the substrate. Therefore, both thectric response and the magnetic
responses of the unit cell can be tuned by varttegpermittivity of the substrate. By
using the above unit cell as the building blocke thHz slow light waveguide is
constructed as shown in Fig. 4.2(a) and Fig. 4.2{kjonsists of infinite layers of unit
cells at both E and H directions. When a THz waveput to the slow light waveguide,

its propagation speed would be tunable by varyimegpermittivity of the substrate since

the unit cell has different electric and magnedgponses to such variation.

H field

H field

(b)
Fig. 4.3: Electric and magnetic field distributiookthe slow light waveguide when the

substrate permittivity is set to be (a) 12.0 anyl 1B.1 respectively. The incidence
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frequency is 43.73 THz. In (a), the electric regmis weak but the magnetic response is

strong. In (b), they are just opposite.

The characteristics of the slow light waveguide @eenonstrated in Fig. 4.3. The
light propagation of the THz wave is examined udimg Finite-difference time-domain
(FDTD) method. The substrate permittivity is seto#» 12.000 (Fig. 4.3(a)) and 12.100
THz (Fig. 4.3(b)) respectively. The periodical bdary condition is introduced to mimic
the infinite unit cell array. The band width of theaveguide is 0.421 THz. Fig. 4.6
exemplifies the electric and magnetic field digitibns of linked unit cells for two cases
substrate permittivitylsub = 12.000 and sub = 12.100. The coupling ofwlesplit ring
resonators is changed due to the variation of themptivity of the substrate. As
illustrated in Fig. 4.3, the electric field of cdung of the unit cells is enhanced as the
substrate permittivity increases. However the magrfeeld response to the incidence

light becomes weaker as the substrate permittohnges from 12.000 to 12.100.
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4.2 Basic study on fishnet unit cell

The metamaterials can be made tunable by changengetractive index of their
substrate or the surrounding medium. The schenwdtihie tunable metamaterial via

substrate refractive index change is shown in &ig.

@ (b)
Fig. 4.4: the schematic of the tunable metamatefé&gl before the substrate refractive
index change the resonance frequenci.igb) after the substrate refractive index change

via the external pumping, the resonance frequendy. i
4.2.1 Design of unit cell

The unit cells of the metamaterials are sub-wawgleroptical cavities which
control the optical response of the metamaterialstheir resonance nature. The
metamaterial can be viewed as the continuous radgdrecause the dimension of the unit

cells is much smaller than the resonance wavelefdtérefore, the resonance nature of
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the metamaterials is one of the most importantufeat which determine the optical
properties of the metamaterials. The resonant &ecy of the metamaterial unit cells can
be changed by the variation of the substrate réfaéndex which also controls the
coupling between the unit cells. The optical resgof the metamaterials can be
changed by the variation of the substrate refraciindex. The schematic of a tunable
metamaterials is shown in Fig. 4.4. Metamaterials be used as wavelength selective
devices such as the filter due to their resonaatere. For example, a metamaterial slab
allows the incident wavelengtky, which induces strong resonance of the unit cédls,
pass through while stop other wavelengths (Figa3)4The resonance frequency can be
changed by the variation of the refractive indextlé substrate. In this way the
metamaterial slab can be used as a tunable filkéchacan be controlled via nonlinear
effects such as thermo-optical effects, photon éedufree carrier effects and electrical

free carrier pumping effects etc.

A fishnet metamaterial is numerically characteriaechn example to demonstrate
how the effects of the substrate refractive indeange of the metamaterials. The unit

cell of the finished net metamaterial is showniig. B.5.
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(c)

Fig. 4.5: the 3D contour map showing the (a) eieclield and (b) magnetic field

distribution of the fishnet unit cell. The side Wagth of the central squate= 3.5um.
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The metal strip widtW = 1.5um. The period® = 9 um. The metal thickneds= 0.3um

and the substrate thicknd3s= 1.2um.

The fishnet unit cell is consisted of three layéng) symmetric metal layers and
one substrate. The metal layer has a cross shaptd strip with the length equal to the
periodP = 9 mm and a central metal square pad with the wiall lengthL = 3.5 mm.
The metal is chosen to be aluminum during the satrart. The width and the thickness
of the aluminum strip i%V = 1.5 mm and = 3 mm respectively. The substrate thickness

isD=1.2um.

The EM wave is incident perpendicular to the swfatthe fishnet unit cell with
the electrical field perpendicular to the aluminsinp. The electric field distribution
shows that the energy of the electrical field isufged on the small depth of the aluminum
-substrate interface. Some energy, which is conatat on the corner of the unit cells,
manages to penetrate the substrate and resonatweebethe two metal layers (Fig.
4.5(a)). The distribution of the magnetic fieldailso mainly concentrated on the surface
of the aluminum strip which is perpendicular to thagnetic component of the incident
EM wave (Fig. 4.5(b)). The penetrating energy & thagnetic field is focused on the
gap between the two aluminum strips which are &xtain the opposite side of the
substrate. The electrical response of the fishnmetamaterial can be tuned by changing
the refractive index of the substrate which dong@ntdte resonance condition of the
penetrating electric field within it. However, tiseibstrate here is chosen to be silicon

which does not have directly response to the inngmaagnetic field. The tuning of the
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substrate refractive index only has minor effecttlom metamaterial magnetic response

which is caused mainly by changing the surfaceerurof the aluminum strips.

4.2.2 S-parameter analysis

The S-parameter of the fishnet metamaterial (Fi§) 4 calculated using the
FDTD method which is discussed in 84.1. The boundandition is chosen to be the
unit cell boundary to mimic the real structure wittfinite unit cell array. The i3 shows
the amplitude of the reflection coefficient spentrwhich has the resonance frequency of
50.1 THz. The transmission coefficient amplitudecpm ($,) shows a resonance peak
of 48.5 THz which is different from the resonan@alp of the reflection. This is due to

the absorption in the resonance region which fediht from frequency to frequency.

S parameter (n.u.)

0 20 40 60 80
Frequency f (THz)
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Fig. 4.6: the calculated S-parameter of the fishnmetamaterial. S (the blue line) is the
amplitude of the reflection coefficient and;S(red line) shows the transmission

coefficient amplitude.

The S-parameter not only can be used to deriveftieetive refractive index of
the fish net metamaterials but also can tell tkemance region of the unit cell. As shown
in Fig. 4.6, the resonance peaks for both S11 gadai®und 50 THz. Therefore, the
following calculation on the effective group indekthe fish net metamaterial is ranged

from 40 THz to 60 THz to make the spectrum neardéisenance more clear.

It has been proposed that electromagnetic metaiaateromposite structured
materials, formed either from periodic or randomags of scattering elements should
respond to electromagnetic radiation as continumaderials, at least in the long
wavelength limit. In recent experiments and simatd, it has been demonstrated that
certain metamaterial configurations exhibit scattgrbehavior consistent with the
assumption of approximate frequency dependent foionse and p. However, the
techniques applied in those studies probed therralstendirectly, and did not provide an

explicit measurement that would assign valuessiamd /.

The S-parameter retrieval method utilizes the trassion and reflection
coefficients (S parameters) which can be calculéded wave normally incident on a
finite slab of metamaterial. The scattering datmverted to determine refractive index
and impedancez, for systems of several thicknesses, from which afeain self-
consistent values for and p The technique is applicable to the experimental

characterization of metamaterial samples whendwestattering parameters are known.
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The common method of characterizing the electromtgrscattering properties of a
homogeneous material is to identify its z and nilg\ihis possible to completely specify
the scattering in terms of z and n, it is often enoonvenient to choose a second set of
analytic variables that carry a direct materialeiptetation. These variables are the
electric permittivity s = n/z, and the magnetic permeability= nz. Both n andz and
therefore £ and 4, are frequency dependent complex functions thésfgacertain
requirements based on causality. For passive raleRef) and Im@) must be greater
than zero. At a given frequency, any material tgiports only one propagating mode
will generally exhibit a well-defined refractive dax n, whether the material is
continuous or not. Photonic bandgap materials, deample, are characterized by
dispersion curves from which an effective index t&nextracted, even for bands well
above the first bandgap, and well-defined refracpbenomena can result. However, it is
generally not possible to assign an impedante a noncontinuous material, except in
those cases where the wavelength in the matemau@h larger than the dimensions and
spacing of the constituent scattering elements ¢batpose the medium. ¥ depends
strongly on the surface termination, oz iflepends on the overall size of the sample, then

zis ambiguous, and it is not possible to assigrnsitc values fore and /.

The transmission coefficient for EM wave which ohent normally to the face of
a one-dimensional (1D) slab of continuous matenialacuum with length is related to

n andz which can be expressed as
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t™! = [cos(nkd) — %(z + zl) sin(nkd)]e*® (4.1)

where k =ai’c is the wavenumber of the incident wave. Thedeit wave is assumed to
travel rightward along the positiveaxis, with the origin defined as the first facetloé
material seen by the radiation. To improve theitylaof the subsequent formulas, we
introduce the normalized transmission coefficigrt exp(kd)t. The reflection coefficient

is also related ta andn which can be expressed as

1

5 =3 i (z — zl) sin(nkd). (4-2)

Equations (4.1) and (4.2) can be inverted to fménd z as functions oft’ andr.

Performing this inversion leads to the followingeassions

cos(nkd) = * [1—(r*—t"7)]

2t'
= y__* ' 4.3
=Re (r“) 2fee (Aa7 T+ Aat) (4-3)
and
[oe w2 .2
(14 )2 —¢" (4.4)

z=4 =7 "
_l 1_ Z_tﬁz
Ja-n
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whereA; = r*t' + t*r and A2 = 1{r|*|t'| > are both real valued functions that go to
zero in the absence of material losses. Note tiédlewhe expressions for andz are
relatively uncomplicated, they are complex funcsiowith multiple branches, the
interpretation of which can lead to ambiguitiesletermining the final expressions fer
and 1. We can resolve these ambiguities by making usadditional knowledge about
the material. For example, if the material is passihe requirement that Re(z) > O fixes
the choice of sign in Eq. (4.4). when Im(n) > Odedo an unambiguous result for hy(

can be expressed as

Im(n) =+Im

cos™ ! (2—111,[1 — [’.r": — t':}])) (4.5)

kd

When solving the right-hand side of Eq. (4.5), vilecer of the two roots yields a

positive solution for Imt). Ref). The branches of the arccosine function is corapid

Re(n) = tRe (4.6)

kd kd

cos™ (5 [1-(r* —rff)])‘j_zm

wherem is an integer. Whed is large, these branches can lie arbitrarily clms@ne
another, making the selection of the correct bradifficult in the case of dispersive
materials. For this reason best results are olutdimethe smallest possible thickness of
sample, as has commonly been known in the anadysisntinuous materials. Even with

a small sample, more than one thickness must besurezh to identify the correct
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branches of the solution which yields consistefitly same values for n. Note that the
requirement that Inm) > O uniquely identifies the sign of Rg( which is essential when
the material may potentially have regions which lefé-handed, that is, materials in

which Ref) may be negative.

Fig. 4.7 shows the calculated effective group intigx= V,/c whereVy is the
group velocity of the EM wave within the fish neetamaterial. The blue line shows the
effective group index when the substrate permiftivé 11.9. The red line shows the
effective group index when the substrate permiftiié increased to 12. It can be seen
from Fig. 4.7 that the range of the effective grangex is from 1.7 to 5.6 which means
the variation of the light speed within the tunafidn net metamaterial is varying from

c/1.7 to c/5.6.
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Fig. 4.7: the calculated group index Ng versus fitegjuency at different substrate

refractive index. The blue and red lines represkatgroup index when the substrate

permittivity is 11.9 and 12.0 respectively.

It should be point out that the highest frequertoft ®ccurs at frequency of 47.1
THz which has the transmission less than 10%. Hewekie effective group index
change near the transmission peak 48.5 THz is ardynd 0.1. The tunability of the
fishnet structure is quite limited. There are twethods to increasing the tunability of the
tunable metamaterial. One is to change the subgstnaterial to have a higher refractive
index tuning range. The other way is to designva meit cell to have better sensitivity to

the substrate refractive index change.

104



Chapter 4
Tunable Slow Light Metamaterials

4.3 Design of coupled SRR unit cell structures

As discussed in pervious section, it is possiblentvease the tenability of the
tunable metamaterial by changing the geometry ef ietamaterial unit cell. In this
section, a new metamaterial unit cell structurepieposed which has much larger

tunability than the fish net unit cell metamaterial
4.3.1 Inner and outer ring design

Fig. 4.8 shows the schematic diagram of the uditacel its inset shows the side
view. The unit cell consists of two identical SRRach has an inner ring and an outer

ring. Both rings are square and split.

Fig. 4.8: The schematic of coupled split ring wal.

The coupled SRR unit cell is designed to increasth bhe electrical and the

magnetic response of the tunable metamaterial @wahation of the substrate refractive
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index. Two aluminum SRR unit cells are separatednfreach other by the substrate.
Therefore, the surface current induced by the emtidEM wave is coupled through the
overlap region of the SRR unit cells. In this wHye magnetic response can more or less
controlled by the substrate refractive index chafigeo aluminum metal bars are buried
within the substrate. The electric field is concated within the substrate since the metal
strips are designed to response mainly the incorelegtrical field. In this way, the
sensitivities of both the electrical and the magnetsponse of the tunable metamaterial
are increased. There are four major parametershwdantrol the resonance condition of
the coupled SRR unit cell. They are the gap widthhe spitted ring, the length and
width of the buried metal bars and the thicknesshef substrate. In this section, the
geometry parameters of the coupled SRR unit cehumerically characterized and
discussed.
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—— QOuter slit gap near receiver
v = Quter slit gap near transmitter

432 1 l 1 | 1 | 1
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Gap width G (nm)

Resoance frequency f(THz.)

Fig. 4.9: The resonance frequency change versugapevidth. The blue, red and green

lines show the change of the gap width at diffepasitions.
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The effects on the resonance frequency versusabevglth at different gaps are
shown in Fig. 4.10. The blue line shows the gaptlwahange of the inner gap on the top
of the substrate (Fig. 4.8). The red line and lilwe shows the outer gap change above
and below the substrate respectively. The inneg mdlmesn’'t change much of the
resonance frequency. However the both of the agaerwidth can shift the resonance
frequency around 0.8 THz when the gap width is gbedrfrom 20 nm to 40 nm. It can be
seen from Fig. 4.10 that the outer ring has laeffercts on resonance frequency than the
inner ring. This is because that the outer ringeaBines the coupling between the SRR
within the coupled SRR unit cell which is very inmfant to the resonance frequency of

the coupled SRR unit cells.
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Fig. 4.10: The resonance frequency change vergugdh width. The blue and red line

shows the gaps change of the lower split ring gaEeusplit ring.

The effects on the resonance frequency versusapemipth of upper (red line)

and lower (blue line) SRR unit cell is shown in.HglL1. The upper SRR gaps and lower
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SRR gaps change has the similar effect on the aesenfrequency change that is from
43.28 THz to 43.94 THz. The tuning range of the gagth is from 10 nm to 45 nm. The
resonance frequency shift is mainly caused by siyenenetry introduced by changing the
gap widths of only one split ring which explain® treason that the gap change of the
upper SRR unit cell and the lower one has the apmaiely the same effect on the
resonance frequency shift.

445

"7 Jf ESRSRUUUR: SURSR— S— ¥ —
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g -All slit gaps
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Gap width G (nm)
Fig. 4.11: The resonance frequency change vergugdh width. The blue and red line
shows the gaps change of inner and outer gaps wédihectively and the green line

shows the effects when all the gap widths are obéng

The resonance frequency versus the gap width mrsho Fig. 4.12. The tuning
range of the gap width is 20 nm (from 20 nm to 49).nThe blue and green line shows
the tuning of the outer gaps and all the gaps msdy. The red line shows the tuning of
the inner gap only. It can be seen from the simadatesults that tuning all the gaps has

the same affects on the resonance frequency shifteatuning of the outer gaps only.
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Moreover, the tuning of the inner gaps has litfleas on the resonance frequency.
Therefore, it can be concluded that the resonarezpiéncy is highly dependent on the
outer gap which control the coupling of the SRRshimi the unit cell. Tuning the
refractive index of the substrate is equal to tineing of the effective optical length
between the two outer gaps which is one of thegaameters of the couple SRR unit

cell.
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Fig. 4.12: The resonance frequency change versubuhed aluminum bar length. The
blue and red line shows the bar length changeeo§gthit ring unit cell near and far from
the incident EM wave respectively and the greea hows all the bar length changed
simultaneously.

The buried bar is designed to response the elattiigdld of the incoming EM
waves. The bars are surrounded by the substratthaadsensitive to its refractive index

change. Fig. 4.13 shows the tuning of the bar lesgparately (red and blue line) and
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simultaneously (green line). Similar to the gapirtgn changing the length of one bar
only introduce the asymmetry to the coupled SRR tnit cell. Therefore, it does not
matter which of the bar length is changed. Howesfeanging both of the bars within one
coupled SRR unit cell has great effect on the stadtresonance of the unit cell. Thus

cause the resonance frequency shifts from 42.9t®133.7 THz.
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Fig. 4.13: The resonance frequency change versudhwidth.

The film width of the split ring is tuned to illuste its affect on the resonance
frequency of the coupled SRR unit cell. The chaofehe film width affects the
capacitance between the gaps. Thus it has sinfiieeteon the gap width tuning of the
SRR unit cells. The capacitance between the gapoportionally to the film width and
inversely proportional to the gap width. Therefdree gap width and the film width has
the opposite effects on the resonance frequendly S¥inen the film width is changing

from 20 nm to 35 nm, the resonance frequency shiftom 43.48 THz to 44.09 THz
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which is similar to that of the gap width change.
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Fig. 4.14: The resonance frequency change versusutbstrate thickness.

The resonance frequency versus the substrate #sska shown in Fig. 4.15. The
change of the substrate thickness actually chatigesoupling between the upper and
lower SRR unit cells. The thicker the substrat¢éhes weaker the coupling between the
SRR unit cells is. Therefore, changing the substtlaickness has much larger effect on
the resonance frequency change (from 43.57 THZté #Hz) when it is less than 60
nm. When the thickness of the substrate is thitken 60 m, further change of the
substrate depth has little effect on the resonfmeceiency shift.

The electrical response of the coupled SRR unitisaletermined by the buried
aluminum bars and the magnetic response is detedig the coupling of the two SRR
resonators. According to Fig. 4.13 and Fig. 4.1Bjrg of the substrate refractive index
has greater impact on the electric response afdbpled SRR. However, the electric and

magnetic response can be tuned separately via icigarige buried bar length and
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substrate respectively.

4.3.2 S-parameter analysis
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Fig. 4.15: (a) S-parameters of the unit cells as ftinction of incident frequency, (b)
optical impedance of the unit cell of the metamatesiow light waveguide &,, = 12).

The blue line shows the real part of the impedamzkred line shows the imaginary part
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of the impedance.

Since the optical properties of the metamaterial®e from its unit cells, it is
essential to characterize the unit cell in the Tregion before investigating the light
propagation of the metamaterial waveguide. Shmarameter of the unit cell is plotted in
Fig. 4.15(a) with thees,, = 12.00. The S parameters are square root ofréimsrhission
and reflection coefficients;; shows the forward transmission of the couple splg unit
cells which is determined by both the resonancelition and coupling conditions of
each unit cells. The resonance condition is satsdit 43.73 THz, at whick; is close to
100%. The Q factor of the unit cell is approximgat&00. For comparison, the reflection
coefficientS;; is also plotted in Fig. 2(a). At 43.73 THz, it hmasmimum reflection. The
optical impedance (Fig. 4.15(b)) can be deduced by B@arameter retrieval method.
Since the group indemy can be written agg = n + adn/dw), it is important to choose the
working frequency at whichg is highly frequency dependent. Such choice is rizvie
for tuning the speed of light by varying the inaitiérequency or for obtaining different
slowing effect at different incident frequenciesielimpedance matching conditior=(1
in Fig. 4.15(b)) is also satisfied near 43.73 THz.

The working frequency of the slow light unit cedl chosen to be 43.73 THz due
to the following two reasons. The first reasonhattthe working frequency has to be
located at high dispersion region for large sloghtifactors. The dispersion of this
frequency (43.73 THz) is since it is located onrdsonance peak shown in Fig. 4.15(a).

The other reason is that the frequency should halagively low loss. It can be seen in
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Fig. 4.15(b), the loss of the chosen frequencyisad the high absorption region where

the imagery part of the impendence is larger.
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Fig. 4.16: (a) The effective permittivitg and (b) the effective permeabilifys versus
the substrate permittivitsy, for both the coupled SRR lattice and the singl®$&tice.

The frequency of incident light is 38.65 THz whighthe resonant frequency of the
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single SRR unit cell. The change of the substraentivity A& is 0.5. The&y of
coupled SRR lattice and the single SRR lattice tibeetuning range of 18.42 and 0.25
respectively. Thess of coupled SRR lattice and the single SRR lattiage the tuning
range of 0.8874 and 0.038 respectively.

The effective permittivityses and effective permeabilityer of the coupled SRR
lattice and single SRR lattice are simulated tastilate the improvement of tunability of
the coupled SRR unit cells (Fig. 4.16). The paramsebdf both coupled and single SRR
unit cells are identical to those in Fig. 1. Theige boundary condition is applied to both
H and E direction while the open boundary condition is laggp to the k direction.
Generally speaking, the sensitivity to the substparmittivity becomes higher when the
incident frequency approaches the resonance fregud@herefore the frequency of the
incident light is chosen to be 38.65 THz whichhe resonant frequency of the single
SRR unit cell. As shown in Fig. 4.16(a), the effeetpermittivity &« of the coupled SRR
lattice is tuned from -17.068 to 1.350 while théeefive permittivity &« of the single
SRR lattice is tuned from 8.135 to 8.387. The tgnmienge of the, for the coupled SRR
lattice is more than 70 times larger than the &r§RR lattice. The tuning range gaf;
for coupled SRR lattice and the single SRR latiec€.887 (from 1.145 to 2.032) and
0.004 (from 1.006 to 1.010) respectively (Fig. 4% which shows the tuning range of

the L for coupled SRR lattice is 200 times larger tHangingle SRR lattice.
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4.4 Tuning of the group velocity
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Fig. 4.17: The group index as a function of thessate permittivity. The incidence

frequency is 43.73 THz. The propagated light itufrom a slowed backward wave to a
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tunneling wave in response to a change of subgteataittivity by 0.025.

The effective refractive indemy; (Fig. 4.17 (a)) and the optical impedarzggig.
4.16(b)) can be deduced by tBgarameter retrieval method. Since the group ingex
can be written asy = n + adn/da, it is important to choose the working frequenty a
which ng is highly frequency dependent. According to Fid.74(a),dn/dwis large near
43.73 THz and the imagery part of the effectiveaetive index Imfi«] approaches zero
which indicates low absorption. The impedance matcleondition £~ 1 in 4.13(b)) is

also satisfied near 43.73 THz.

The group index shows directly the slowing effediew the light propagates
along the metamaterial slow light waveguide. Ascaésed above, the group index is
highly dependent on two parameters, the substetmitiivity and the light frequency.
Fig. 4.17(b) plots the relationship between theugrmmdex and the substrate permittivity.
At the resonance frequency 43.73 THz, the groupgexnis highly sensitive to the
substrate permittivity especially whexg, = 12.425. In the observation window &f, =
12.000 to 12.50( first increases gradually to its maximum and theoréases sharply.
Sharp slope occurs over the rargg = 12.400 to 12.425 (i.e., 0.2% change). For large
tunability, such range is selected as the targeterking range. Correspondingly, the
group index is tuned from -42.79 to 0.19. Thereftine propagation light is tuned from
slowed backward wavend < 0) to tunneling waveng = 0) by a variation of 0.2% of the
substrate permittivity. Therefore, the propagatspeed of the light in the metamaterial

slow light waveguide can be tuned by finely adjugtihe substrate permittivity.
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4.5 Discussion on absorption
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Fig. 4.18: The absorption per unit cell (a) ateliéint incident frequencies (b) at different

substrate permittivity.
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The absorptions as functions of the incident lilequency and the substrate
permittivity as plotted in Fig. 4.18(a) and Figlé(b), respectively. The typical loss per
unit cell is -13.5 dB. The fluctuation of the alsiiwn due to the incident frequency (Fig.
4.18(a)) and the substrate permittivity (Fig. 4a®(s less than 1.5%, which will not
cause severe dispersion problem. Although the phbearof this waveguide is very large
from the engineering point of view, the coupled S&Ricture is proven to be useful as

the building block of the tunable slow light wavéidgi

4.6 Summary

In summary, tunable slow light metamaterial viaitgnthe substrate refractive
index is numerically studied. Firstly, the numelistudy on a fish net unit cell shows the
possible method to improve the tunability of thealle metamaterial is to concentrate
the electric field on the substrate and controlghdace current. Base on this method, a
couple SRR unit cell is finally proposed and numelty characterized. The simulation
results show that the coupled SRR design improwes ttinability of the effective
permittivity and the effective permeability by 7&da 200 times, respectively The
required permittivity change is only 0.025, whic@dnde achieved by either thermal-optic
effect or photon induced free carrier effect of seeiconductor materials. By use of the
tunable metamaterial, this slow light overcomes titeblems associated with the
conventional micro-cavities approaches such asapiel drop of transmission at a fixed

working frequency in the process of the light spéeding. Therefore, it may find
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potential applications in data storage, photonicuiis, optical communications and bio-

Sensors.
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CHAPTER 5

TUNABLE METAMATERIAL VIA MEMS TECHNOLOGY

Metamaterial can be designed to have very sensigponse to the external
excitation, such as heating, carrier injection giuwtoelectric effect. However, the
excitation of the metamaterial depends on the ahaofgthe refractive index of the
compositing materials of the metamaterial unit eélich is the same as the modulation
of the dielectric optical resonators (chapter 3)eTmetamaterial unit cells are sub-
wavelength resonators which can be used to enhthedegght-material interaction as the
dielectric optical resonators do. Previous reseshow that the ultra-high Q optical
resonators can be used for fast optical modulaticolm as, switching, signal generation or
even slowing the light. Although most of the naturaterials are too stable to have the
refractive index change larger than 5%, high Q aaptiresonators can enhance the
excitation of the nature materials thus make thst f@ptical modulation feasible.
Practically speaking, metamaterials cannot haverg tigh Q resonance because the
absorption of the metal part limits the photontiifee within the unit cells. Therefore,

metamaterials need a new tuning method to furtieease the tunablility.

The objective of this chapter is to show a new watjune the optical properties
of the metamaterials. This tuning method combine@samachined technology with the
design of the metamaterial unit cells. It can m#ke metamaterials tunable without

exciting their compositing materials. Therefores thnablility of the metamaterial is no
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longer limited by the refractive index change of thature materials. In this chapter, a
split ring structure is selected to demonstrate ttméeng method. The electrical and
magnetic response of the tunable metamaterial msodstrated both numerically and
experimentally. This chapter is organized as fodips.1 shows the design of the tunable
metamaterials. 5.2 and 5.3 shows the electricalnaaghetical response of the structure.
5.4 shows the experimental results of the lightedpenodulation of the tunable

metamaterials and 5.5 give the conclusion.
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5.1 Design of the tunable metamaterials

Unit cell Unit cell Unit cell

(b) () (d)

Fig. 5.1 Schematic of the tunable metamaterialagu8lEMS technology. (a) the top

view of the tunable metamaterials. The frame partannected with the comb drive
which is used to tune the gap of within the unitscgb) The unit cell consists of two
semi-square split rings separated by a small @a@ne is movable while the other is
fixed. In the initial state the unit cell is in tHe]” shape. The unit cell can be changed to
(c) the shapel* and (d) the shape “I” by simply translating dletmovable rings at the

same timeW is the width of the metal strip amiis the side length of the split ring.
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Although the changes of the surrounding media ercttmposting materials have
certain effect on the metamaterials, the opticapprty of metamaterials is mainly
determined by the geometries of its unit cells ottitan the composting materials.
Therefore, the metamaterials can be tuned by chgrige geometry of its unit cells other

than exciting its compositing materials.

Fig. 5.1 shows the generic architecture of the lienenetamaterials using MEMS
technology. The unit cell of the tunable metamatsris chosen to be the split ring
resonator which consists of two split semi-squares. the side length of the unit cells
and W is the width of the metal stripe. One of the ssmiares is connected with the
MEMS comb drive [7-10] which can be moved by thatistelectric forces. The other
semi-square is fixed on the substrate. Therefoaeh esplit ring resonator unit cell
consists of one movable semi-square and one figed-square, the gap between which
can be tuned by the MEMS comb drive. In the inigigte the gaps between each semi-
square are set to be identical for the fabricatimmvenience. The moving direction of the
comb drives are controlled by the external pumpuodtage. Therefore, the ga@
between the two semi-squares within one unit deig.(5.1 (b)) can be reduced or
increased which depends on the moving directiothefcomb drive. Fig. 5.1 (c) shows
the geometry of the unit cell become shapé when the gap between the two semi-
squares are reduced to minimum. And Fig. 5.1 (@wshthe geometry of the unit cell

becomes shape “I” when the gap between the two-squares is increased to maximum.
In this way, the geometry of the unit cells canchanged simultaneously by the MEMS

comb drive.
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Fig. 5.2: Equivalent circuit analysis of the turelphetamaterial unit cell. (a) shows the
schematic of the unit cell. The “+” and “-” stanor fthe accumulation of the electrons
induced by the external electric field. (b) the igglent circuit of the unit cell (a). (c) and

(d) show the capacitance change during the gapasorg.

The tuning effect of the gap can be analyzed byethevalent circuit which is
shown in Fig. 5.2 (b). There are two kinds of thpacitors within one unit cell. One is

the capacitors formed by the gaps between the éwo-squares Cg and the other one is
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the capacitors formed by the adjacent side watefunit cell Cs (Fig. 5.2 (a)). Cg and
Cs has different dependence as the gap G changeapacitance C is inversely
proportional to the distance d between the two hsdifzs which form the capaé|5tb1|).
Therefore, Cg is always decreasing as the gaprgrsasing (Fig. 5.2 (d)). Cs shows the
same trend as the G increasing. However, as tlsef@ther increasing, the Cs becomes
lager and lager as the capacitance formed betvireeadjacent unit cell side walls
becomes dominate (Fig. 5.2 (c)). As shown in Fig.(b), the total capacitance of the

equivalent circuit is given by,

__G'C
2c.Cc, +C?

total

When the gap is very smdll, is much larger tha@s,
c
=4
C:‘o:‘u! 2 (52)

As the gap is increasinGy become smaller and smaller &@gbecome dominant,
C:‘o:‘u! = Cs (53)
If the two semi-square are connect to each othgr &1 (b) and (c)), the gap between

the two metal slips vanished and the total capacgdecomes zero.

The total capacitance is controlled by the gapf the two semi-squares. The
electrical response of the unit cell can be tungdclbanging theG because the total
capacitance dominant the resonance induced byxtkeenal electrical field. Moreover the

gapG also affects the surface current induced by thereal magnetic field. Therefore,
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both the electrical and magnetic response of thiecal can be tuned by changing the
gap distancé& of the unit cell. In this way, the optical respers the metamaterial can

be tuned without changing the refractive indexmf eompositing materials.

5.2 Numerical results and discussions

5.2.1 Numerical analysis of the electrical response

The side wall length of the split ring resonatofeefs both the capacitance
between the two semi-squar€s and the instinct resonance frequency of the siplg
resonator. Fig. 5.5 shows the FDTD simulation tsswaf the split ring resonator
metamaterial with different side wall lengtR € 35um, R 30 um andR = 25um). The
period and gap is fixed & = 40um andG = 5 um respectively. The resonances, which
become higher wherR is decreasing, appear to be a sharp dip as shawthe
transmission spectrum. The dip frequency variesf203 THz to 3.09 THz which shows

34% frequency change as the R changes fropm3%o0 25um.
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Fig. 5.3: Numerical analysis on the side wall I&éngffect of the split ring metamaterial.
(a) the transmission spectrum. The electric fiedribution shows when (R = 35um,

(c) R=30um and (d)R = 25um respectively.

The dip frequency change is caused by two reagoms.is the instinct resonance
frequency of the split ring resonator is increasees the split ring resonator becomes

smaller as th&® is decreasing. The other reason is that the dapae between the semi-

squares of the adjacent unit cells is changed. CHpacitanc& o< L/d, whereL is the
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length of the metal slit which equal to tRehere andl is the distance between the two
metal slit. The change of tHe does not affect the capacitance between the two-se
squares, since bothandd equal to R here. However, the capacitance betwesitwo
semi-squares which belong to the different unilscgécreases wheiis decreasing (Fig
5.3(b), 5.3(c) and 5.3(d)). That is because th#t handd are inversely proportional to

R. Therefore, the total capacitance of the unit delireases &R is decreasing. As the

resonance frequenay= +/LC, the decreasing of the capacitance actually stiftsdip

frequency to the lower frequency which is the ojjeoto the effect of the instinct
resonance frequency change. The instinct frequehtlye split ring resonator unit cell
dominates the dip frequency which is shown in Big(a). The dip frequency shifts to

higher frequency region &is decreasing.

The period of the tunable metamaterial can chahgecbtupling strength of the
semi-squares between the adjacent unit cells whisimilar to the effect of the side wall
length of the split ring resonator unit cell. Howevthe change of the period does not
affect the instinct resonance of the split ringoredor because the geometry of the

resonator does not change.

The simulation results of different period are shawFig 5.6. Here, the side wall
length and the gap width is fixedRt 22pum andG = 5pum. The transmission spectrum
shown in Fig. 5.4(a) is similar to the transmissgpectrum shown in Fig. 5.3(a). The
resonance dip shifts to higher frequency regiomhasperiod is decreasing. Fig. 5.3(b),
Fig. 5.3(c) and Fig. 5.3(d) show the electric fididtribution of the unit cells at different

period. Here, the side wall length is identicaFig. 5.3(b), Fig. 5.3(c) and Fig. 5.3(d). It
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looks different because the simulation region issem to be one unit cell and the period

of the unit cells are different in Fig. 5.3(b), Fig3(c) and Fig. 5.3(d).

o

Normalized Transmission (dB)

5 R = 30um (¢)

_100 1 | 1 | 1 | 1 | 1
2.0 2.1 2.2 2.3 2.4 2.5

Frequency (THz)

(@)

(b) (c) (d)
Fig. 5.4: Numerical analysis on the different pdrad the split ring metamaterial. (a) the

transmission spectrum. The electric field distribatshows when (b = 40um, (c)P =

30um and (d)P = 25um respectively.

The change of the period affects the capacitanteeea the semi-squares which

belong to the adjacent split ring unit cells. Tlapacitance of the semi-squares become
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smaller as the period is increasing. That is bexdlis distance between the two metal
slits becomes lager when the period is increadihgt explains why the frequency shifts
to the higher region when the period is decreasiig dip frequency is changed from
2.23 THz to 2.32 THz which is much smaller thanngeathe side wall lengtR of the

unit cells. This is because that the changes opéned only affect the coupling between

the adjacent unit cells and leave the geometriij@imnit cells unchanged.

The gap widthG determines the gap capacitarig the side wall capacitan€g
and the instinct frequency of the split ring redonainit cells.Cy is the capacitance
formed by the gap between the two semi-squaresnnilie split ring resonator unit cell
(Fig. 5.2(a)). The length of the metal slit Gy is fixed during the change of the gap
width G. However, the distance between the two metal slgsroportional to the gap
width G. Therefore,Cy becomes smaller a§ is increasing (Fig. 5.2(d))Cs is the
capacitance formed by the side wall of the two @alja semi-squares. Whé&h is very
small, the two semi-squares within one split rieganator unit cell are close to each
other. The coupling between those two semi-squdosinates theCs. The distance
between the two semi-squares becomes largeG as increasing. ThereforeCs is
inversely proportional t& whenG is very small. However, the coupling of the semi-
squares becomes weaker @sis further increasing. The coupling between thmise
squares from the adjacent unit cells become laggidager and finally dominate the side
wall capacitanc&,. Then,Cs becomes larger whe@ is further increasing (Fig. 5.2(c)).
It can be seen from Fig. 5.1(d), the shape of thie aell can be totally changed by the

gap distancé&s. Generally speaking the instinct frequency of $pét ring resonator is
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inversely proportional to the size of the unit c@lhe effective size of the unit cell
becomes larger whe@ is increasing. Therefore, the instinct frequentyhe split ring

resonator is inversely proportional to the gap i@t

R
(=]

Normalized transmission (dB)
N
o

-60 : ¢
G =5um (b);
-80 1 | 1 l 1 l 1
3.2 3.4 3.6 3.8 4.0
Frequency (THz)

(@)
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Fig. 5.5: Numerical analysis on the different gadtivG of the split ring metamaterial.
(a) the transmission spectrum. The electric fietdirtbution shows when (3 = 2um, (c)

G =5um and (d)G = 10um respectively.
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Fig. 5.5 shows the simulation results of the spiiy resonator metamaterial at
different gap widthG. The dip frequency shifts to the higher frequeregion as shown
in Fig. 5.5(a). As discussed before, the increasinthe gap widthG decreases the gap
capacitance and the instinct frequency which resuit the decreasing of the dip
frequency. The dip frequency can only be increasgdhe side wall capacitandes
which agrees the simulation results in Fig. 5.5(@erefore, the effects of the side wall

capacitance change dominate in this case.
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5.2.2 magnetic response

The compositing material of the tunable metamdtésialuminum and silicon
which are not ferromagnetic materials. Thereforlee tmagnetic response of the
metamaterial is solely depended on the structur¢hefmetal parts. In the previous
section, the incident EM wave is perpendicularh® surface of the split ring unit cell.
The external magnetic field is within the planetioé split ring resonator the surface
current of which cannot be induced by the extemagnetic field. In this section, the
incident EM wave is tilted so that the magnetid¢dfieas perpendicular component to the
surface of the split ring resonator. According ke tGauss’'s Law, the perpendicular
component of the magnetic field can induce theasarfcurrent within the split ring
resonator which in turn generates the induced niagfeld. In this way, the split ring

resonator unit cells can response to the magnetecdf incident EM wave.

The following discussion will be focused on thefeliént incidence conditions,
such as the incident angle, the polarization statethe incident frequency etc. and their
effects on the magnetic resonance of the unit.c&€h& incident angle determines the
strength of the perpendicular component of thederwi magnetic field. The larger the
incident angle is the stronger the induced magnmesonance will be. The frequency of
the incident EM waves determines whether the inducggnetic resonance can be
enhanced or suppressed by the split ring reson@bar.induced magnetic field tends to
cancel that of the magnetic field from the incid&M waves which means a stronger

magnetic resonance results in larger negative respof the tunable metamaterials.

134



Chapter 5
Tunable Metamaterial via MEMS Technology

0.7

o o
13 o

Reflection coefficeint R
o
~

=
w

Frequency f(THZ)

(@)

1.00

0.95

0.90

0.85

Reflection coefficient R

080 1 | 1 | 1 | 1 l 1
1.8 1.9 2.0 2.1 2.2 2.3
Frequency f(THZ)

(b)
Fig. 5.6: The simulated reflection spectrum of tlhumable metamaterial at

different incident angles. (a) with and (b) withoperpendicular magnetic field

component to the surface of the unit cell.
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The reflection spectrums of the tunable metamadtatidifferent incident angles
are shown in Fig. 5.6. The black, red and greesslstand for the incident angles of 15°,
30° and 45° respectively. Fig. 5.6(a) shows theuktion results of the reflection
spectrum of the tunable magnetic field when thédert EM wave (TE polarized) have
the perpendicular magnetic field component to thié sing resonator (See inserts for
details). The reflection spectrum shows a dipesbnance frequency (near 2.05 THz).
The change of the incident angle causes a veryl sesgnance frequency variatiah =
0.05 THz around 2.5% of the resonance frequencyveder, the frequency becomes
much deeper when the incident angle is increadihg.frequency dip when the incident
angle is 45° is around 0.25 which is more than timees larger than that of the 15°
incident angle. The variation of the reflection gpem at different incident angle is
caused solely by the orientation of the incidengnadic field because the change of the
incident angle does not affect the incident eledtald. The perpendicular component of
the magnetic field is proportional to the incidertgle. Therefore, the resonance dip
becomes deeper as the incident angle is increabigg.5.6(b) shows the simulation
results when the incident light is TM polarized. eThesonance dip caused by the
magnetic field is vanished because the incident neidg field is always within the
surface plane of the unit cell. The change of tteedent angle does not have much effect
on the reflection spectrum as the electric resomaggion is not within this simulation

region.
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5.3 Fabrication process

The tunable metamaterials are fabricated usingptbeess which is similar to
those of the MEMS photonic devices. The fabricatiprocess including dry
photolithography, wet etching, sputtering depositidow pressure chemical vapor
deposition (LPCVD) and wet releasing. Of all thehtigology used for the fabrication of
MEMS devices, such as bulk micromachining, surfiateromachining and reactive ion
etching (RIE), the RIE technology is the most pcattone for the manufactory of
tunable metamaterials due to the its merits sudhigis selectivity, anisotropy, arbitrary

structure profiles and easy for integration.

Over the last past ten years, the deep reactiveetcmng (DRIE) process has
been developed into a full-fledged technology whghised in the fabrication of micro-
scaled devices such as MEMS devices and Dynamaormaraccess memory (DRAM)
memory circuits. The micro-scaled silicon structuoan have a very high aspect ratio
which is more than 50:1 using the DRIE procesprdsides a method for etching silicon
at high rate with excellent anisotropy. The sili@oh rate is higher than 20n/min for a
typical DRIE process. The DRIE process is very uiskeir the fabrication of the tunable
metamaterials which consists of a large numbedeitical unit cells because each unit

cell requires the same fabrication condition.

The tunable metamaterials is fabricated by deeptiveairon etching process
(DRIE) using the Surface Technology Systems (ST8yctively coupled plasma (ICP)

deep etching systems. The whole fabrication procasse divided into four major steps.
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First, the aluminum thin film of 0.5m is deposited on the surface of 8 inch silicon on
insulator (SOI) wafer. The photo resist (PR) istgraed on the aluminum thin film
according to the design of the design of the metanad unit cell and electrodes of the
comb drive. The extra part of the aluminum filnresnoved by the lam etch. Then, the
hard mask is patterned to etch the structure oftimeb drive and supporting frame of the
metamaterial unit cells. The DRIE etch is appliacbtigh the device layer while the
microstructures patterned on the hard mask oxiger larotected by the patterned PR
layer. To prevent the notching occurs at the botbbitne wide trenches, PECVD dioxide
is then employed to cover the top surfaces, bot@massidewalls of the etching trenches.
The notching effect is carefully minimized for tbeupling of the adjacent semi-squares
of the unit cell. The next step is to free the nimeastructures using wet release with
buffered oxide etchant (BOE). This is another caitistep for the whole fabrication
process. The release time has to be precisely alleatrso that the comb drive and
movable frame can be released before the anchts pacome movable too. In this
project, the typical release time is around 15 ri@auHowever, it depends on the design
of the metamaterial unit cell and release condisooh as the density of the BOE. The
last step is to make sure the two semi-squareb@amme conductive when the gap width
reaches its maximum or minimum. The unit cells @eered by the shadow mask for
aluminum deposition along their side walls. Thetedametal can bridge the gap between

the semi-squares when they are moved close enoutite lzomb drives.
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Fig. 5.7: Schematic of the process flow for tunabltamaterials. The fabrication process
flow consists of eight steps which are shown frant¢ (h). The inserts show the legend

of the colors which represent different materials.
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Fig. 5.7 shows the process flow developed for fakrication of tunable
metamaterials. The process flow is derived frortaader process used for the fabrication
of MEMS photonic devices which can be divided iaight steps as addressed in Fig. 5.7
((@) to (h)). Here, different colors are used tpresent different materials which are

shown in the inserts below.

First of all, a thin aluminum film is coated on tB®I wafer using the sputtering
deposition. This makes a four-layer structure whglshown in Fig. 5.7 (a). The first
layer is the 0.5#m aluminum thin film which is used for the metatusture of the
metamaterial unit cells. The second layer undeathminum thin film is a 7%m single
crystal silicon used for the substrate of the geits. The third layer is the 2m silicon
oxide layer which is used as the stop line fordtehing process. The last layer is a 600-
pm thick single crystal layer serves as the back sicthe whole structure. The thickness

of each layer can be adjusted for different faligcapurposes.

The second step shown in Fig. 5.7 (b) is to patéepmotoresist (PR) layer and a
hard mask layer according to the design of the celis so that the unwanted part of
metal film can be removed. It should be point dwttta hard mask (silicon dioxide thin
film) is deposited for the etching process of mstroctures such as unit cells, comb-
drive actuators and supporting structures. The & @rlis used for the protection of the
hard masks during the etching for the dicing limésch is a stander process during the
DRIE etching for silicon based photonic circuitddamill not be further discussed. Such

multi-layer patterning method is used for the eighfrom the structure layer (4&m
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single crystal silicon) to the back side layer (@00 single crystal silicon) and keeping

all the other parts protected by the PR.

After the depositing of the hard mask and PR, tineanted part of the metal thin
film is removed by the lam etching (Fig. 5.7(c)).this way, the metal parts of the unit
cells such as the split rings and wires can beepet directly on the structure layer of
the SOI wafer. The metal patterns are limited by iinimum feature size of the photo

masks which is um in this fabrication.

Then the PR is patterned on the top of the meyaréaand some parts of the 75-
pm single crystal layer to protect the micro-struetuduring the DRIE etching process
(Fig. 5.7(d)). In this fabrication process, sometpaf the metal pattern have very large
silicon substrate so that they will not be releaaéidr short releasing time. However

some metal parts have very small silicon substéteh can be easily released.

DRIE process is applied for the etching of theceili micro-structures after the
pattern of the PR (Fig. 5.7(e)). The uniformitytbé substrate side wall is controlled by
the sidewall passivation process which is realibgdvertically etching the silicon

substrate one short distance per step.

Wet releasing (Fig. 5.7(f)) is the most criticaéstduring the whole process flow.
After the DRIE process for silicon micro-structurése movable part of the unit cells is
released with buffered oxide etchant (BOE). The B@I etch the silicon oxide layer
both below the movable parts and the fixed parthefunit cells. However, the substrate
of the movable parts is much smaller than thathef fixed parts. As the results, the

releasing time of the movable parts of the unilsasl much shorter than that of the fixed
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parts of the unit cell. By controlling the releasgitime, the movable parts of the unit cell
is released while the fixed parts are still stiokthe backside of the 6Q@x silicon. It
should be pointed out that the releasing processthef comb drive happens
simultaneously with that of the movable parts & tiit cells. Therefore, it is better both
of the comb drive and the unit cell movable pamrsehthe same releasing time. The
releasing time is controlled by two major condisorOne is the chemical and the
concentration of the chemical solution. The otheg s the size and spacing of between
each micro-structure. The movable parts and convieslare designed to beug both in

width and in spacing between adjacent micro-strnestu

After wet releasing, a shadow mask is used forepatthe metal thin film on the
side wall of the unit cell gaps in order to enstine electrical contact when the
displacement of the movable part reaches its maxirauits minimum (Fig. 5.7(g) and
Fig. 5.7(h)). In this way, the geometry of the wetls can be changed from split ring to
shape " or shape “I'. The coating of the side wall magatione by BLAXER sputtering

system (Sitek Process Solution Inc.). The thickmédke side wall coating is Oj#n.

In summary, the tunable metamaterial is fabricatisthg the DRIE process
derived from the MEMS photonic fabrications proce$ke fabricated unit cells are
consisted with two parts one movable parts andfixed parts which is realized by the
controlled wet releasing process. Theoreticallyakp®y, the over etching phenomenon
caused by long etching time of the DRIE processhmanised for releasing the movable
structures without wet release. However the uniftynof the substrate cannot be

guaranteed in this process.
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(b)

Fig. 5.8: Scanning electron micrographs of theitaed tunable magnetic metamaterial.

(a) Overview of the structures and (b) close-uphefunit cells.
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The fabricated tunable metamaterial is shown in Bbi§. An overview of the
micromachined tunable magnetic metamaterial is shiowrig. 5.8(a) using the scanning
electron microscopy (SEM). Two identical electrtistaomb drive actuators are placed
on both sides of the unit cell array. Each actugimvides bidirectional in-plane
translation following the actuation relationshig = AV?, whereAx is the displacement,
V is the actuation voltage amd= 0.04pm/V? is the actuation coefficient. Close-up of the
unit cells is shown in Fig. 5.8(b). The semi-squspkt rings are formed by patterning an
evaporated aluminum layer (Qusn thick) on top of the SOI wafer. The side lengthh
split ring R is 19 um and the gap between the two semi-squ&@es 4 um after
fabrication. The width of the aluminum st is 2 um and the period of the unit cell
array is 25um. The movable split rings are patterned on theeumg frame, which is
made of many crossed narrow beamgr2width). The fixed split rings are patterned on
the isolated anchors. The “T” shape of the anci®te ensure the surrounding trenches
(between the anchors and the supporting frameave the same width (dm). Since all
the trenches have to be etched off in the deepnetghiocess, the same width ensures the
same etching speed over different areas and tmoglies the process control. Each
anchor encloses larger areas of the underlyingedsiger than the supporting frame. This
ensures that in the HF release some oxide undemitigors still remains when the oxide

under the supporting frame is fully removed.

As a result, the anchors are well fixed on the sates while the supporting frame is
freely movable. With these design consideratiohs, fabrication yield reaches almost

100%.
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5.4 Experimental results and discussions

The electrical response of the split ring unit £e analyzed numerically and
experimentally before a further discussion on thagnetic response of the tunable
metamaterial is conducted. There are three majanpeters which affect the response of
the tunable metamaterial to the external elecieidfthe side wall lengtR, the periodP
and the gap widtks. Those parameters determined the coupling strdregthieen the unit
cells and split rings which is critical to the raaace condition of the external electric
field. However, in particle tuning process baseMIEMS technology, the tuning of the
side wall length and period is not feasible oneettmable metamaterial is fabricated. On
the other hand, the tuning of the gap wittltan be easily realized by the design of the

tunable metamaterial discussed in the previousosect

5.4.1 Electrical response

According to the numerical analysis, the changirigthe split ring unit cell
geometry can tune the electrical response of thtammagerial. The largest tuning range is
achieved by changing the size of the unit cell Wh not feasible from the practical
point of view. The alternative way to tune the getny of the unit cells is to change the
gap distance which is easier to be achieved usiBy1Bl technology. In this section, the

tunable metamaterial with tunable gap distaBas experimental demonstrated.
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Fig. 5.9: The schematic of the experiment setup.

The experimental setup is shown in Fig. 5.9. Tla@dmission spectrum of the
tunable metamaterial is measured by the vacuumRF$pectrometer (VERTEX 80v)
from Bruker Optics. The resolution is 0.5 ¢rin wave number which equals to 0.015
THz in frequency. The black body source is usedhasTHz light source which has a
broad band emission from 0.1 THz to 10 THz. ThezTight is polarized by the
polarizer and a diaphragm is used to convert tld size of the light according to the
size of the sample (4 mm x 4 mm). A sample hoiglersed to fix the sample which is
perpendicularly to the incident light source durithg experiment. The signal light is
collected by the bolometer and analyzed by a coenpuging Fourier transform method.
During the experiment the comb drive is controlldtwo source measurement units
(SMU). The gap widtlG of the split ring resonator can be tuned during ékperiment

by controlling the pumping electric voltage fronet8MU.
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Fig. 5.10: The measured transmission spectrumfigreit gap width G =1 um black
dotted line with squaré& = 2 um red dotted line with circula; = 3um blue dotted line

with triangle). The inserts shows the simulatectteleal field distribution at each gap

position.

The measured tunable metamaterial has a unit agby of 160 x 160 with the
period of 25um. The side wall length R is 19 mm and the metgb stidth is 3um. The

substrate width is around 1(Qén.

The measured transmission spectrum at differgmingdth is shown in Fig. 5.10.
The black dotted line with square shows the traasimin spectrum when the gap width is
1 um. The red dotted line with circular and the bludted line with triangle shows the
transmission spectrum when the gap width isyRand 3um respectively. The increasing
of the gap width results in the shifting of the dipquency to higher frequency region

which agrees with the prediction of the simulatresults (Fig. 5.5(a)). It can be seen
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from Fig. 5.10 that the dip depth of the resondme@mes shallow as the gap wihs
increasing. This can be explained by the changthefquality factor of the split ring
resonator. The quality factor is a very importaatgmeter indicating the capability of a
resonance cavity to keep the resonant energy ftbkinals of losing, such as radiation
loss, absorption or coupling to the outside. It banseen from the inserts of Fig. 5.10.
The smaller the gap width is, the stronger the icenfient of the cavity resonance
energy. The lager gap width actually weakens thuploog of the semi-squares within the
split ring resonator unit cells which makes it easor the confined light to leak to the
outside. Furthermore, when the semi-squares fl@ratljacent unit cells has a stronger
coupling strength than those within the one sptig unit cell, the shape of the unit cell
become more like “I” shaped unit cell than splitgiresonator Fig. 1(a). Therefore, the
original resonance mode trends to vanish as thduytyer increased which also explains

the reason why the quality factor decreases agahevidthG is increasing.
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Fig. 5.11: The measured dip frequency versus tipetgiaing (red square). The dashed

line shows the simulation results.

The measured dip frequency versus the gap tusirggiinmarized in Fig. 5.11.
The dip frequency is tuned from 3.3 THz to 3.8 Td4zthe gap width G is changing from
1 um to 8 um. The tuning range is around 0.5 THz which is 18P4he initial dip
frequency. It should be pointed out that the saiyitof the gap width changAG
becomes smaller as the gap increasing. This caxplained by the following reasons:
Firstly, the electric field is highly confined besen the gaps whea is very small which
makes the resonance mode is very sensitive todpecgganging. Secondly, the quality
factor is reduced as the gap is increasing whicdluge the sensitivity of the cavity
resonant mode. In this experiment, the split rimit gells are not side coated which
means the air gap between the two semi-squarestifirexists even the gap widi@
reaches its maximum @m. However the frequency dip become very shallovs @B)

when the air gap become large enough (emj.
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5.4.2 Magnetic response

General speaking, conventional materials which oBse to the incoming
magnetic field are far more rare than those resptmshe dielectric field in nature. That
is because the magnetic polarization in nature cotde is guided by either the orbital
current or the unpaired electron spins. Thereftine, magnetic resonance, which is
analogy to the phonon resonance which enhancel¢tie response at the frequency
region of infrared or above, happens mainly atuesgy region below THz. However,
magnetic response of materials at THz region ovalhas lots of application on devices
such as super lenses, magnetic mirrors, cloakiicele and filters. Nature materials
which response to the magnetic field above thehgiga region are typically narrow
band and have weak response to the external madieddi which limit their applications
The study on the magnetic metamaterial in THz regidl surely benefit the THz optics
and their applications. Therefore, magnetic metanas working at high frequency

region has been studied in many works.

The electrical response of the tunable metamatesia@lemonstrated in pervious
section which shows that the electrical responsth@fmetamaterial can be tuned using
MEMS technology without changing the refractive ardof the compositing material.
However, the electrical resonance frequency ofdisgned tunable metamaterial is too
high to apply the effective medium theory on~ 3P). In this section, the magnetic
response of the tunable metamaterial is studietetmonstrate the tuning of the tunable

metamaterial as an effective homogenous material.
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Fig. 5.12: the schematic of the experiment setup

The reflection spectrum of the tunable metamatésiaheasured by the vacuum
FT-IR spectrometer (VERTEX 80v) from Bruker Opti€sg. 5.12 shows the setup of the
experiment. The broadband THz light ranging froth DHz to 5 THz is generated by the
black body radiation and the polarization stateostrolled by a THz polarizer. The spot
size of the light source is controlled by the diggm according to the size of the sample
(4 mm x 4mm). The reflected light from the samgl@athered by the bolometer cooled
by liquid helium. The sample hold is rough glasat@lwith 1 cm thickness which can
absorb and scatter the unwanted incident lighthBlo¢ polarizer and the incident angle
are controlled mechanically by the integrated mot®he resolution is set to be 2 tm

and the scan time is 32 minutes which give theageeresults of around 2000 scan times.
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Fig. 5.13: The measured reflection spectrum of tilneable metamaterial when the
incident EM wave is (a) TE and (b) TM polarized.eT$pectrum is measured at different

incident angles (black 15°, red 30° and green 45°)
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The reflection spectrum of the tunable metamatddgameasured at different
incident light polarization and different incideahgles (Fig 5.13). The spectrums of
different incident angles are plotted using différeolors. It can be observed that the
resonant frequencies that correspond to the diphefspectra are quite close to each
other (around 2.05 THz). Since the electric fisldiways parallel to the unit cell surface,
the change of the incident angle has little effattthe electric response of the tunable
magnetic metamaterial. However, incident angle ddesnge the orientation of the
magnetic field. With the increase of the incidengla from 15° to 45°, the vertical
component of the magnetic field becomes largerlarger and thus the dip is lowered
further. When the polarization is changed to the Sibte (the magnetic field is transverse
to the incident plane), the dips of the resonansapgear as shown in Fig. 5.13(b). This
is expected since the magnetic field no longervetcal component to the surface of
the unit cells. The slope of the measured reflactjpectrum (Fig. 5.13) is larger than that
of the simulated reflection spectrum (Fig. 5.119cduse the light emitted by the black

body source is not even at the measurement freguange.

To further examine the tunability of the magnetsponse, the reflection spectra
of the magnetic metamaterial are measured at diffegap widths. The incidence is
always in the TE polarization. Fig. 5.14(a) shows tmeasured reflection coefficients
whenG is tuned from 0 to m with a step of 2um. In the extreme cases@f= 0 and 8
pum, the geometrical shapes of the unit cell corredpm the closed ring and the “I”
shape (see Fig. 5.1(c) and (d)), respectively. &foeg, the unit cells are no longer SRRs

and do not have the magnetic response in the nexasut frequency region (1.8 — 2.3
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THz). When the gap width is increased from 2 tpng, the resonant frequency is blue
shifted but the dip becomes shallower. The shaléssnindicates that the coupling
strength between the two semi-square split ringedsiced. The dip vanishes when the
gap become &m which means the pervious resonance mode no logxgsts as the

geometry of the unit cell is totally changed. Thk@arimental observations show clearly
that the magnetic response of the tunable magmagtamaterial can be changed

drastically by reshaping the unit cells.
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Fig. 5.14: The reflection spectrum of the tunabletamaterial when the gap is tuned
from O um to 8um with a step of im. The different colors stand for different gap thid

(black Oum, blue 2um, green 4um, red 6um and pink §um).

It is clear that both the electrical and magnetgponse of the split ring resonator

metamaterial can be tuned by reshaping the urig. débwever, the effect of the unit cell
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geometry change on the material properties camnmoeéd directly from the transmission
or reflection spectrum. In the next section, thieaive permeability of the split ring

resonator metamaterial is studied under differapt\gidthG.

The unit cells of metamaterials are often desigiwechimic the molecular of the
natural materials. A single unit cell is nothing lausub-wavelength resonator. However,
metamaterials consists of a large amount of uriitcee be described using the effective
medium theory. There are several methods which ha&es introduced to retrieve the
effective parameters form the simulated or expentaledata of the metamaterials. For
example, the field averaging method, the S-parameteeval method and the Fresnel
fitting method. The field averaging method aver#ige local electric and magnetic field
to obtain the macroscopic values of teD, B andH fields. The effective permittivity
and permeability can be derived from the averageld fvalues. The field averaging
method is a quick method to retrieve the effecpaeameters of the materials. However
the inaccuracy is introduced by the averaging mec&-parameter retrieval method
requires the information of the transmission caegfit and reflection coefficient which
can be obtained by either the simulation or thesuesanent. The S-parameter retrieval
method has long been used for characterization hef micro-structures at radio
frequencies (RF) and microwave frequencies. A sifigiquency S-parameter simulation
or measurement needs to obtain four values tomobtath the real and imaginary part of
the effective permittivity and permeability: Thegse and amplitude of the transmission
and reflection. The S-parameter retrieval mettsddvanced in excluding the incorrect

solutions by enlarging the simulation or measurdnr@guency range. However, the S-
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parameter retrieval method also has some draw bdtles phase information is quite
difficult to be obtained by the experiment when tiegjuency region is at THz or higher.
Some works using the S-parameter retrieval methoaracterize the metamaterial
samples working at infrared frequency region wite amplitude information only. This
method helps on the design of the metamaterialshwhiive certain magnetic and electric
response to the incident EM wave. But it dependsherconsistency of the transmission
and reflection coefficients and cannot give a dicpeantification of material properties
on THz region or above. Additionally, the S-paraenaetrieval method is restricted to
wave incident perpendicularly to the surface of ting cell arrays to simplify both the
numerical and analytical expressions. Therefore Stparameter retrieval method cannot
be applied to obtain the effective permeabilityled tunable metamaterials demonstrated

here.

In this work, Fresnel fitting method is appliedderive the effective permeability
of the tunable metamaterial. The Fresnel fittingthnd has been widely used in the
optical spectroscopy and recently been introduoezha&racterize the material parameters
of metamaterial structure. The Fresnel equations lma used for oblique incidence
waves. The measurement of the reflected or tratesinivave magnitude at different
incident angles can be used to compensate the absdrthe phase information. The
Fresnel fitting method actually provides a regiaugethod to obtain the effective
permeability and permittivity from the experimentita in arbitrary material in which
the effective permeability and permittivity can lpeoperly defined. Although it is

possible to apply the Fresnel fitting method atrgwgve frequency, the fitting process
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can be greatly shortened if the function forms led permeability and permittivity is
already known. The Fresnel fitting method greatyluced the requirement for the

experiment studying the material properties ofrtied material.

The response to the electrical and magnetic fiéldomtinues medium can be
described by two 3 x 3 tensor which stands forprnittivity £ () and the permeability

MU (&), regardless the coupling between the magneticleudric field.

.. (w) o 0
g (w)= ( 0 £,y (@) IJ) (5.4)
0 0 1
1 0 0
u(w)= (IJ 1 0 ) (5.5)
0 0 pg(w)

Wherex, y stands for the direction parallel to the surfatehe split ring resonatox
stands for the direction along the gap wlhilstands for the direction along the side wall

of the split ringz stands for the direction perpendicular to theaxefof the unit cell.

The Fresnel equations can be derived from Maxwetfsation by solving the boundary-

value problem at the various material interfaces.
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szz =
cos(g.d) — 5 (F + == m = )sm (q-d)

Whereq is the wave vector in medium adis the wave vector in vacuurd.is the

thickness of the unit cell.

To simplify the calculation the electrical and metio response for the split ring

resonator can be described as follows,

A, w;
£ (W)= g, —— ~
x () f w?—witioer, (5.8)
() Amwz
W)= £, —— =
Haz T owt—wl,tiwrn, (5.9

Thee,, (w)andu__ () satisfy,

4 9 _
PR (5.10)

The material parametersA(,A_, w_ g, 6.9, 0pp, Yoo Yo, £;) CaN be derived by

submitting Eq. 5.8 and Eq. 5.9 to Eq. 5.7 andnfittihe experimental results in Fig. 5.14.
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All the parameters are given an approximate infitise place. Then Eq. 5.7 is calculated
by the MATLAB program and the results are compaséti the experiment results. The
simulated spectrum derived by Eqg. 5.7 is plottedeothe least square reaches the

threshold value. The best fitted value is chos@orating to the reflection spectrum from

Fig. 5.14.
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Fig. 5.15: (a) The effective permeability m at eiffnt gap widthG. The effective

permeability is derived from the reflection coeitfict using the Fresnel fit method. (b),
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(c) and (d) shows the surface current when the wjath is 2 um, O um and 8um

respectively.

The results are shown in Fig. 4 (b). k&= 0 and 8um, the permeability has no
resonant dips and decreases monotonically withnitrease of frequency. For the other
gap widths, the dips experience the same blue ahitihhose shown in Fig. 4 (a). It is
interesting to see that the effective permeabiityld go to negative at the dips, for
instance, at the frequency 2.05 and 2.19 THGer 2 and 4um, respectively. At a fixed
frequency 2.05 THz, the permeability is tuned fr@i to 0.5 a$s is increased from 2 to
8 um. The insets of Fig. 4(b) show that the surfageetu of the SRRG = 2um) is quite
different from those of the closed ring and the-siaped unit cells. The SRR unit cell
has strong surface current and forms circle cunwr@n the incident frequency is around
2.05 THz. It explains the reason of negative pebiti@anear this frequency. In contrast,
the permeability of the closed ring unit cell oetf”-shaped unit cell never becomes
negative within the measurement frequency regiowesithey cannot form the circle

current in the absence of the gap.
5.4.3 Light speed modulation

Slow light is one of the promising applicationsneétamaterials the dispersion of
which can be designed to slow down the group vsladfilight. Slow light can delay or
even store the light in all-optical memories. A®tns normally do not strongly excite
materials which are transparent at their frequeslowing down the light can enhance

the light-material interaction and induce nonlineffects. Therefore, materials that can
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slow light down have potential applications on tighorage, optical regenerator, optical
switch and optical buffer etc. Generally speakihgre are two kinds of approaches that
can slow down the group velocity of the light. Osdo use the material resonance, such
as the absorption resonance of an atomic vapdreosttimulated Brillouin scattering. The

other method is to use the artificial materialshwiticrostructures, such as the array of
micro ring resonators, the coupled resonator optveaeguide and photonic crystals. The
unit cell of the metamaterials is analogy to thmrabr molecular of the nature materials.
Therefore, it can be used to slow the light dowrdbgign the resonance condition of the
unit cells. The electromagnetically induced tramepay (EIT) is reported in many works

on metamaterials which has the slow light factotaug00.

Most of the slow light devices can slow the ligheed down to a certain scale.
However, the devices that can modulate the grodpcig of the light propagating
through are rare due to the following reasons. dfow light devices using the material
resonance, the resonance is depended on the ele®ajyof the atoms or molecular.
Therefore, the material resonance is highly depeémethe wavelength of light and not
easy to be controlled. On the other hand, the ahanigthe refractive of the nature
materials plays a important role in the controklwiw light devices which are using the
resonance nature of the micro-cavities such asdbple resonant optical waveguide and
photonic crystals. The change of the resonance snofisuch micro-cavities is achieved
by exciting or even changing the compositing matsriTherefore, those micro-cavities
are often designed to have high quality factorsrprove the effect of the compositing

material refractive index change. However, the lgghlity factor of such micro-cavities
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also limits the bandwidth of the transmitted freggies. Therefore, the modulation of the
light speed in such devices is not easy to be aelielThe tunable material using MEMS
system does not depend on the refractive indexgehahthe compositing materials. The
tuning of such tunable material is achieved by apsig the metamaterial unit cells.
Therefore, it is can be useful to build the deviedsch can modulate the light speed
reversibly. Although the reported tunable metanialtewith split ring unit cell is not

designed for the purpose of slowing light or tunihg speed of the light. The light speed
modulation effect is observed during the experinanthe tunable metamaterial on the

THz time domain spectroscopy (TDS),

Optical delay line

FS Laser
Mirror
BS: = ’ \\
fd
Sam
Mirror
THz generator Detector

Sample holder

Fig. 5.16: The experiment setup of THz-TDS.

The experiment setup of THz-TDS is shown in Fig.65.The THz pulses are
generated by an ultra short 0.02 ps) pulsed ladg@chwcomes from the 780 nm

femtosecond laser. This single pulse contains teguency components covering the
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frequency span from 0.06 THz to 3 THz. The eleatrield of the THz pulse passing
through the sample is collected by the detectockvhare controlled by the coherent beam

comes from the femtosecond laser.
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Fig 5.17: The Detector signal as the function ofetifor both closed ring = 0 (closed
ring) andG = 2 (split ring). (a) the Detector signal at agdime span. The peaks marks
with 1% 2" and & indicated the times of the THz pulse resonateiwithe sample. (b)

the zoomed in graph showing the time delay of tfs¢ peak and second peak.

Once the 780 nm laser beam shut on the detectwil itecord the electric field
of the signal at that time point. The record time&antrolled by varying the delay time of
the optical delay line. It is possible to recorc thignal as the function of time by

recording the signal at different delay time.

The detector signal as the function of the timghiswn in Fig. 5.17. The red line
shows the detector signal of the split ring metamalt when the gap widtle = 2 mm
and the black line stands for the unit cell streetof the closed ring when the gap width
G = 0. Fig. 5.17(a) shows the detector signal afj ltme span (190 ps — 210 ps) which
contains several peaks. When the THz pulse isentidn the sample, some of the pulse
energy pass through the sample and reaches thetatetathout delay. This energy is
shown as the first dip in the detector. The timewthe first dip comes to the detector is
almost the same because the physical length dahmple is always the same (100 mm)
no matter how the gap width is tuned. However, gnef the THz pulse does not pass
through the sample simultaneously. Some of theggnierreflected by the metamaterial-
air interface and resonant within the sample. Tiergy of the THz pulse is radiated by
the sample each time the pulse energy reachesotiveary of the sample. This explains
the peaks of the detector signal function. The tiffference of each peaks equal to the

time needed by the THz pulse to pass through thelea The time difference of the
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closed ring structure is 0.95 ps as shown in Eijz@). This is similar to the time for the
THz pulse to travel through the 100 mm thick siidd@he refractive index of the silicon
substrate is around 3 at THz region). This is beedhe electrical resonance is not quite
strong as the gap vanished. The closed ring ulitaenot form a very strong resonance
to increase the photon life time thus make thetlgjowed down. However, things are
different to the split ring unit cell. The peak aegtion of the split ring unit cell is 3.1 ps
which is approximate three times of the peak seéjardor the closed ring. In other
words, the light speed is slowed down by the facfoB when the gap width is tuned

from O mm to 2 mm.

5.5 Summary

In this chapter, a tunable metamaterial using thEM@ technology is numerically
analyzed and experimentally demonstrated. Thistehapdivided into five parts. Firstly,
the design of the tunable metamaterial is show85ri. The unit cell of the tunable
metamaterial consists of two separated semi-squ&igs 5.1) the gap between which
can be tuned by the MEMS comb drives. The unit gebmetry can be changed from

split ring unit cell to shape ™ or shape “I” unit cell when the gap width is tuht® reach

its minimum and its maximum respectively. The tuaahetamaterial is fabricated using
the DRIE process which is shown in is shown in 89Re fabricated unit cells are
consisted with two parts one movable parts andfixed parts which is realized by the

controlled wet releasing process. In this partictddorication process for split ring unit

cells the releasing time is controlled around 18utes. Theoretically speaking, the over
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etching phenomenon caused by long etching tim&é®MRIE process can be used for
releasing the movable structures without wet rele&towever the uniformity of the
substrate cannot be guaranteed in this processfabnieated tunable metamaterial unit
cell has the side wall leng®= 19um, the initial gap widtlc = 4um and the perio® =

25 um. The tunable metamaterial sample has a unitazedly of 160 x 160 which is
around 4 mm x 4mm. The optical properties of theable metamaterial are tuned by
changing the geometry of the unit cells which ie tmolecular” of the metamaterials.
85.3 demonstrate the electrical response of theblermetamaterial. The numerical study
on the geometry tuning of the unit cell is firstiyven and then followed by the
experimental results of the transmission spectrumgap tuning. According to the
experiment results, the electrical resonance frecuef the tunable metamaterial can be
tuned from 3.3 THz to 3.8 THz via the unit cell gadpnge which is around 15% of the
initial resonance frequency. The magnetic respaoiséhe tunable metamaterial is
demonstrated in 85.3. The magnetic resonance ig@tby the tilted incident EM wave
which as the magnetic component perpendicular ¢ostirface of the unit cells. The
magnetic resonance frequency is 2.19 THz at thalirstateG = 4 um. The magnetic
resonance frequency shits to higher frequency regiben the gap width is increasing
and the measured resonance frequency is vanishéteagap between the two semi-
squares is vanished = 8 um andG = Oum. The effective permeability as the function
of incident frequency is derived by the Fresndinfif method which fit the measured
reflection spectrum by the Fresnel equation. Aerdting result is shown in Fig. 5.15

that the effective permeability can be tuned frdra hegative (-0.1) to positive (0.5)
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region. Finally, 85.4 demonstrate the tuning of fight speed using the tunable
metamaterial which is the potential applicationsoich devices based on the tunable
metamaterials. The experiment results show the umeddight speed of such tunable
metamaterials is tuned by the factor of 3 whenuthié cell geometry is changed from the

split ring resonator to the closed ring resonator.
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CHAPTER 6

CONCLUSION REMARKS

6.1 Conclusions

In this PhD project, three different approachesehbeen studied for tunable
photonic devices based on MEMS technology. First,dptical double barrier structure
has been numerically studied and experimentally aestnated as the thermo-optical
switch, switchable polarizer and optical tunneljogctions integrated as reconfigurable
WDM system. The coupled FP cavities and digitalrong have been demonstrated as
thermo-optical switch and wavelength selective amirfior tunable lasers. Second, the
slow light structure using metamaterial with cowapbplit ring unit cells is numerically
analyzed. Finally, a tunable magnetic metamateisaldemonstrated using MEMS

technology.

In the study oflouble optical barriers structures, three different tunable photonic
devices has been demonstrated using thermo-optioatg. A thermo-optic switch is
realized using MEMS technology. The device is fedied on silicon-on-isolator wafer
using deep etching process. The transmission obptieal switch is controlled by the
optical length of the central rib which is thermnyatlontrolled by the external pumping
current. In experiment, it measures a switchingedp® 1us and an extinction ratio of 30

dB. A switchable polarizer is demonstrated using the double optical barrimictire
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which transmit the light with one polarization stadnd filter out the others. In
experiment it measures a PER of lager than 23 d&wthe pumping current is above 60
mA. The switching time is shorter than 1S which is limited by the polarization
analyzer used in the experimemt. MEMS reconfigurable add-drop multiplexer is
realized by applied the optical tunneling structioreéhe ribbed waveguide. The tunable
add-drop multiplexer is based on Y-shape opticalbte barriers tunneling junction
which are realized by MEMS technology. In the ekpent, a five-channel prototype of
the tunable add-drop multiplexer is demonstratdte measured output is ranged from
1549.24 nm to 1559.21 nm.

In the study of the metamaterials with coupled SRR cells,a tunable slow
light metamaterial via tuning the substrate refractive index is nuoadly studied. The
couple SRR unit cell is proposed and numericallgrabterized. The simulation results
show that the coupled SRR design improves the tlityabf the effective permittivity
and the effective permeability by 70 and 200 timesspectively. The required
permittivity change is only 0.025, which can beiaeld by either thermal-optic effect or
photon induced free carrier effect of the semicatolumaterials. It may find potential

applications in data storage, photonic circuitdioa communications and bio-sensors.

In the study of magnetic metamateriadsTHz tunable metamaterial using the
MEMS technology is numerically analyzed and expentally demonstrated. The
tunable magnetic metamaterials is constructed iy rspg unit cells the geometry of
which can be changed by MEMS actuators. The sizeefinit cells is around 40m x

40 pum corresponding to the resonance frequency in Tegion. The effective
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permeability of the tunable magnetic metamatergl be tuned from negative (-0.1) to
positive (0.5) at the resonant frequency. It dertrates a unique approach to control the
optical properties of metamaterials via changiregydeometric dimensions and shapes of

the unit cells.

6.2 Recommendations

In this PhD project, different approaches have bstedied to develop tunable
photonic devices based on MEMS technology. Themeeendations for future research

are listed as fellow.

The optical double barriers structure is used lier dptical tunable devices base
on MEMS technology. There are several drawbackshvkiop the further increasing the
performances of the devices. First, the ray shiftsed by the oblique incident light and
the Goos-Hanchen effect. This increases the igefoss of the devices such as the
optical switch and polarizer. One of the solutisshifting the output fiber according to
the shift of the Gaussian beams. Second, the theptical effects are used for the
demonstration of the optical switches, polarized sstonfigurable WDM system because
of the experimental convenience. For the purposkgifswitching, the photon induced
free carrier effect can be used as the tuning nmesimaof the double optical barrier
structures. For example, the central rib can beidated as a micro-cavity which can
localize the light and increase the intensity & light within the rib region. In this way,
the tunneling light can be tuned by the guidindpigy the rib. This method not only can

increase the tuning speed of the optical switchgsatso can achieve the all optical
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switching which is using one beam of light to coht@nother. Furthermore, this method
can circumvent the dilemma faced by most the aicapswitching method using high Q
micro-cavities. The pumping light has to be mucbrsger than the signal light to induce
the nonlinear effects when passing the same optaaties as the signal light does. The
third problem is to further reduce the device sadléhe double optical barrier structure.
Here in the free space coupling, the device s&lenited by the size of the prisms and
the fiber. The prisms can be scaled down with betésign while the limitation is still
lays on the size of the fiber. The optical tunrglionction sets a good example on how to
further reduce the device scale by integrating ttheneling structure with the optical
waveguide. In this way the device scale is onlyitkoh by the diffraction limit of the
light. However the design of the optical tunneljogction has to be further studied for
particle applications. For example the couplingtleé guiding mode to the resonance
tunneling condition is the major problems whichrease the insertion loss of the optical

tunneling junctions.

The study of the slow light metamaterial shows pbssibility to slow the light
down using metamaterial waveguide. Furthermore, tineablility of the optical
properties of split ring metamaterial due to théstrate refractive index change is
increased by 200 times when using the coupled spig unit cell. However, the
realization of such tunable slow light metamatsri@mains a problem. The coupled split
ring unit cell has three layers of metal thin filmee of which is buried within the
substrate and the other two metal flms are coatethe opposite side of the substrate.

The realization of such metal-dielectric structueedifficult but not impossible using the
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existing fabrication techniques. However many wdrse to be done in order to realize

such structures.

The magnetic metamaterial using split ring unilcale tuned using the MEMS
actuators. This tuning method can change the gegrokthe metamaterial unit cells thus
change the optical properties of the metamatefimldamentally. This technology opens
a new way for the tuning of the metamaterials whigh surely lead to a lot of new
designs for tunable metamaterials. For example,dédsgn can be emphasized on the
geometry of the unit cells which can leads to di@rehange of the metamaterial optical
properties or different applications. It can alsorkvon the MEMS side to fertilize the
research on the tunable metamaterials such asdudirg the rotation, banding or
stretching the unit cells of the metamaterial targe the related spatial position of each
unit cells. Finally, the theoretical study can bene using the MEMS tunable
metamaterial to mimic the transition of the natoraterials in the atomic or molecular
level. For example, the thermo expansion effeatrgétals, the rotation of the molecular

and the chemical reaction process.
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