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Abstract
For high speed photonic systems and networks, encoding electronic signal onto optical carrier
requires electro-optic modulators in which electromagnetic fields of the optical carrier can be
manipulated electronically. The central focus of this research is twofold. First, tunable properties
and tuning mechanisms of different optical materials like Graphene, Vanadium di-oxide, and
Indium Tin Oxide are characterized systematically in telecommunication wavelength region.
Then, these materials are implemented to design novel nano-photonic devices such as electro-
optic modulators and tunable couplers with high efficiency and miniature footprint suitable for

photonic integration.

Specifically, we experimentally investigated the complex index of graphene in near infrared
wavelength through the reflectivity measurement on a SiO2/Si substrate. The measured change
of reflectivity as the function of applied gate voltage is highly correlated with theoretical
modeling based on the Kubo formula. Based on a fiber-optic pump-probe setup we demonstrated
that short optical pulses can be translated from pump wavelength to probe wavelength through
dielectric-to-metal phase transition of vanadium di-oxide. In this process, pump leading edge
induced optical phase modulation on the probe is converted into an intensity modulation through
an optical frequency discriminator. We also theoretically modeled the permittivity of Indium

Tin-Oxide with different level of doping concentration in near infrared region.

We proposed an ultra-compact electro-optic modulator based on switching plasmonic resonance
“ON” and “OFF” of ITO-on-graphene via tuning of graphene chemical potential through
electrical gating. The plasmonic resonance of ITO-on-graphene significantly enhances the
electromagnetic field interaction with graphene which allows the reduction of modulator size

compare to graphene based modulators without ITO. We presented a scheme of mode-



multiplexed near infrared modulator by tuning of ITO permittivity as the function of carrier
density through externally applied voltage. The wisely patterned ITO on top of an SOI ridge
waveguide portrayed the independent modulation of two orthogonal modes simultaneously,
which enhances functionality per area for on-chip photonic applications. We proposed a
theoretical model of tunable anisotropic metamaterial composed of periodic layers of graphene
and Hafnium Oxide where transversal permittivity can be tuned via changing the chemical
potential of graphene. A novel metamaterial assisted tunable photonic coupler is designed by
inserting the proposed artificial tunable metamaterial in the coupling region of a parallel
waveguide coupler. The coupling efficiency can be tuned by changing the permittivity of

metamaterial through external electrical gating.
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Chapter I:

Introduction & Literature Review

1.1. Motivation

In the era of nano-technology, novel single-chip multiprocessors with enhanced performances
call for physical architectures supporting the ever increasing demands of clock speed, with a
consequent increment in the complexity of these systems. As speed and complexity of these
systems increase the interconnect density and throughput management becomes a critical factor
towards the realization of high performance data processing systems. Currently copper
interconnects are used for data transmission over chip-to-chip and chip-to-module interfaces, in
chip-to-chip over backplane, and in chip-to-chip over copper cable assemblies. Because of
ringing, increasing signal latency, crosstalk and frequency dependent attenuation, performance of
Electrical interconnects degrades at frequencies above 1 GHz [1]. These limitations of electrical
interconnects will limit the maximum frequency of operation for future systems. Optical
interconnect is seen as a potential solution since it can directly address these problems at the
system level and meet the performance requirements of current and future generation of data
processors. Optical interconnects have negligible frequency dependent loss, low cross talk and
high band width. Despite the significant interest shown by many groups worldwide, optical
interconnects are not much used commercially. In order to become a viable technology to replace
electrical-based on-chip interconnects, optical interconnects should be made compatible with
manufacturing processes and assembly methods that are already in use in the semiconductor
industry further there is a need to develop efficient and compact optical interconnect modules

that use simple optical and electrical interfacing schemes. The development of optical



interconnects, especially based on a technology platform which is monolithically integratable
into Si CMOS at low cost is needed in order to make optical interconnects economically viable.
This will result in low cost, high performance and CMOS compatible optical components. Since
it is not possible to make silicon light emitting and detecting we have to integrate other materials
with Si. Large-scale integration of optical devices has been demonstrated on I11-V platforms but
in this implementation the components have different technology and they cannot be
monolithically integrated on the same substrate. Monolithic integration of optical and electronic
components on one substrate [2-7] together with demonstrations of efficient fiber to waveguide
couplers [8] has shown the promise for development of ultra-compact optical components
compatible with current technology. During the past decade several photonic-devices
architectures have been developed. Silicon-based structures are certainly attractive from a
technological point of view, however, due to the weak non-linear electro-optical properties of
silicon, electro-optic modulators relying on silicon alone [9] require large device footprints on
the orders of millimeters. The use of high-Q ring resonator structures [10, 11] has been shown to
partially circumvent this problem, reducing the devices footprints to micron-size dimensions at
the expense of the device bandwidth. Moreover, in silicon technology electromagnetic, waves
can’t be confined below diffraction limit [12]. If the device size goes below diffraction limit,
scattering phenomena dominates and as a consequence loss of the device enhanced by a lot [13,
14]. On the other hand, plasmonic effect has the capability to confine electromagnetic field
below diffraction limit [15]. To get the appropriate resonance condition, the negative permittivity
of the metal has to comparable to the permittivity of the dielectric in the operating wavelength
region [16]. As we are interested in NIR region, convention metal such as gold (Au), silver (Ag),

Copper (Cu) have very large negative permittivity (-100~ -200) compare to silicon di-oxide,



hafnium di-oxide, aluminum oxide [17-19]. Therefore, characterizations of new materials with
lower negative permittivity are highly required to achieve plasmonic resonance effect in NIR
region. Combining plasmonic effect with photonic devices, it is possible to narrow down the

device size further more with high speed operation.

1.2. Background of research

1.2.1. Optical Waveguide

Normally to guide optical signals, conventional structures such as optical fibers, planar
waveguides, and ridge waveguides are customarily used. All of these optical waveguides consist
of a core, in which light energy is confined, and a cladding or substrate surrounding the core as

shown in figure 1.1.

Figure: 1. 1. Basic Structure of optical waveguide

The refractive index of core neyre IS higher than refractive index of cladding ncjaq. Therefore the
light beam that is coupled to the end face of the waveguide is confined in the core by total
internal reflection. Condition for total internal reflection at core-cladding interface is given by

equation 1.1.



6, <90’ —sin{ncﬂ}
n 1.1

core

But equation 1.1 is essential to confine light wave inside the core but not sufficient to form a
guided mode. The phase accumulation for a full cycle of rebounded at the interface of core and
cladding i.e. any two end points of full cycle of rebounded ray ‘A’ and ‘C’ has to be integral
multiple of 2. Therefore, sufficient condition for guided mode inside the core is given by

equation 1.2.

1.2
Aeorekd | 55 = 2M y1. 23,
sin(4,) '

where, d is the width of the core, &, is the phase change due to total internal reflection and Kk is
free space propagation constant. To get the full field distribution of a mode, it is required to solve
the wave equation for different structure of waveguides. Some conventional optical waveguide

structures are shown in figure 1.2.

Figure: 1. 2. Different structure of optical waveguides (a) Planer waveguide, (b) Ridge waveguide, (c) Optical fiber

By solving wave equations given by equation 1.3, the solution of the wave equation depends on
the coordinate system in which the waveguide is characterized [20-22].

4
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Conventionally, for Cartesian coordinate system solution of the wave equations are sine or
cosine function inside the core and exponential decay function for cladding or substrate area. For
cylindrical coordinate system, field distributions are described by Bessel function of first kind in
core region and by Bessel function of second kind in cladding region. Fundamental electric field

distributions for three conventional waveguides are shown in figure 1.3.

Figure: 1. 3. Normalized Electric field distribution of fundamental mode for (a) Planer waveguide, (b) Ridge

waveguide, (c) Optical fiber

Convenient high speed data transmission thorough out the world is successfully implemented by
optical fiber. To modulate the optical carrier signal with the data stream in a compact format for
transmission and to recover the data at receiver end, requirement of high-speed optical devices
like couplers, modulators detectors are ever in leading edge demand. Simultaneously, the space
dependent complexity is also a main concern to enforce the silicon technology towards nano-

photonics. On contrary, the diffraction limit builds an unbreakable wall to miniaturize silicon



devices. Surface plasmon polariton is one promising effect to break the wall of size limitation by

confining electric field below diffraction limit.

1.2.2. Surface Plasmon Polariton

Plasma is one of the four fundamental states of matter (the others being solid, liquid, and gas).
Acquiring energy a gas may ionize its molecules or atoms (reducing or increasing the number of
electrons in them), thus turning it into plasma, which contains charged particles: positive ions
and negative electrons or ions. A plasmon is a quantum of plasma oscillation. Plasmon exists
mainly in metals, where electrons are weakly bound to atoms and free to roam around. The
electrons in a metal can wobble like a piece of jelly, pulled back by the attraction of positive
metal ions that they leave behind. In contrast to the single electron wave function, a plasmon is a
collective wave where billions of electrons oscillate in synchronous way. So, plasmons are
collective oscillations of the free electron gas density. Plasmonics deals with solid-state

structured or composite conductors, and their interaction with an electromagnetic radiation.

Surface plasmon polariton (SPP) are electromagnetic excitations propagating at the interface
between a dielectric and a conductor, evanescently confined in the perpendicular direction. These
electromagnetic surface waves arise via coupling of the electromagnetic fields to oscillations of

the conductor’s electron plasma.

The simplest geometry sustaining SPPs as shown in figure 1.4 is a single flat interface between a

dielectric, non-absorbing half space (Z > 0) with positive real dielectric constant &, and an

adjacent conducting half space (Z < 0) described via dielectric constant &, .



At the interface between metal and dielectric there will be TM or TE mode solutions. First

considering TM solution, wave equation for TM modes is given by equation 1.4.

622y +(k02‘9_ﬂ2)Hy =0
Field distribution for Z < 0
H,(z) = Ae'e"
i 1 i
E (2) =—iA ke e’ 1.5
WE &,
£, (2)=-A L et
WE &,
For Z > 0 field distribution is given by
H,(z) = AePe™
E (2)=—iA, ke e 16

WEHE

E,(2)=—A, L el

WEHE

k,and k,are components of wave vectors perpendicular to the interface in the two medium. Its
reciprocal value, z =1/|kz|, defines the evanescent decay length of the fields perpendicular to the

interface which quantifies the confinement of the wave. The continuity of tangential electric and

magnetic field [23] at the interface leads to equality given by equation 1.7.
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Figure: 1. 4. (a) Schematic diagram of metal dielectric interface and (b)electric field distribution for SPP

k,/k, >0ande, >0; therefore to satisfy the condition Re[¢,]<0 is necessary. In conclusion,
the surface waves exist only at interfaces between materials with opposite signs of real part of

their dielectric permittivity i.e. between a conductor and an insulator. The expression H_ further

satisfied the wave equation 1.4 leads to equation 1.7.

2 2 2 1.8
kl _ﬂ _kogm

k; = B° =k, &,

Combining equation 1.7 and equation 1.8, the dispersion relation of SPPs propagating at the

interface between two half spaces is given by

» 1.9
Kepp =— [ —
C\eyteé,




This expression is valid for both real and complex permittivity of metal. The electric field
distribution for SPP at the metal dielectric interface is shown in figure 1.4(b). The graphical

representation of dispersion equation 1.9 for SPP is presented in figure 1.5, where o is the
plasma frequency of metal derived from the Drude Model. For the regime w > e, , the metal

becomes transparent in these frequencies. The electromagnetic field is then oscillating inside the

metal, and it is known as radiation plasmon polariton (RPP) region [24].

a

o=ck,

k

+

Figure: 1. 5. Dispersion relation for SPP at metal dielectric interface (red solid line).

It can be seen that the wave vector k, goes to infinity and the group velocity goes to zero as the
plasmon approaches . This w,, is the classical, nondispersive surface plasmon (SP) frequency

defined by [25].

1.10




In this regime, the propagation constant £ =k n is much larger than the plasma frequency of the
metalk, >>w, /c,k, and k, become more equal. As a result, the SPP condition (1.7) simplifies

tog, =—&,. This implies a non-propagating collective vibration of electron cloud near the metal

interface. The resulting electrostatic mode is known as SP [26].

For TE modes, wave equation is given by

aZE 1.11
— (k2e—B%)E, =0

Field distribution for Z< 0

_ i A—ki2Z
E,(z)=Ae""e

H.(2) = iA ——k,e"eh? 112
Why

H,(2) = A L evess

Wy

For Z > 0 field distribution is given by

_ iX =Koz
E,(2)=-Ae"e

H (2)=iA, L k,e'e™ 1.13
Wy

H,(2)=-A, L e

W
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Continuity of E, and H at the interface leads to the condition A (k, +k,)=0. Since

confinement to the surface requiresk ,k, >0, this condition is only fulfilled if A =0so that
A, =A =0. Thus no surface mode exists for TE polarization. Surface Plasmon Polariton only

exists for TM polarization.

1.2.3. Drude model

The Drude model takes a macroscopic view of charge carrier (electron or hole) motion, using a
simple equation of motion and deriving the material permittivity. In the Drude model, metals are
characterized by a cloud of free electrons that are not bound to a particular atomic nucleus but
are free to move about within the metal lattice. The model also includes frictional damping that
describes the resistance to movement felt by the electrons. This damping arises from collisions
within the lattice between moving electrons and positive, stationary ions. Therefore the equation
of motion written as [27]
2

meaLgt)+mel“8r?(t):eEe‘i"’t »
Where e, m are the charge and mass of electron and E and w are the amplitude and frequency of

the incident electric field. The damping term is proportional to the I"=v, /I, where v, is the

fermi velocity and | is the mean free path between scattering events. The solution of equation

1.14 is given by

Ze : Ee—ia)t
m, (@° + i ) 1.15

r(t) =
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The microscopic polarization P =—Ner which is related to D =¢,E+ P . From these relations

permittivity of metal can be represented as

1.16

where o, is the plasma frequency, N is free carrier density.

1.3. Recent Technology

The ultra-compactness of photonic devices has reached a bottleneck due to diffraction limit. New
approaches that can confine the electromagnetic waves in subwavelength scale to miniaturize the
entire photonic circuit, are highly essential. Plasmonics, which combines nanoscale light
confinement and optical-speed processing of signals, has potential to enable the next generation
of hybrid information-processing devices, which are superior to the current photonic dielectric
components in terms of speed and compactness. Among all these new generation of optical
devices, modulator is the prime component for digital signal encoding. The development of
nanophotonic circuitry depends greatly on advance in modulator schemes configurations. A few

advance design schemes are briefly described here.
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Figure: 1. 6. Schematic view of the horizontally arranged silicon-based plasmonic electro-absorption modulator [28]

An electrically controlled ultra-compact surface plasmon polariton absorption modulator
(SPPAM) [28] is shown in figure 1.6. The absorption modulator comprises a stack of metal /
insulator / metal-oxide / metal layers, which support a strongly confined asymmetric surface
plasmon polariton (SPP) in the 1.55 um telecommunication wavelength window. The
transformations from photonic mode guided by the silicon waveguide to the plasmonic mode
supported by designed modulator and vice versa are carried out through a hybrid section for
better confinement and higher efficient modulation. The modulator section of the device can be
as small as a few micrometers depending on the required extinction ratio and the acceptable loss.
The device allows for operation far beyond 100 Gbit / s, being only limited by RC time
constants. Absorption modulation is achieved by electrically modulating the free carrier density

in the intermediate metal-oxide layer.
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Figure: 1. 7. Schematic of the ultra-compact, waveguide-integrated, silicon-based nanophotonic modulator.
Electrical data become encoded on an optical beam via the electroabsorption effect. The MOS design features a
plasmonic optical mode which concentrates the mode’s electric field and allows for a good overlap with the active

ITO layer; in short gives rise to enhanced light-matter-interactions [29].

Another schematic of Electro-optic modulators as shown in figure 1.7, have been designed and
experimentally demonstrated by Zhang group, the University of California, Barkeley [29]. The
experimental observation demonstrated that the ultra-compact, silicon-based, electro-optic
modulator has a record-high 1 dB per micrometer extinction ratio over a wide bandwidth range
of 1 um in ambient conditions. The device is based on a plasmonic metal-oxide-semiconductor
(MOS) waveguide, which efficiently concentrates the optical modes ’ electric field into a
nanometer thin region comprised of an absorption coefficient-tuneable indium-tin-oxide (ITO)
layer. The modulation mechanism originates from electrically changing the free carrier
concentration of the ITO layer which dramatically increases the loss of this MOS mode. The

seamless integration of such a strong optical beam modulation into an existing silicon-on-

14



insulator platform bears significant potential towards broadband, compact and efficient

communication links and circuits.

Figure: 1. 8. The illustration of an EA modulator embedded on a rib Si waveguide [30].

Lu group of the Rochester Institute of Technology presents a promising application of epsilon-
near-zero (ENZ) materials in optical modulators [30]. When a thin ENZ film is sandwiched in a
single-mode waveguide, an ENZ-slot waveguide is formed, where the absorption can be greatly
enhanced. The schematic diagram of the proposed electro-absorption modulators based on
tunable ENZ materials and slot waveguides is described in figure 1.8. Transparent conducting
oxides (TCOs) may be employed as the active slot, which can be tuned between ENZ (high
absorption) and epsilon-far-from-zero (low absorption) by accumulation carriers. Numerical
simulation shows that over 3-dB modulation depth can be achieved in a 250-nm-long TCO-slot
waveguide. The modulators have the advantages of nanoscale footprints, small insertion loss,

potentially ultrahigh speed, and easy fabrication.
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(b)

Figure: 1. 9. The improved modulator design with periodic ITO stripes. b) Schematic two dimensional view of the

equivalent four-layer system [31].

An ultra-compact plasmonic modulator that can be applied in photonic integrated circuits has
been theoretically demonstrated by V. E. Babicheva and A. V. Lavrinenko as schematic is
depicted in figure 1.9 [31]. The modulator is a metal-insulator-metal waveguide with an
additional ultra-thin layer of indium tin oxide (ITO). Bias is applied to the multilayer core by
means of metal plates that serve as electrodes. External field changes carrier density in the ultra-
thin ITO layer, which influences the permittivity. The metal-insulator-metal system possesses a
plasmon resonance, and it is strongly affected by changes in the permittivity of the active layer.
The substitution of the continuous active layer by a one-dimension periodic stripes increases
transmittance through the device and keeps the modulator’s performance at the same level.
Patterned ITO layers offer a Bragg grating inside the waveguide, which can be turned on and off

by application of externally applied voltage, thus modulating reflection from the structure.
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Figure: 1. 10. The proposed modulator consists of a silicon-on-insulator (400220nm2) waveguide coated with layers
of HfO2 (5 nm) and ITO (10 nm), forming a MOS capacitor (a). Without an applied bias, the ITO absorbs little light
leading to a highly transmissive ON state (upper inset). With a negative bias between the ITO and the Si, an electron
accumulation layer is induced at the 1TO-HfO2 interface. This accumulation layer modifies ITO’s local optical
permittivity, creating an epsilon-near-zero (ENZ) region that perturbs the waveguide mode into a highly absorptive
OFF state (lower inset). This electro-absorption modulation occurs for both TE-like and TM-like modes supported
by the waveguide structure (b), (c). The TE (TM) mode exhibits discontinuities in jEXj (jEyj) at interfaces due to

dielectric constant mismatches [32].

Another scheme of optical electro-absorptive modulation based on accumulation of electrons in
transparent conductive oxides for both TE and TM polarization has been proposed by Geballe

Laboratory for Advanced Materials, Stanford University [32]. Accumulating electrons in

17



transparent conductive oxides such as indium tin oxide (ITO) can induce an “epsilon-near-zero”

(ENZ) in the spectral region near the important telecommunications wavelength of 4 =1.55.m.

This modulator leverages the combination of a local electric field enhancement and increased
absorption in the ITO when this material is locally brought into an ENZ state via electrical
gating. This leads to large changes in modal absorption upon gating. It is reported that a 3 dB
modulation depth can be achievable in a non-resonant structure with a length under 30 pm for
the fundamental waveguide modes of either linear polarization, with absorption contrast values

as high as 37.

e
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Figure: 1. 11. (a) 3D view and (b) cross-sectional view of the proposed EA modulator integrated with a stripe

dielectric waveguide [33].

An ultra-compact electro-absorption (EA) modulator comprised of a stack of TiN/HfO,/ITO/Cu
conformally deposited on a single-mode stripe waveguide to form a hybrid plasmonic waveguide
(HPW), operating around 1.55-um telecom wavelengths is proposed and theoretically
investigated by A. Zhu et. al. as shown in figure 1.11 [33]. Since the thin ITO layer can behave
as a semiconductor, the stack itself forms a MOS capacitor. A voltage is applied between the Cu
and TiN layers to change the electron concentration of ITO, which in turn changes its

permittivity as well as the propagation loss of HPW. Optimizing the thickness of different layers

18



on a 400-nm x 340-nm-Si stripe waveguide, the propagation loss for the 1.55-um TE (TM) mode
increases from 1.6 (1.4) to 23.2 (23.9) dB/um when the average N0 in the ITO layer increases
from 2 x 1020 to 7 x 1020 cm 2, which is achieved by varying the voltage from —2 to 4 V if the
initial Nyro is 3.5 x 1020 cm™>. As a result, a 1-um-long EA modulator inserted in the 400-nm x
340-nm-Si stripe waveguide exhibits insertion loss of 2.9 (3.2) dB and modulation depth of 19.9
(15.2) dB for the TE (TM) mode. The modulation speed is ~11 GHz, limited by the RC delay,

and the energy consumption is ~0.4 pJ/bit.
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Figure: 1. 12. Schematic views of the proposed silicon optical modulator based on tunable three-core hybrid
plasmonic directional couplers. (a) Bird’s eye view and (b) cross sectional view of the coupler section. (C) Schematic
bird-eye view of the Si optical modulator based a tunable two-core hybrid plasmonic coupler. The right figure is the

cross-sectional view. The length of the hybrid plasmonic waveguide is L = 2Lc [34].
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For the development of Si-based next generation electronic—photonic integrated circuits, a silicon
optical modulator based on tunable plasmonic directional couplers is numerically in vestigated
by J. Kim [34]. The center waveguide in the three-core coupler is a MOS-type hybrid plasmonic
waveguide that consists of a Si-ITO-SiO,-Si structure. By electrically tuning the ITO’s refractive
index, the coupling efficiency of the directional coupler is switchable and, hence, modulated
optical signals can be obtained at the outer waveguide, which is configured with a vertical offset
as shown in figure 1.12a and figurel.12b. The extinction ratios are 6.7 and 2.3 dB at 1.31- and
1.55-um wavelength, respectively. The optical modulator can be transformed into a plasmonic
absorption modulator based on a two-core directional coupler at the cost of a long coupling

length and the schematic of it is shown in figure 1.12c.
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Figure: 1. 13. (a) Schematic bird’s-eye view image of GalnAsP/InP plasmon polariton modulator with 1TO thin film.

(b) Schematic cross-section image of modulation region of device [35].

T. Amemiya et.al. from the Tokyo Institute of technology proposed a IllI-V-based electro-
absorption plasmon modulator that can be used to construct fully monolithic plasmonic

integrated circuits [35]. The device consists of a GalnAsP/InP gap-surface-plasmon-polariton
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waveguide with TiO,/ITO layers on both sides of the InGaAsP core as shown in figure 1.13.
Using this design, the intensity of transmitted light can be modulated by controlling the carrier
concentration of the ITO layer, as a positive gate voltage induces electron accumulation in the
ITO layer. The theoretical extinction ratio of the proposed device is 4.5dB/um with a gate

voltage swing of 0-5, and the insertion loss is found to be 1.5dB/um.

Buried oxide

o (N,) =9.8 dB/um

Figure: 1. 14. (a) Schematic of the modulator structure and the profiles of the fundamental TM mode (A = 1310 nm);
(b) Three-dimensional schematic of the slot-waveguide modulator (with 7-nm thick SizN4 buffers) butt coupled to Si

strip waveguides [36].

H. Zhao et.al. from the Boston University proposed a compact silicon (Si) electro-absorption
modulator based on a slot waveguide with epsilon-near-zero indium tin oxide materials as shown
in figure 1.14 [36]. In order to integrate the device with low-loss Si strip waveguides, both butt-
coupling and evanescent-coupling schemes are investigated. For both cases, our electro-
absorption modulator demonstrates a high extinction ratio and a low insertion loss over a wide

optical bandwidth for both TE and TM polarized modes.

21



1.4. Overview of Proposed Work

The focus area of the research work is the characterization of different materials theoretically and
experimentally in NIR region; and design Si-based photonic devices with implementing those

materials for various applications.

1.4.1 Material Characterization

The complex refractive index of graphene fabricated using chemical vapor deposition is
characterized at 1550nm wavelength through the reflectivity measurement on a SiO,/Si substrate.
The observed tunability of the complex reflective index as the function of gate electric voltage is

in agreement with the prediction based on the Kubo formula.

Indium Tin Oxide (ITO) is one of the promising transparent conducting oxides with low loss in
NIR region comparing to the conventional plasmonic material like gold or silver. Moreover,
permittivity of ITO can be tuned with changing of doping concentration. The mathematical

modeling of permittivity of ITO is discussed with the help of Drude Model.

VO, is a promising material for reconfigurable photonic devices due to the ultrafast changes in
electronic and optical properties associated with its dielectric-to-metal phase transition. Based on
a fiber-optic pump-probe setup at 1550nm wavelength window, and by varying the pump pulse
duration, we show that the material phase transition is primarily caused by the pump pulse
energy. For the first time, we demonstrate that the instantaneous optical phase modulation of

probe during pump leading edge can be utilized to create short optical pulses at probe
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wavelength, through optical frequency discrimination. This circumvents the impact of long

recovery time well-known for the phase transition of VO,.

1.4.2 Photonic Devices

We propose a novel scheme for an electro-optic modulator based on plasmonically enhanced
graphene. As opposed to previously reported designs where the switchable absorption of
graphene itself was employed for modulation, here a graphene monolayer is used to actively tune
the plasmonic resonance condition through the modification of interaction between optical field
and an indium tin oxide (ITO) plasmonic structure. Strong plasmonic resonance in the near
infrared wavelength region can be supported by accurate design of ITO structures, and tuning the
graphene chemical potential through electrical gating switches on and off the ITO plasmonic
resonance. This provides much increased electro-absorption efficiency as compared to systems
relying only on the tunable absorption of the graphene.

As the diffraction limit is approached, device miniaturization to integrate more functionality per
area becomes more and more challenging. Here we propose a novel strategy to increase the
functionality-per-area by exploiting the modal properties of a waveguide system. With such
approach the design of a mode-multiplexed nanophotonic modulator relying on the mode-
selective absorption of a patterned Indium-Tin-Oxide is proposed. Full-wave simulations of a
device operating at the telecom wavelength of 1550nm show that two modes can be
independently modulated, while maintaining performances in line with conventional single-mode
ITO modulators reported in the recent literature. The proposed design principles can pave the
way to a novel class of mode-multiplexed compact photonic devices able to effectively multiply

the functionality-per-area in integrated photonic systems.
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Chapter I1:

Material Characterization

A material consists of number of atoms or molecules oriented in a particular fashion. In the
presence of oscillatory electromagnetic fields, the combine behavior of atoms or molecules
represents the overall characteristics of the material. On the mark, the frequency of the
oscillatory electromagnetic fields plays a great role on material properties. Therefore the
characterization of different material in a particular frequency band is first and foremost

fundamental requirement to implement them in device level.

2.1. Introduction

Normally, plasma frequency of the available noble metals like gold (Au), silver (Ag), aluminum
(Al), and copper (Cu) are in very high frequency region nearly violate regime. Therefore, the real
part of permittivity of those metals possess very high negative value (-100 ~ -200) at the optical
communication range i.e. wavelength range from 15mm to 1.6 mm. To achieve plasmonic
resonance effect, with those metals, the positive dielectric constant of the surrounding material
has to be comparable to metals. It’s very rare to achieve a very high positive permittivity in the
communication window. On the contrary, there are groups of materials which behave as metal
with low negative permittivity unfold the opportunity to achieve plasmonic resonance in NIR
region with most available dielectric like silicon (Si), silicon dioxide (SiO,), hafnium dioxide
(HfO,) etc. Moreover, the metallic characteristics of those materials can be modified or tuned

electrically, optically and thermally.

To deploy those tunable materials in photonic devices, it is required to characterize the optical

behavior of those materials with various conditions. Here we characterize three different
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materials graphene, Indium Tin Oxide (ITO) and Vanadium dioxide (VO,), which we use to

build tunable photonic devices.

2.2. Graphene

Composed of a single layer of carbon atoms with honeycomb lattice, graphene is a promising
two-dimensional material for many potential applications in electronics and photonics. The low-
energy band structure of graphene can be described by a pair of Dirac cones [37-38]. At absolute
zero temperature, the Fermi energy is at the charge neutrality point (Dirac point) where the lower
energy cone is completely filled while the upper one is empty. Owing to the low density of
states, the chemical potential in graphene can be modulated by an external gate voltage to
populate electrons to the upper cone or deplete electrons from the lower cone. Thus, the
tunability of chemical potential is a key to electrically regulating the optical transition of
graphene-based devices. The excellent electrical properties of graphene, such as high carrier
mobility and electrical conductivity, have been well studied and applied to build high-frequency
field-effect transistors (FETs) [39]. The unique optical properties of graphene have been applied
to create gas sensors [40], plasmonic resonators in terahertz [41] and electro-absorption optical
modulators at 1550 nm wavelength [42]. Very recently, a variety of graphene based photonic
nanostructures and devices have been theoretically proposed for operation in the optical
communication wavelengths based on the tunable nature of graphene complex refractive index
[43-44]. Thus, to bridge the gap between models and device realization, it is essential to
accurately evaluate the refractive index of graphene at 1550 nm wavelength as the function of
chemical potential. Most characterizations of graphene dielectric constant have been so far in

visible [45], mid-infrared [38] and terahertz [41] wavelength ranges. We report here that the
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voltage-dependent reflectivity at 1550 nm wavelength measured on a back-gated chemical vapor
deposition-derived (CVD) graphene on SiO,/Si substrate is in agreement with the calculated
result based on the Kubo formula [46]. Hysteresis of reflectivity in response to the sweep of the
applied gate voltage is also observed due to the process of charge trapping and storage in
graphene.

The complex conductivity of monolayer graphene can be calculated using the well-known

Kubo’s formula [46]:

_ j&’(e-jor) 1 m[afd(e)_ﬁfd(—g)} 1l fae) - fi(=e) 2.1)
h

which is the combination of the inter-band and intra-band absorptions represented by the 1% and
the 2" term, respectively, in Eq.(2.1).  is the optical frequency, e is the electron charge,
h=h/2z is the reduced Planck's constant, f,(s)=1/(e“*" +1) is the Fermi-Dirac
distribution function. ¢ is the energy, kg is the Boltzmann's constant, T is the absolute
temperature, 7l =5meV is the scattering parameter [34], and xc is the chemical potential. The
conductivity predicted by Eq.(1) can be converted into an in-plane complex refractive index:
n, =m, where &, is the free space permittivity, and 5, =0.34nmis the thickness of
monolayer graphene. At 1550 nm optical communications wavelength, the refractive index of

graphene as the function of chemical potential is shown in Fig.2.1, where the imaginary part n; is

primarily responsible for optical absorption.
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Figure: 2. 1. In-plane refractive index of graphene as the function of chemical potential at 1550 nm wavelength.

mc is the chemical potential which is determined by charge accumulation on the graphene. The
value of m¢ can be varied by an applied gate voltage V through the silicon oxide capacitance

between the graphene and the silicon substrate as,

(2.2)

Where, eox and dox are the dielectric constant and the thickness of SiO; layer, and Vp is the Dirac

voltage determined by the unintentional doping of the graphene from the substrate and its
surrounding environment. v, ~0.75x10°m/s is the Fermi velocity [29], which was found to be

dependent on the property of the substrate [47].
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2.2.1 Experimental Setup & Result

Figure 2.2 shows the experimental setup. A fiber pigtailed laser diode at 1550 nm wavelength
was used in the experiment with spectral linewidth of approximately 10 MHz. The laser output
was collimated into the system and focused on the sample through a 20x objective lens, and the
spot diameter on the sample was typically about Sum. The light reflected from the sample was
collected through a 50% beam splitter and detected by a photodetector. A microscope was
inserted in the optical system to observe the position of the light spot on graphene sample. A
lock-in amplifier was used to improve the signal-to-noise ratio. Optical signal modulation for
synchronizing the lock-in amplifier could be applied either through a mechanical chopper in
front of the photodetector, or through a modulation on the gate voltage of the sample. A
computer was used to control the motion of the translation stage, to adjust the gate voltage, and

to acquire data from the lock-in amplifier.
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Figure: 2. 2. Experimental setup for graphene characterization
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Fig. 3 shows the normalized reflectivity as the function of the beam position with the laser beam
scanning across the edge of the graphene with zero gate voltage. In this measurement, lock-in
amplifier was synchronized with the mechanical chopper in front of the photodetector. This
allowed the measurement of reflectivity change from the sample surface when the laser beam
scanned across areas with and without the graphene, which is approximately 1.1% as shown in

Figure 2.3.

To confirm the repeatability of the measurement, the laser beam was scanned both in the forward
and backward directions along the same line and the results are almost identical. The sharp notch
of reflectivity measured at the graphene edge shown in Fig.3 was attributed to the unavoidable

fabrication imperfections to the graphene edges along with the effect of diffraction.
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Figure: 2. 3. Normalized power reflectivity from sample surface measured with beam scanning across the edge of

single-layer graphene in the forward (red) and backward (black) directions. No gate voltage is applied.
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In order to measure the variation of optical power reflectivity R as the function of the applied
gate voltage V, the position of the laser beam was fixed on the graphene. As this variation was
expected to be less than 1%, the system had to be stable enough and the impact from laser power
variation and interference caused by reflections from various optical components in the system
had to be minimized. Thus, in this measurement, instead of using the mechanical chopper, a 5
kHz sinusoid voltage waveform with 2V,, amplitude was directly applied on the graphene to

synchronize the lock-in amplifier.
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Figure: 2. 4. Measured differential reflectivity (continuous line) and the applied linear scan of gate voltage (dashed

line) as the function of time.

An adjustable DC gate voltage was added to the small-signal modulating waveform through a
bias-tee as illustrated in Fig. 2.2. This is equivalent to a small-signal modulation on chemical
potential of the graphene, and therefore the lock-in amplifier actually measures the differential

reflectivity oR(V)/oV. Fig. 2.4 shows the differential reflectivity measured on the graphene when
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the DC bias voltage was linearly ramped up and down between -20.6 V and 28.6 V, and the rate
of this voltage scan was approximately 1.1 V/s. The gate voltage-dependent differential
reflectivity shown in Fig. 2.4 demonstrates the tunability of graphene complex reflectivity, which
is clearly not a linear function of the applied gate voltage. The measured oR(V)/oV characteristics
also depend on optical interference of the multi-layered structure of SiO,/Si substrate. Another
observation of Fig. 2.4 is that 0R(V)/oV depends on the direction of voltage scan, and this

hysteresis is attributed to the charge trapping and storage in graphene.

The normalized change of the power reflectivity on the sample surface without and with the

graphene can be calculated based on the multilayer interference theory as [36],

1-n?[1+r )
AR/R, =70, -Re ( ngX +r0) (2.3)
LA

where ry is the optical field reflectivity of the substrate without graphene, and A is the

wavelength. For the SiO./Si substrate, r, = (r,e""% + re % )i(e¥% 416 ) and
2 . . .
Ry =[], where by = 2ano/A is the propagation constant of the oxide layer, r,, =(n,, —1)/(n,, +1)

and r,=(n,—n,)/(n,+n,) are Fresnel reflectivities at air/SiO, and SiO/Si interfaces,

respectively, with ng and ns refractive indices of SiO, and Si. Fig. 2.5(a) shows the real and
imaginary parts of the graphene refractive index as the function of chemical potential calculated
from Eq.(2.1). The bottom horizontal axis of Fig. 2.5 indicates the applied gate voltage, which is
related to the chemical potential through Eq. (2.2). We used Vp=74 V and do=95 nm to obtain

the best fit to the measured results. The solid line in Fig. 2.5(b) is the graphene induced power
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reflectivity change calculated from Eq.(2.3), and the solid dot indicates AR/R, =1.1%at the

gate voltage V =0, as shown in Fig.2.
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Figure: 2. 5. (a) Calculated complex index based on Kubo formula. (b) normalized power reflectivity change due to

graphene layer on substrate (continuous line) and measured value extracted from Fig.4. (c) calculated (continuous

line) and measured (dots) differential.

The continuous line in Fig. 2.5(c) shows the calculated differential reflectivity JR(V )/ 8V , which

is the derivative of the solid line in Fig. 2.5(b). Dotted lines in Fig. 2.5(c) are &R(V)/ oV
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measured with linear scanning of the gate voltage V, and the results agree reasonably well with
the calculated values, except for the apparent hysteresis in the measured curves that are not
considered in the theoretical model. The insets in Fig. 2.5(c) show enlarged views of the
measured differential reflectivity R for the gate voltage scan between -29 V and +20 V (bottom
left), and between -20 V and +29 V (top right). Hysteresis is clearly shown in both of the two
measurements, indicating different reflectivity changes corresponding to the ramp-up and ramp-
down process of the applied voltage. The hysteresis loop is wider when the graphene is biased
closer to the Dirac point. The characteristic of hysteresis has been previously reported in gate
voltage dependent Isp in graphene-based FET structures [48-49], but not for the optical
properties such as the change of power reflectivity. This effect has to be considered in the design

and application of graphene based photonic devices.

2.3. Indium Tin Oxide

Indium Tin oxide (ITO) is a composite material with the composition of indium, tin and oxygen
in various proportions in transparent conduction oxide material group. By changing the
proportions, it is possible to change the carrier concentration of ITO, which profoundly changes
the plasma frequency given by eq.2.4.

p *
g,m

where N is the carrier concentration, m”is the effective mas of the electron, e is the charge of

an electron and ¢, is the free space permittivity.

From the basic Drude Model, permittivity of ITO can be written as
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where ¢, is the permittivity at very high frequency, and »,and y are plasma frequency and

relaxation frequency respectively.
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Figure: 2. 6. Permittivity of ITO w.r.t. wavelength in NIR regime

With very high doping concentration N =1.38x10%*"/m® with modeling parameters ¢, =3.8

and y, =0.0845eV [50], the real and imaginary part of the permittivity is shown in figure 2.6

over a broad wavelength in NIR region. Moreover, depending upon the chemical procedure and
the proportion of the materials it is possible to achieve different dielectric properties of ITO. For
a very thin layer of ITO, the free carrier concentration can be modified by applying external

potential [51]. Using the modeling parameter ¢, =4.55 and y =724.6 THz, permittivity of the

ITO is shown in figure 2.7 with different carrier concentration at 1550 nm. It is clear that; real
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part of permittivity of ITO can be modified from positive to all the way to negative value which

promises to a tunable material in the field of tunable photonic device.
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Figure: 2. 7. Permittivity of ITO for different carrier concentration in NIR regime

2.4. Vanadium di Oxide

The search for advanced photonic materials with high modulation efficiency and fast response
time has been a continuous challenge in the field of nanophotonics. Realization of functional
photonic devices, such as optical modulators and switches that provide rapid and energy efficient
optical response at compact size, relies heavily on the fundamental properties of materials [52-
54]. Vanadium dioxide (VO;) is a promising candidate for a variety of photonic and
optoelectronic applications that encompass large, broad-spectrum and ultrafast optical responses
while suitable for integration with silicon photonics when needed [55]. A distinctive property of

VO, is the capability of reversible dielectric-metal phase transition (DMT) which occurs near a
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critical temperature T, in the vicinity of 67°C. This transition is associated with drastic changes
in the refractive index and resistivity of the material [56-57]. DMT can be induced thermally
[58], optically [59] and electrically [60], on an ultrashort timescales of less than 100fs [61].
Although the material properties of VO, have been studied extensively, argument on the exact
mechanism behind phase transition still exists. Various applications utilizing its optically-
induced refractive index modulation (An) have been reported, such as tunable resonators [46],
filters and modulators [62-63], optical phase controllers [64], switches and photodetectors [65].
However, a major drawback of VO, is the relatively long recovery time of the transition back
from the metal state to the dielectric state, which is usually longer than 10ns. This largely
asymmetric response limits many potential high speed applications.

We present a systematic measurement, using a fiber-optic pump-probe setup in 1550nm optical
communications wavelength window. We show that the optically-induced material phase
transition in VO, is primarily related to the pulse energy. Although the refractive index change of
VO, triggered by the pump pulse has a long recovery time, the induced optical frequency change
on the probe, which is proportional to the time derivative of the index change (dn/dt), has a time
scale only determined by the leading edge of the pump pulse which can be shorter than 100fs.
This allows for ultrafast optically induced modulations. In particular, we demonstrate the
feasibility of converting a CW probe source into a pulsed waveform due to the effect of short
pump pulses on the probe through cross-phase modulation in VO, followed by a frequency

discriminator.
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2.4.1. Experimental Setup and Results

Figure 2.8 illustrates the fiber-optic experimental setup used to measure the transmission of the
VO, sample in the 1550nm optical communications wavelength window. Two tunable
semiconductor lasers were used as the pump and the probe sources, and both of them were
operating in the continuous wave (CW). The pump laser emitting at 1550nm was intensity-
modulated through a fiber pigtailed LiNbOj3 electro-optic modulator to create width-tunable
optical pulses ranging from 200ps to 10ns. The wavelength of the probe laser was 1530nm. The
electrical waveform applied to the electro-optic modulator was generated by an arbitrary
waveform generator (AWG) with a sampling rate of 25GS/s, and the analog bandwidth of the
modulator is 10GHz. After intensity modulation, the pump optical pulse train was amplified by
two erbium-doped fiber amplifiers (EDFA), with a bandpass optical filter (1Inm bandwidth)
sitting in between them to minimize the saturation effect due to amplified spontaneous emission
(ASE) on the 2nd EDFA. The pump and probe were combined through a fiber-optic wavelength
division multiplexing (WDM) coupler and focused onto the pre-heated VO, sample through free-
space. Transmitted light through the sample was collected using a 10X objective and coupled
into the single-mode fiber pigtail of a second WDM coupler, which operated as a demultiplexer
to reject the pump wavelength, allowing only the probe wavelength to reach the photodetector
with a 12GHz electrical bandwidth. The detected electrical waveform of the probe was amplified
and recorded by a real-time digital scope with 50GS/s sampling rate which was triggered by the
AWG. The VO, sample temperature was set at approximately 58°C by a temperature controller,
which is in the vicinity of the phase transition temperature of VO, [56], and was chosen to
maximize the impact of pump pulse on the transmission reduction of the probe. The

measurement was performed with 500 kHz pump pulse repetition rate with the width of the
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pump pulse being varied from 200ps to 10ns. The peak optical power of the pump was fixed at
approximately 5W, which was primarily limited by the EDFA saturation and stimulated Brillion

scattering (SBS) of the single-mode fiber.
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Figure: 2. 8. Experimental setup. WDM: Wavelength division multiplexer/demultiplexer between 1530nm and

1550nm. EOM: electro-optic modulator, EDFA: erbium-doped optical amplifier, RFA: radio frequency amplifier

As the VO, undergoes the phase transition from dielectric to metallic state, a dramatic change in
its optical and electrical properties is anticipated, leading to an increase in the optical loss and a
reduction of probe transmission. Figure 2 shows the measured probe absorption waveforms (1-
T) at different widths of the pump pulse plotted in a logarithm scale (in dB), where T is the probe
power transmissivity. These waveforms show that T is reduced instantaneously at the leading
edge of the pump pulse due to an abrupt increase of the sample temperature. Previous studies
have reported response times of less than 100fs for VO, phase transition upon fs pump excitation
[61]. On the other hand the recovery time is much longer due to the slow heat dissipation after
the pump pulse with the temperature reduction following a typical exponential decay process.
Considering a constant pump peak power was used in this experiment, the pulse energy increases

linearly with the pulse width, and the reduction in the probe transmission also increases
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accordingly. Figure 2.9 also shows that the time constant of temperature decay gradually
increases after the pump pulse because the reduction of temperature gradient near the focal point
over time, which slows down the heat dissipation. This is shown as the slope reduction of the
decay curves further away from the pump excitation event. Nevertheless, the decay rate of probe
absorption immediately after the pump pulse is almost constant for all pump pulse widths from

0.2ns to 10ns shown as dashed straight lines, which is 37.5ns.
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Figure: 2. 9. Measured waveforms of probe transmission T upon optical excitation of a 200nm VO2 film via pump
pulses of different time durations. Here (1-T) are plotted in logarithm scale to better demonstrate recovery time

constants: The slopes of the dashed lines

At a more fundamental level, it is important to understand the basic mechanism behind the
optically-induced VO, phase transition, and clarify whether this transition is caused by the peak
power, or by the energy of the optical pump pulse. To answer this question, a more systematic
experiment was performed which measured the depth of probe absorption at pump pulses with

different durations. In this case the pump peak power was kept constant so that the width change
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is equivalent to varying the pulse energy. The results are shown in Figure 2.10 where solid
squares are the normalized depth of probe absorption measured with pump pulses of different
widths on a log-log plot. This figure indicates that when the pump pulse duration is much shorter
than the phase recovery time of the VO, film, the depth of probe absorption is linearly
proportional to the energy of the pump pulse. When the pump pulse is sufficiently long and no
longer negligible in comparison to the phase recovery time constant (~37.5ns in this case), the
efficiency of probe absorption starts to reduce. This is caused by the non-negligible thermal
dissipation within the duration of the long pump pulses. Consequently, the sharpness of the phase
change (from dielectric to metal) decreases accordingly. Therefore the probe absorption starts
deviating from its initial rate, and tends to saturate with longer pump pulse durations. Note that
in Figure 3 the linear fit at short pump pulse widths reveals approximately 2dB increase of probe
absorption for a dB increase of the pump pulse energy. This super-linear characteristic is

possible because the sample was pre-heated to the middle of its sharp phase transition region.

The optically-induced phase transition in VO, is associated with the change of the complex
refractive index. It has been shown that the refractive index of VO, can be switched from ng =
3.243+j0.346 for the dielectric state to n, = 1.977+j2.53 for the metallic state [66]. The
measurements of pump-induced probe absorption increase discussed so far in the literature were
only related to the change of imaginary part of the refractive index. While the optical phase
modulation on the probe relies on the pump-induced change related to the real part of the VO,
refractive index. Considering the VO film used in the experiment with a thickness d = 200nm,
for a complete material phase transition from dielectric to the metallic state, the maximum

optical phase change (dj) on the probe wave at | = 1530nm wavelength would be approximately:
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Sp = %Re(nm —n,)~1rad

The time-domain response of this probe optical phase modulation op(t)is expected to have the

same waveform as the probe absorption when the material phase transition is optically induced

by a pump pulse.
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Figure: 2. 10. Normalized depth of probe absorption as a function of pump pulse energy on a log-log scale. The
value marked near each solid square indicates the width of the pump pulse. The dashed straight line is a linear fit at

shorter pulse durations.

The largely asymmetric response (shown in Figure2) with an ultrafast leading edge and a
significantly slower falling edge, prohibits the generation of short optical pulses of the probe
when passing through the VO, during its phase transition. However, the dynamic frequency
modulation induced on the probe beam is proportional to the derivative of the optical phase

modulation (d¢(t)/dt). Thus, a large optical frequency modulation may be obtained
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corresponding to the fast leading edge of the optical phase modulation, while the much slower

falling edge would no longer contribute to this optical frequency modulation.

In our experiment with 10GHz electrical bandwidth of the electro-optic modulator, the rising
time of the pump pulse was approximately 50ps. The leading edge of the optical phase
modulation on the probe has the same time scale. The dynamic optical frequency shift of the

probe can be estimated as:

s_Lldo_ 1 1

— =3.2GHz
27 dt 27 5x107H

However, due to the limited pulse peak power used in our experiments, the material phase
change was limited to only a small fraction of the maximum phase transition between the
dielectric and the metallic states of VO,. Therefore the §f value calculated here only provides an
upper limit, while the actual instantaneous frequency deviation of the probe obtained should be
less than a GHz. The pump induced instantaneous optical frequency shift on the probe can be
translated into an intensity modulation through a frequency-discriminator such as an optical
filter. As shown in Figurel, this frequency modulation (FM) to intensity modulation (IM)
conversion can be accomplished by adding a tunable fiber Fabry-Perot (FP) filter (shown in blue
color in Figurel) before the photodetector. This FP filter has 100GHz free-spectral range and a
finesse of 100, so that the width of the passband is approximately 1GHz, which is narrow enough
to provide high FM/IM conversion efficiency for the probe signal with small FM modulation
index. By setting the center of the FP passband to the static wavelength of the probe, an
instantaneous frequency deviation of the probe would result in a reduced transmission through

the FP filter, creating an intensity modulation which can be detected by the photodetector.
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Figure 2.11(a) compares the measured probe waveforms without (top) and with (bottom) the FP
filters before the photodetector. A sharp notch clearly appears in the waveform when the FP filter

was applied for the FM-IM conversion.
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Figure: 2. 11. (a) Comparison of probe waveforms measured without (top) and with (bottom) the narrowband FP
filter. Inset: pump and probe waveforms in a longer time span. (b) detailed view of probe waveform change in the

transition region along with the inverse diff

Figure 2.11(b) reveals further details of the probe waveforms near the transitional region and the
comparison with the inverse differential of the pump waveform (-dPpump(t)/dt). The sharp notch
in the FP filtered probe waveform corresponds to the leading edge of the pump pulse which
instantaneously induces the phase transition in the VO, film. Whereas, the material phase
transition after the falling edge of the pump pulse is too slow to induce any meaningful
frequency deviation on the probe. The inset of Figure 4(b) shows the pump waveform P(t) with
200ps pulse width together with its time derivative dP(t)/dt. This plot indicates that the

differential of the pump pulse leading edge has a temporal width of approximately 50ps.

43



2.5. Conclusion

The reflectivity variation across the edge of CVD graphene on a SiO, (90 nm)/Si substrate was
measured at 1550 nm optical communications wavelength. The measured change of reflectivity
as the function of applied gate voltage agrees reasonably well with the theoretical prediction
based on modeling using the Kubo formula. This verifies the tunability of complex refractive
index of graphene, which is the most important parameter for the design of graphene based

photonic devices for optical communications.

We have measured the phase transition of a 200 nm VO2 film on a sapphire substrate at different
pump pulse durations. The results show that the phase transition from dielectric to metallic state
of VO2 specifically depends on the energy of the excitation pump pulse, as long as the width of
the pulse is much smaller than the phase recovery time from metallic back to the dielectric state.
Moreover, during the leading edge of the pump pulse, a fast phase transition in the sample occurs
and consequently an optical phase (8¢) transient is introduced in the probe. We have shown that
the derivative of this optical phase transient causes an instantaneous frequency shift of the probe.
Therefore, by using a narrowband optical filter centralized at the probe wavelength, we were able
to transform the optical FM into an IM and consequently generate short pulses at the probe
wavelength with the same repetition rate as the pump. The width of the optical pulse generated in
the probe is independent of the phase recovery time. However, the periodicity of the probe pulse

waveform has to be longer than the phase recovery time of the VO2.
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Chapter I11:

Photonic Devices

Functionality of photonic devices are resemble to the electronic devices. But, due to limitations
of frequency dependent loss and high speed application of electronic devices, photonic devices
are the parallel research universe with light wave so called scientifically known as the flow of
photon. In last few decades, a drastic improvement on photonic devices together with plasmonic
effect provide a new horizon to develop ultra-high speed, compact system with higher

functionality per area.

3.1. Introduction

In a conventional ridge SOl waveguide, the interaction of modal electric field with Graphene is
very low. Depending on the position of Graphene inside the waveguide, loss due to graphene
varies over different chemical potential. Schematic diagram of ridge waveguide with a layer of
graphene is shown in figure 3.1(a). Height and width of the waveguide are 300 nm and 420 nm
respectively. Fundamental modal loss of the waveguide for 0 eV and 0.5 eV chemical potential
of graphene are shown in figure 3.1(b) at different position inside the waveguide from top. It is
prominent that the loss difference at OeV and at 0.5 eV is maximum when graphene layer is at
the middle of the waveguide. At middle position fundamental mode field is maximum, therefore

interaction with graphene with modal electric field is also maximum.
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Figure: 3. 1. (a) Ridge waveguide with graphene and (b) fundamental mode loss at two different chemical potential.

Interaction with the graphene can be enhanced by plasmonic effect can be treated as tunable

device which is discussed latter. um™

Normally optical modulators are based on fundamental mode of the waveguide. With the help of
electrically tuned optical absorption of indium tin oxide (ITO) in the optical communication
wavelength regime, a novel approach to control both fundamental and 1% higher modes
supported by the waveguide, is propose here. Reduction of size with simultaneous handling

capacity of two modes enhance the functionality per area of photonic system

3.2. NIR EOM based on plasmonic graphene

Due to the exceptional optical and electronic properties, graphene has attracted a great deal of
attention in the scientific and engineering communities [67]. The two-dimensional (2D) atomic
structure of graphene leads to a low density of states (DOS) for electrons and holes, making the

chemical potential particularly susceptible to the density of carriers. The large shift in the
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chemical potential, that can be achieved by applying a gate electric field across the graphene
layer, produces an extra charge accumulation in the energy bands and enhances both inter-band
and intra-band electron transitions, allowing for efficient tuning of graphene’s electric and
optical properties. Such mechanisms have been successfully exploited for many practical
applications, such as field effect transistors (FETs) [68-69], photodetectors [70-71], and electro-

absorption optical modulators [72-73].

The graphene-based electro-optic modulator relies on the gate voltage-dependent optical
absorption of graphene [72-73]. Although the absorption coefficient of graphene is extremely
large compared with other materials commonly used in the near infrared (NIR) spectrum (3
orders of magnitude higher than that of germanium at 1.5um, and 4 orders of magnitude higher
than that of silicon at 1um), the total absorption of a monolayer graphene is only about 2.3% for
vertically incident light, simply because of the atomic thickness. Planar waveguide structures
have been implemented to increase the interaction length between the guided-mode optical field
and the graphene [70-71]. An electro-absorption optical modulator with 10dB extinction ratio
was achieved with a 100 pm-long silicon waveguide imbedded with a monolayer graphene [72].
Because the mode field diameter of a silicon optical waveguide is approximately 4 orders of
magnitude larger than the thickness of a monolayer graphene, the interaction between the optical
field and the graphene is intrinsically weak. As a consequence, the modulator has to have long
enough waveguide to achieve the required electro-optic tunability and the signal extinction ratio,
which would result in relatively large capacitance, slow modulation speed and large electrical
power consumption. Thus, enhancing the interaction of optical signals with graphene is critically

important to realize practical electro-optic devices that rely on the tunability of graphene.
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We propose a novel hybrid photonic—plasmonic platform for the realization of a graphene-based
optical modulator operating at telecommunication wavelengths. Plasmonic structures represent
an interesting avenue for the enhancement of light-matter interaction in graphene monolayers,
mediated by the strong local optical field associated with surface plasmonic resonances [74]. In
fact, plasmonic excitations in micro/nano-structured graphene have been explored in far-infrared
(FIR) and THz spectral regions [75-77]. In the previously reported graphene-based NIR electro-
absorption modulators, modulation is based on the tunable absorption of graphene, while in the
present scheme; the graphene provides a mechanism of tuning on and off the resonant absorption
of a plasmonic waveguide. As conventional noble metals such as Au and Ag have their plasma
frequency in the visible or ultraviolet (UV) wavelengths, we have considered photonic
waveguides loaded with indium tin oxide (ITO) nanostructures placed in close proximity of the
graphene layer to maximize the sensitivity of the plasmonic resonance to the dielectric properties
of graphene in the NIR region. In exploiting this mechanism, we have designed an ultra-compact
graphene-based plasmonic electro absorption modulator that is able to achieve an order of
magnitude reduction in the required waveguide length as compared to a graphene-based all-

dielectric modulator.

3.2.1 Device configuration and operation principle

The configuration of the proposed electro-absorption modulator is schematically shown in Figure
3.2, which is based on a silicon ridge waveguide fabricated on a silicon-on-insulator (SOI) wafer.
A monolayer graphene sandwiched in the middle of the waveguide provides the mechanism of
electro-optic interaction through the modulation of its chemical potential. A 10 nm thick

dielectric layer of HfO, is placed underneath the graphene to electrically isolate the top and the
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bottom parts of the silicon waveguide. The width and height of the waveguide are 420 nm and
300 nm, respectively. To enhance the interaction between optical field and the graphene, a
number of ITO bars are placed on top of the graphene layer to introduce the plasmonic effect. To
simplify the analysis, the minimum separation between adjacent ITO bars was set as 10 nm
which is longer than the decay length of plasmonic near-field, and the coupling of plasmonic
modes between ITO bars can be negligible. In this configuration, the resonance condition of the
plasmonic mode is susceptive to the dielectric constant of the surrounding materials including

the graphene.

Si

Si0,

Figure: 3. 2. Schematic diagram of the hybrid plasmonic waveguide.

Electro-absorption modulator based on monolayer graphene imbedded in silicon ridge
waveguide has been reported previously, with a maximum absorption efficiency of 0.1dB/um
determined by the graphene in the waveguide [72], which was later increased to 0.16dB/um by
using two separate layers of graphene in the waveguide [73]. The absorption efficiency of these
modulators was primarily limited by the low interaction between the propagating mode of the

waveguide and the atomic-thin graphene layer. In order to achieve a 20dB extinction ratio
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typically required in telecommunications, the waveguide length has to be longer than 100um.
The device capacitance, Cp, linearly proportional to the waveguide length, is a major limiting
factor for practical applications, which causes slow modulation speed and high power

consumption.
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Figure: 3. 3. Waveguide dispersion curves for effective index and absorption coefficient with and without ITO bars.

The insets show the norm of the electric field distribution around the ITO structure.

Surface plasmon resonances can be effective to confine the optical field far below the diffraction
limit, and therefore to enhance the interaction between the optical field and the graphene placed
in the plasmonic near-field region. The strength of plasmonic resonance is proportional to

1/(¢, + Msg,) where ¢, and ¢, are permittivities of the metal and the surrounding dielectric

materials, respectively. M is a structural-dependent factor which varies with the geometry but is
typically of the order of 1. Therefore the conditions for plasmonic resonance can be met when
the metallic permittivity is nearly opposite to the permittivity of the surrounding medium.

Although noble metals, such as Au and Ag, are commonly used to create surface plasmonic
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effect, the negative values of their permittivities are very large and their plasmonic resonances
are typically in the visible wavelengths [78-80]. In comparison, TCO has a much smaller
permittivity (also negative), allowing for the plasmonic resonance to be in the NIR wavelength
region, and the permittivity value can be adjusted by the change of carrier density through
doping [81-82]. This permits precise tuning of resonance wavelength suitable for different
dielectric constants of the surrounding materials. Therefore, the plasmonic effect introduced by
the TCO bars shown in Fig.1 can help concentrate the NIR optical field into the monolayer

graphene, and the efficiency of electro absorption can be significantly enhanced.

Figure 3.3 illustrates the effects of one ITO rod on the waveguide dispersion. The blue curve
represents the effective index of the waveguide without the embedded ITO rod. The red curve
represents the effective index of the waveguide when one embedded ITO rod rests on the HfO,
layer. The effect of the ITO structure is to modify the effective index of the fundamental mode of
the waveguide by providing a source of dielectric polarization. Notice that the effective index of
the mode in the ITO loaded waveguide is almost uniformly lower than the index of the
unperturbed dielectric waveguide, except for the spectral region near the second resonant peak
around 1875nm. In any case the effective index of the mode never exceeds the index of the Si
background medium. This is an indication that the ITO structure is operating on a localized
transverse plasmonic resonance, without supporting a guided plasmon polariton along the
waveguide. This interpretation is consistent with the field distributions shown in the insets of
figure 3.3. In the spectral region near 1550nm the electric field of the surface plasmon is
localized at the ITO-HfO, interface, consistent with the fact that the permittivity of the two
media are nearly opposite at this wavelength. On the other hand, around 1875nm the electric

field is mainly concentrated at the ITO-Si interface, again consistent with a condition of
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localized surface plasmon resonance. It is important to point out that the fundamental mode field
distribution is not significantly altered by the ITO rod, except for the enhanced field in proximity
of the plasmonic structure. As a consequence of these mode-matching considerations, the
reflection at the junction with a simple Si input guide of similar cross-section are expected to be

negligible.

3.2.2 Results and discussion

Figure 3.4 shows the comparison of electric field intensity on the graphene layer with and
without the ITO bars. It is evident that optical field concentration on graphene is increased by
approximately 2 orders of magnitude underneath the ITO bars because of the plasmonic effect.
The simulations were performed with COMSOL multiphysics software package, and the
following parameters were used in the simulation: g4 = 4 is the permittivity of HfO,, and ey, = -
3.99 +j0.13 is the permittivity of ITO at 1550nm wavelength, corresponding to a doping density
of 1.37x10°’m™ [81]. The permittivity of silicon is & = 12.3, which is used as the dielectric
medium to form the waveguide core. Because the dielectric materials surrounding the 1TO bars,
including HfO,, silicon and graphene, have different permittivity values, their combined effect
determines the plasmonic resonance wavelength. The complex dielectric constant of graphene is
a function of its chemical potential ., and optical absorption can be turned from on to off when
¢ is switched from O to approximately 0.5eV, as shown in Figure 2.1. This not only allows the
electric control of optical absorption but also provides an effective mechanism of switching on-

and-off the plasmonic resonance when ITO bars are used.
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Figure: 3. 4. Normalized Electrical field |[Ex| distributions on the graphene layer of a graphene embedded SOI ridge

waveguide without (a) and with (b) two ITO bars on the graphene.

To maximize the differential absorption of the NIR optical signal introduced by electrical gating,
the cross-section geometry of ITO bars can be varied for optimization. Figure.3.5 shows the
calculated optical absorption per unit length along the waveguide by varying the width
(Figure.3.5(a)) and height (Figure.3.5(b)) of the ITO bar cross section. This was calculated with
a single ITO bar placed on graphene layer in the middle of the waveguide. The absorption
corresponding to 0 eV and 0.5 eV of graphene chemical potential shown in Figure 3.5 represent
the minimum and the maximum loss values, and their difference indicates the extinction (on/off)
ratio the modulator can provide. Figure.3.5 shows that the extinction ratio can be maximized by
optimizing the geometry of the ITO bar cross-section, which indicates that tuning of plasmonic
resonance condition through graphene chemical potential is the dominant mechanism in this
plasmonic-graphene guided mode structure. This is fundamentally different from the graphene-
based modulators previously reported [72-73], where electro-optic absorption of the graphene

itself was the dominant mechanism, and thus the value of absorption per unit waveguide length
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was intrinsically low. In the example shown in Figure 3.5, the optimum width and height of the

ITO bar are in the vicinity of 27 nm and 12 nm, respectively.
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Figure: 3. 5. (a) Modal loss and extinction ratio for different height of the ITO bar with a fixed 20nm width. (b)

Modal loss and extinction ratio for different width of the ITO bar with a fixed 12nm height.

As the width of the graphene layer in the silicon waveguide is 400nm, multiple parallel ITO bars
can be used to further enhance the efficiency of controllable absorption. Figure 3.6 show the
calculated unit-length attenuation of the plasmon mode as the function of the graphene chemical
potential for different numbers of ITO bars separated by 10nm between each other. By
increasing the number of ITO bars, the maximum differential absorption increases almost
linearly because the 10nm separation between them is much longer than the spreading of the
plasmonic near field, and thus interaction between plasmon modes of different ITO bars is
negligible. Although up to 10 ITO bars can be accommodated over the 400nm wide graphene
layer, a large number of ITO bars not only increases the extinction ratio, but also increases the
minimum loss of the modulator, so that a trade-off has to be made for practical applications. For

example for a modulator using 6 ITO bars, the extinction ratio reaches to approximately 5dB/um
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which is more than an order of magnitude higher than that without the plasmonic effect.
According to figure 5b the configuration with 6 1TO bars also suffers from an insertion loss of
about 1.7dB/um, which is a disadvantage common for optical circuits involving plasmonic
effect. A tradeoff has to be made between the extinction ratio and the insertion loss when
choosing the waveguide length. Nevertheless, the combination of plasmonic elements with a
graphene layer allows significant reduction of the waveguide length, and the size of the
electrode, which is essential to reduce the intrinsic capacitance of the device for high speed

operation with low power consumption.
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Figure: 3. 6. (a) Modal loss per um as the function of graphene chemical potential for the waveguide with different
number of ITO bars, and (b) Modal loss at 0 and 0.5eV graphene chemical potential for different number of 1TO

bars, and the corresponding extinction ratio.

Practically, the deposition of materials on graphene is difficult with many conventional physical
or chemical vapor depositions as energetic particles and reactive chemicals from the deposition
sources cause damages on graphene. This problem may be solved by evaporating a thin

protecting interfacial layer such as Al film on graphene and converting it to insulating Al,O3
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upon exposure to oxygen before ITO and Si layers growth atop using atomic layer deposition.

[82-84]

3.3.  Mode-multiplexed modulator

Following the success of CMOS electronics, the proliferation of photonic technology relies on
the ability of large scale integration to drastically enhance the functionality, lower the per-device
cost, and improve the reliability of integrated optical components. As already highlighted in the
2005 International Technology Roadmap for Semiconductors (ITRS) [85], optical interconnects
hold promise to meet the ever-increasing requirements of modern telecommunications and
processing systems in terms of speed and power consumption. Nanophotonic systems [86] in
particular are emerging as one of the most promising technologies for on-chip dense
photonic/electronic integration. In fact, scaling down the size of photonic components,
compatibly with the constraints imposed by the physics of electromagnetic propagation, can
simultaneously increase the bandwidth of operation, decrease the power consumption, and

increase functionality-per-area (FPA).

During the past decade several photonic-modulator architectures have been developed. Silicon-
based structures are attractive from a technological point of view, however, due to the weak
electro-optic coefficient of silicon, electro-optic modulators relying on silicon alone [9] require
large device footprints on the order of millimeters. The use of high-Q ring resonator structures
[10-11] has been shown to partially circumvent this problem, allowing for the reduction of
devices footprint to micron-size dimensions but at the expense of the reduced device bandwidth.

Other CMOS compatible architectures featuring materials with superior electro-optic properties

56



have been extensively studied. In particular, graphene-based electro-absorption modulators have
been demonstrated [72, 87], and plasmonically-enhanced graphene-based modulators have been
proposed [88-90] to improve the performance of such devices. Transparent conductive oxides
(TCO) such as indium-tin-oxide (ITO) and aluminum-zinc-oxide (AZO) have recently emerged
as promising candidates for both plasmonic [50] and active photonic applications [51, 91]. The
wide index-tunability of ITO by doping and by carrier-injection opens the possibility of actively
switching between dielectric and plasmonic regimes, thereby enabling the efficient control of
optical transmission. At the transition between such regimes — dielectric and plasmonic — lies the
epsilon-near-zero condition (ENZ), which could offer significant improvements in the operation

of electro-absorption modulators [32].

While materials research has opened new avenues in nanophotonics, many aspects related to
electromagnetic design are still to be investigated and fully exploited. Here we consider the
problem of increasing FPA from an electromagnetic standpoint and propose novel design
principles for nanophotonic modulators that take advantage of modal degrees of freedom in order
to effectively double the modulation bandwidth of such devices by introducing additional

electromagnetically orthogonal channels that can be modulated independently.

In order to selectively modify the propagation properties — i.e. modal absorption and/or modal
index — of different waveguide modes, two different modal characteristics may be used: modal
polarization orthogonality, and reduced modal overlap. In order to employ modal polarization for
selective modal modulation, a form of tunable polarization dichroism must be introduced in the

waveguide core. Let us consider a waveguide described by a permittivity profilee,(x,y)

supporting two modes: “mode 17 with fieldsE,,H,, and “mode 2” with fieldsE,,H,. Let us also
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assume that a thin conductive surface with surface conductivity s, is inserted in the waveguide
cross-section so as to be perpendicular to electric field lines of mode 1 at every point. Under
these conditions such conductive surface would only attenuate mode 2, while leaving mode 1

unaffected. Formally one may write the perturbed permittivity distribution of the waveguide as:

5[32 (X, Y)] = 3.1)
@

£8(X,Y) = &6, (X, y) +1

In equation (3.1) the argument of the Dirac’s delta function is the implicit-form equation (i.e.

s,(x,y)=0) of the conductive surface with unit normal f, || E,. The surface conductivity tensor is
at every point isotropic with respect to the local tangent plane to the surfaces,, and it is null in

the perpendicular direction.

Before deriving the modal losses, a word of caution is in order concerning the effects of the

conductive surface s, on the modal field distribution. Such modification of the waveguide’s

layout in fact changes the electromagnetic boundary conditions, and therefore the modal field

distributions E,,H,and E,,H,would be altered. Nevertheless if the conductive surface constitutes

a small perturbation of the original structure, a perturbation expansion to the first order reveals
that only the modal index is affected, while the modal fields are subject only to a second order
correction [15]. Under such assumption, the dissipated power per unit length for mode 2 follows
from Poynting’s theorem, along with the orthogonality relation between modes, and the

properties of the tensora, :

Z_Z:—H[Ez 'E, | Ejdxdy (32)
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Equation (3.2) indicates that mode 2 only experiences attenuation. A similar approach clearly
could be adopted to selectively attenuate mode 1, by introducing a thin conductive surface

perpendicular to the modal field E,. Tunability of the aforementioned surface conductivity is

necessary in order to realize a mode-multiplexed modulator exploiting the polarization-based
modal dichroism just described. Graphene, already used in a number of modulator architectures
[29,42,44,73,87-90,92], would offer ideal characteristics for the realization of the polarization-

based mode-multiplexed modulators.

Reduced modal overlap can be exploited to generate “modal dichroism” by introducing a
spatially localized absorption mechanism in regions in which only one specific mode
concentrates most of its energy, while other modes have small (or ideally zero) amplitude. Notice
that such conditions in non-magnetic media can be in principle met for purely transverse electric
(TE) modes, but not for transverse magnetic (TM) or for hybrid modes, due to the presence of
longitudinal components of electric field. Considering again a waveguide described by a

permittivity profilee,(x,y), a loss mechanism can be induced by perturbing the permittivity
distribution as follows:

£ (X Y) = £, (X, ) +iw[aial(x, V) +2,0,(%, )] 3

Let us assume that the parameters a, and a, in the imaginary part of the perturbed permittivity

profile (3.3) can be externally modified to assume values between 0 and 1. The power

attenuation induced on two waveguide modes E, and E, can be written as:

oP, . .
8_21 _ —aij.J.Ul(X’ y)E, - EldXdy_aZJ.J.GZ (x,y)E, - E;dxdy (3.4)
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oP,

== =-a[[ o, (xy)E, Ejdxdy—a,[[ o, (xy)E, - E;dxdy (3.5)

In order to produce effective modal dichroism the conductivity profiles o, and o, must be
chosen so as to minimize the cross-terms, i.e. the second term on the right-hand side of equation
(3.4) and the first term on the right-hand side of equation (3.5). Notice that in general such terms,
which are responsible for modulation cross-talk, are always greater than zero, as the argument of
the integrals is definite positive. Nevertheless a proper selection of the waveguide modes can

greatly facilitate the cross-talk minimization process.

As a simple heuristic guideline for the optimization of the conductivity profiles, the waveguide
modes should be selected to have similar order and different symmetry with respect to at least

one of the symmetry planes of the waveguide cross-section, as for instance in the case of the E},
and E) modes of a rectangular waveguide [22] in which case the zeros of one mode tend to

coincide with the maxima of the other and vice-versa. An additional benefit of such modal
choice in terms of minimizing cross-talk is that if the conductivity profiles do not alter the

symmetry of the waveguide permittivity distribution ¢, (x,y), the power exchange between modes

of different symmetry is zero. This is the strategy that we adopted in the design of the mode-

multiplexed nanophotonic modulator discussed in the next section.

Here for the purpose of illustrating the concept of modal dichroism we consider a mode-
multiplexed nanophotonic modulator based on a silicon-on-insulator (SOI) platform for
electronic-photonic integration. The configuration of the proposed device is schematically shown
in figure 1(a). The optical signal is carried by a multimode silicon ridge waveguide. The active
components are three thin plates of ITO of thickness 10 nm that can be individually addressed by

means of three gold contacts separated from the ITO structures by an insulating 20 nm layer of
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Si0O,. The dimensions of the ridge waveguide are chosen to be 800 nm in width and 200 nm in

height for operating at 2=1.55xm wavelength.

3.3.1 Device configuration and operation principle

The physical mechanism of modulation in the proposed structure is the voltage-controlled free-carrier
absorption in ITO. ITO is a degenerately doped semiconductor with free-carrier concentration that
can be tuned by controlling the concentration of oxygen vacancies and interstitial metal dopants.
In addition to doping, carrier concentration can also be electrically tuned. Near-unity index

changes by carrier injection in ITO have been recently reported [29,51].

Figure 3.7. (a) Layout of the proposed mode-multiplexed nanophotonic modulator. (b) Electric field distribution of

the EY1; mode for N =N¢=N,. (b) Electric field distribution of the E”,; mode for N_.=N¢=Nj.
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In the layout shown in figure 3.7 each of the ITO plates is arranged in a MOS capacitor

configuration. With an applied DC potential, the static electric field produces a change in the

free-carrier density inside the material by forming an accumulation layer at the ITO-SIiO,

interface. The carrier density in the accumulation layer, as obtained from the self-consistent

solution of the Poisson’s equation for a MOS capacitor is non-uniform, with a profile of the form

[93] n(z) =N, exp[®(z)/ D, ], where N, is the doping density in the ITO layer, ®, =k,T/q is the

thermal voltage and ®(z) is the electric potential at position z within the accumulation layer,

with z=0 coinciding with the ITO-SiO; interface. The depth of the accumulation layer is of the

order of d,,, ~ 7L, /N2, where L, = [e,6:0®; /(aN,) is the Debye length in the ITO layer [93].
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Figure 3.8. Carrier density (top), and real (red) and imaginary (blue) part of permittivity at A=1550nm in the

accumulation layer of an ITO layer with doping concentration Ng=10"°cm™ under an applied voltage of 16.4V.
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For our modulator we have considered ITO layers with a doping concentration N, =10 cm™. In

the top panel of figure 3.8 we show the calculated carrier density in the accumulation layer for an
applied voltage of V =16.4v across the 20nm SiO, spacer between the top gold electrodes and the
ITO plates. For this voltage value the electric field in the SiO, spacer is 8.13MV/cm, which is
below the breakdown value of ~10MV/cm for this material. The corresponding real and
imaginary parts of the ITO permittivity at 2 =1550nm[50] in the accumulation layer are shown in
the bottom panel of figure 3.8. At said wavelength and doping concentration, based on the
Drude model parameters from Naik et al. [50], the ITO permittivity within the 2.5nm thickness

of the accumulation layer varies from the background value of 3.74+i0.00095 to a value of

-459+i0.14 at the ITO-SiO» interface.

3.3.2 Results and discussion

Considering the mode profiles of the waveguide, we are only interested in y-polarization of the
fundamental mode (E11) and the 1% higher order mode (Ez1). Cross-sectional view of the mode
profiles are shown in figure 3.8(a). As shown in figure 3.8(b) the maximum intensity of electric
field of E;1 mode is at the middle of the waveguide, therefore the interaction with ITO plate at
central position will be stronger than the end two ITO plates. Analogously, for Ez; mode, where
the maximum field intensity is away from the middle position of waveguide, electric field
interaction with the end two ITO plates will be more than the middle ITO plate. Therefore,
modulation of E;; can be done independently by modulating the voltage Vo and TE,; mode can
be modulated by modulating the voltage V1 between silicon waveguide and two extreme gold

electrodes as shown in figure 3.7. Manipulation of V, and V3 in such a way that the carrier

concentration inside ITO bars varies in two stages of 1x10"°cm=and 8.6x10*°cm™.

63



The permittivity profile shown in figure 3.8 has been used in the numerical modeling of the
electromagnetic properties of the proposed modulator. The dimensions of the ITO plates have
been optimized through parametric full-wave simulations [94] to maximize the modulation depth
while maintaining a low cross-talk between modes, yielding a width of 200nm for the central

ITO bar, and a width of 100nm for the lateral bars.

In figure 3.9 the effectiveness of the proposed modal dichroism mechanism is assessed by
studying the modulator performance over the optical communication wavelength range from

A=15um toA=1.6um. The Drude model [50] along with the previously discussed MOS model
for the carrier density profiles has been used to account for the frequency dependence of the
permittivity of the ITO bars. Figure 3.9(a) shows the propagation losses experienced by the E,

under the various voltage bias configurations of the ITO bars. The green curve represents the
case in which no voltage is applied to any of the ITO bars, and therefore is representative of the
device insertion loss. The red curve shows the case in which a voltage V =16.4v is applied to the
central ITO bar, while the lateral bars are left unbiased. In this situation the propagation loss of
the EY raises to about0.9dB/um. Finally the blue curve represents the complementary case of a
voltage V =16.4V applied to the lateral bars, while leaving the central bar unbiased: as desired

only a marginal increase in the propagation loss of the E’ mode is observed. The corresponding
curves for mode E}, are presented in figure 3.9b). As expected, the propagation loss for mode
E), is strongly affected by the conductive state of the lateral ITO bars, while it remains nearly

unchanged by a bias applied to the central ITO bar. These simulations clearly confirm that the
proposed structure displays modal dichroism and can be employed as a mode-multiplexed

nanophotonic modulator. The proposed modulator shows performances in line with conventional
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single-mode ITO modulators recently reported in the literature [32], while increasing the

functionality per-area by offering the possibility independently modulating two modes.

The theoretical MOS model presented here and in e.g. [32] for the induced carrier density in the
ITO plates appears to actually underestimate the performance of actual devices[91]. In fact
experimental measurements on very similar structures [51, 91] have shown (especially in [91])
performances consistent with much higher carrier densities than the MOS model would predict
for the corresponding applied voltages. While some justifications have been proposed [95], more
sophisticated models of the accumulation layers in transparent conductive oxides should be
explored. This is beyond the scope of this article, since the main focus of this work is to illustrate

nanophotonic modal dichroism.
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Figure 1..9. Propagation loss of the (a) E¥1; and (b) E¥,; modes under various electric bias configurations as indicated in

the plot legends.
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3.4. Metamaterial assisted tunable photonic coupler

The introduction of metamaterials (MM), Epsilon-Near-Zero (ENZ) materials and Surface
Plasmon Polariton (SPP) has revolutionized photonic technology by offering unnatural behavior
of electromagnetic waves and breaking through the barrier of diffraction limit in the design of
integrated photonic circuits. Squeezing, tunneling, confining below diffraction limit, and bending
of EM waves are the top most mysterious exciting properties of these new inclusions [96-98].
Various novel structures based on plasmonics effects have been proposed to redesign optical
components such as filters, modulators, sensors etc. with considerable reduction of device size
and higher efficiency have been investigated over past decade [99-101]. On top of that, single
layer graphene with tunable surface conductivity provided an additional mechanism in the design
of plasmonic circuits, which has been used to create integrated photonic devices such as
modulators, beam splitters, antennas to operate in the near infrared region [88,102,103]. Among
these, metamaterial, basically an artificially created material which has capability to provide
hyperbolic dispersion relation, opens up a new era of optics [104-107, 109-110]. The
metamaterial composed of periodic graphene and dielectric layers can provide a highly efficient

tunable hyperbolic medium, ideal for electro-optic device applications [44].

For integrated photonic devices, functionality per area (EPA) is a basic figure-of-merit.
Nanophotonic system in particular is emerging as one of the most promising technologies for
high density photonic-electronic integration. Utilizing the physics of electromagnetic
propagation in ENZ material for the design of photonic devices can increase the bandwidth of
operation, decrease the power consumption and increase the FPA [108]. Directional coupler is a
fundamental building block in optical circuits to combine, split and route optical signals. The

ability of tuning optical coupling efficiency of a directional coupler through electronic control
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can enable modulation and dynamic routing of optical signals which is essential for functional

photonic integrated circuits.

Here we present an integrated silicon photonic directional coupler design based on uniaxial
metamaterial or “crystal” composed of periodic single layer graphene and dielectric. This allows
the tunability of the power coupling coefficient at 1550nm optical communication wavelength.
Our theoretical analysis and numerical simulation indicate that this graphene based hyperbolic
medium is able to provide efficient control of optical signal via externally applied voltage, which
is an ideal bridge between optical and electronics domains. Additionally, due to the presence of
high index anisotropic metamaterial the device size can be miniaturized to increase the

functionality per area for integrated photonic applications.

3.4.1 Tunable Metamaterial
The unit cell of the MM used here is formed by two different materials of permittivity ¢, and &,

with thickness di and d, respectively as shown in figure 3.10. The periodicity of the array is

denoted byd =d, +d,. For mathematical simplicity, individual layer thickness is represented by
the fractions of d; i.e.d,=cd andd,=c,d; wherec,andc,are the dimensionless and satisfying
c,+¢,=1. This type of artificial material is inherently anisotropic in nature. Additionally,
selection of permittivity of materialse,, ¢, and the coefficientsc, andc, provide the degrees of

freedom in designing required complex medium based on applications. The periodicity d of the

layered MM has to be much smaller than the operating wavelength, such that the incident EM
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Fig. 3.10. Schematic structure of the metamaterial crystal. In the inset the various parameters are shown.

waves should see it as a homogeneous effective medium rather than a multilayer system.
Considering the periodicity along y-axis (perpendicular to the graphene plane), the permittivity

tensor of the anisotropic MM can be represented as

&g 0 0
e=g|0 & O (3.6)
0 0 &
with &t =C.& +C,& & =L
T 161 T Loérand “L C.8yi + Gt

where g; and ¢, represent the transvers and longitudinal permittivity of the anisotropic MM
respectively. This structure has been extensively studied by several groups for different purpose,
where the stirring electromagnetic peculiarities have been traced, and paramount behavior while

Sign (&) = Sign (&; ) have been scrutinized thoroughly [104-107].

Considering the feasibility of our structure, HfO, film and a single layer of graphene have

chosen to frame the unit cell of MM. The standard mathematical model of HfO, permittivity,
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Enro, IN 1550nm wavelength window is used [111]. The well-known Kubo’s formula [112] as

describe in equation 2.1 is chosen to replicate the single layer graphene permittivity.

The conductivity predicted by equation 3.6 can be converted into an in-plane complex

permittivity: L, =1— jo/(a)80§g), where ¢, is the free space permittivity, and s, -0.34nmis the

thickness of monolayer graphene.

Single layer graphene itself is an anisotropic material whose relative permittivity in the
transversal directional (on the graphene plane) &l. follows the kobo’s formula, while the
permittivity perpendicular to the plane, &g, is unity. £k, can be tuned by charge doping or
changing chemical potential through externally applied voltage. This provides mechanisms of
tuning &, of the proposed MM. The real and the imaginary parts of &L, at 1550 nm wavelength as

the function of its chemical potential are shown in figure 3.11.
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Fig. 3.11. Single layer graphene permittivity at 1550 nm wavelength as the function of chemical potential
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It is evident from figure 3.11 that within the chemical potential range from 0.57eV to 1.32eV

as marked by two vertical dashed lines, the imaginary part of &l.is nearly zero and remains

almost invariant, while the real part of £, becomes more negative with the increase of chemical

potential. To achieve such a high level of chemical potential, a high electric field is needed that

requires the dielectric material to have high electrical breakdown field, E,,. Normally, bulk HfO,
has low g_ (lower than IMV/cm) but when its thickness goes down to nanometer scale, E,, goes
abruptly high and attains a breakdown electric field as high as E,, ~60Mv/cm[113]. The

breakdown of nanometer-thick HfO, film is most likely initiated by bond rupturing rather than

punctual defects as happens in bulk HfO, [113].

In our modeling of MM, the design parameters are taken as periodicity d = 3nm, d; = 0.34nm for
single layer graphene, and d, = 2.66nm for HfO; film. Following the permittivity tensor of

Equation 1 for anisotropic metamaterial, &, and ¢, can be represented as

_ |
&r = C&gr +Cr8 0, (3.7)

il
€6rE Hio,

E =
L 1
C.€410, T Co€cr

where, ¢, =0.11333,c, =0.88667, &2, =1With & and Enro, €N be obtained from standard formula as

mention previously. It is clear from equation 3.7 that only &; will change with the variation of

chemical potential. Considering the design parameters and the thickness of HfO, layer, an
external voltage tuning from 1.1V to 6V is required to change the chemical potential of graphene

from 0.57 eV to 1.32 eV. Within this voltage range maximum electric field strength inside the
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dielectric layer will be 23MV/cm which is still less than half of the HfO, breakdown field of

HfO, at nanometer thickness.

3.4.2 Device configuration and operation principle

The schematic diagram of the proposed MM assisted photonic coupler (hyper-coupler) is
shown in figure 3.12 which is based on silicon ridge waveguides fabricated on silicon-on-
insulator (SOI) wafer. Both waveguides (as denoted by WG; and WG;) have identical cross-
section of 420nm x300nm, and they are far apart from each other except for coupling region. At
the coupling region of length 5um, the separation between the two waveguides is 90nm and is

filled with the anisotropic MM as described earlier.

ICoupling Region'

Fig. 3.12. Schematic diagram of metamaterial assisted photonic coupler based on silicon ridge waveguides.

Because of the evanescent field coupling between two waveguides, the power will transfer
back and forth between waveguides along the coupling region, and the coupling coefficient can

be modeled by the well-known Couple Mode Theory [22],
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ws, [ [(N? = N2)E; - E;dxdy
K = 00 (38)

[ [u, -(E x H, + E, x H;)dxdy

—00—00

where, N”and NZare space dependent permittivity profile of the complete system and a single

waveguide respectively. From the cross-sectional point of view i.e. XY-plane, both waveguides
are symmetric along vertical axis (y-axis); therefore, their space dependent permittivity function
will be mirror image along the same axis. E;, Hi and E», H; are the space dependent electric
fields and magnetic fields distribution of WG; and WG, and * represents the complex conjugate

of the vector field. wand g,represent angular frequency of operating wavelength and the

vacuum permittivity respectively.

3.4.3 Results and discussion

Consider the x-polarized fundamental mode supported by the waveguides at 1550 nm
wavelength, and port 1 is chosen as the input port in our simulation model as shown in figure
3.12. To characterize the proposed MM assisted coupler, two-dimensional (2D) finite-element-
method (FEM) based solver (the software package COMSOL Multiphysics) is used. As our
proposed design is a directional coupler, the output power from port 3 is ideally zero. The total
power will split between port 2 and port 4. Due to the presence of MM between two waveguides
in the coupling region which creates inhomogeneity from surrounding air, there will be a few
percentage (<10%) of scattering loss in our design within the concerned range of chemical
potential. Therefore, P,+P4<Pj,, where P, and P, are the output powers from port 2 and port 4,

respectively, with Pj, the input power into port 1.
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Fig. 3.13. (a) Coupling coefficient of the coupler with and without metamaterial in coupling region and (b)

Normalized power output from port 2 and port 4 in terms of coupling efficiency as a function of chemical potential

In the absence of MM and considering surrounding medium as air, the coupling coefficient at
1550 nm wavelength for x-polarized fundamental mode of the designed structure is ~
0.0926/um, corresponding to a coupling length of approximately 17 um. Figure 3.13(a) showed
that after incorporating MM in the gap between the two waveguides in the coupling region,
coupling coefficient has enhanced by more than 3 times at 0.57eV chemical potential, which

reduces the device size by the same factor. The power output from port 2 (P,) and port 4 (P,) are
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shown in figure 3.13(b) which are normalized by the input power from port 1 (Pi,). It is
prominent from figure 4 that within the chemical potential range from 0.57eV to 1.32eV, the
coupling coefficient reduces monotonically, and the optical signal completely switches from port
4 to port 2. Below 0.57 eV chemical potential, even though the coupling coefficient is high, the
coupling efficiency is very low because the MM is lossy in this region. The normalized modal
fields for ‘Even’ and ‘Odd’ modes at the cross-section of coupling region are shown in figure
3.14 for chemical potential of 0.57eV and 1.32 eV. The arrow stream indicates the field

polarization of the modes.
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Fig. 3.14. Normalized even and odd modal electric fields with polarization indicated by arrow streamed line at

chemical potential of (a) 0.57eV and (b) 1.32 eV.

Normalized electric field profiles of beam propagation through the proposed structure for two
extreme points of chemical potential are shown in figure 3.15. At 0.57 eV chemical potential,

almost all the power from WG; coupled to WG, because of high coupling coefficient. Whereas
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at 1.32 eV chemical potential, coupling coefficient is very low so that most of the power remains
confined in WG; and emerges from output port 2. Within the range of chemical potential
between 0.57eV and 1.32eV, the monotonic change in coupling efficiency offers the capability
of not only digital switching but also analog modulation of the output power between the two
output ports through the modulation of the chemical potential, equivalent to a range of biasing

voltage between 1.1V and 6V in this example.

1

0.8

0.6

0.4

0.2

Fig. 3.15. Normalized electric field plot at chemical potential of (a) 0.57eV and (b) 1.32 eV.
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3.5. Conclusion

We have proposed a highly efficient electro-optic modulation mechanism based on plasmonic
graphene for applications in NIR optical communications wavelength. ITO is used to produce
plasmon resonance at the NIR wavelength, and the interaction between optical field and
monolayer graphene is significantly enhanced by the plasmonic effect. Tuning of graphene
chemical potential through electrical gating switches on and off the ITO plasmonic resonance,
providing much increased electro-optic efficiency compared to only relying on the tunable
absorption of the graphene. This mechanism enables the design of electro-absorption modulators
with significantly reduced size and intrinsic capacitance, critical for integrated photonic circuits

with high-speed operation and low power consumption.

We have also introduced the theory and explained the physical principles of operation of modal
dichroism in optical and electromagnetic waveguides. We have shown that by exploiting modal
degrees of freedom the functionality-perarea in integrated photonics can be increased. Such
design principles have been applied to a mode-multiplexed nanophotonic modulator. The
proposed SOI device relies on the tunable modal dichroism provided by a patterned ITO film in a
triple MOS capacitor arrangement. Different devices may be conceived: while in this Letter we
concentrated on a nanophotonic modulator, the same structure could serve as mode converter by
applying an asymmetric bias among the three ITO bars. The proposed design principles based on
either polarization orthogonality or reduced modal overlap can be easily extended to other
waveguide configurations, frequencies of operation, physical mechanisms of modulation, and
number of modes. The possibility of selective modulation of two (or more) orthogonal modes

within the same structure effectively doubles (or possibly multiplies) the functionality per area
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that can be achieved. The proposed design principles can pave the way to the realization of

densely integrated photonic and optoelectronic architectures.

A theoretically investigation was carried out on the properties of uniaxial MM composed of
periodically stacked mono-layer graphene and nanometer-thick HfO, in the 1550nm optical
communications wavelength. As the in-plane permittivity of mono-layer graphene (&L, ) can be
tuned via externally applied voltage, the anisotropic permittivity of this artificial MM along the
transverse direction (&; ) is also tunable. We have demonstrated that by inserting this artificial
MM between two silicon ridge waveguides in the coupling region of a directional coupler, the
coupling efficiency can be efficiently tuned. Our numerical simulations indicate that a complete
power switch between the two output ports can be accomplished by the change of chemical

potential betweenn0.57eV and 1.32eV. Thanks to the anomalously highly breakdown field of

nanometer-thick HfO, film, the required chemical potential on graphene is achievable.
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Chapter IV:

Conclusion and future work

Never ending demand of sophisticated optical devices for integrated applications catches a great
attention of the scientific societies. In terms of speed enhancement, low loss and compactness,
electrical domain has over taken by the optical domain. But the bridge between these two
domains is mostly taken care by the electro-optic devices, where the necessities of conversion
from electrical signal to optical signal and vice versa are achievable. Electro-optic modulator is
one of the devices which directly encoded electrical signal into optical carrier signal. To develop
and design sophisticated electro-optic modulator, finding out the proper material or creating

artificial material is highly essential.

In this dissertation, the goal is to understand the behavior of electromagnetic fields at different
mediums such as dielectric medium, metallic medium, and metal-dielectric interface with
different externally tunable parameters like temperature, voltage etc. Based on the
electromagnetic properties and the capacity of tuning, few strategies re shown to implement them
for designing different electro-optic devices. Our research findings can be summarized as

follows:

1. A thorough study of reflectivity variation across the edge of CVD graphene on a SiO, (90
nm)/Si substrate was carried out theoretically and experimentally at 1550 nm optical
communications wavelength. A theoretical prediction of phase change from 200 nm VO,

film on a sapphire substrate was conducted with the experimentation at different pump
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pulse durations at 1550 nm wavelength. Theoretical predictions of tunability of those
materials are highly correlated with the experimental results. We also theoretically

predicted

New strategies to develop highly efficient electro-optic modulation mechanism based on
plasmonically enhancement of field interaction with graphene, and the permittivity tuning
of ITO; for integrated applications in NIR optical communications wavelength are
theoretically proposed. Doped ITO is used to enhance the interaction between optical
field and monolayer graphene by producing plasmon resonance at the NIR wavelength.
Tuning of graphene chemical potential through external electrical gating by switching on
and off the ITO plasmonic resonance, provides higher electro-optic efficiency compared
to only relying on the tunable absorption of the graphene. Similarly, exploiting the
permittivity of lightly doped ITO under the application of external voltage, a tunable
absorption mechanism can be achievable. Cleverly patterned ITO film in a triple MOS
capacitor arrangement on SOI device provides the tunable modal dichroism. Such design
principles have been applied to a mode-multiplexed nanophotonic modulator with
enhancement of functionality per area.

A theoretically proposal of tunable uniaxial MM composed of periodically stacked mono-
layer graphene, and nanometer-thick HfO, and its application in the 1550nm optical

communications wavelength were sketched here. As the in-plane permittivity of mono-
layer graphene («9("3R) can be tuned via externally applied voltage, the anisotropic

permittivity of this artificial MM along the transverse direction (&;) is also tunable.

Based on tunable transversal permittivity of artificial MM, the coupling efficiency of
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parallel waveguide coupler can be efficiently tuned at telecommunication wavelength
1550 nm. Our numerical simulations indicate that a complete power switch between the
two output ports can be accomplished by the change of chemical potential between

0.57eV and 1.32eV.

There are many research opportunities looking ahead in this area of nano-photonic devices.

1. Novel photonic structure with miniature footprint is critically important to enable future
large scale photonic integration. Efficient interaction between guided optical field and
tunable 2-D materials through plasmonic near field enhancement has attracted
considerable interest in recent years. The exploration of innovative photonic structural
design through theoretical analysis and numerical modeling can be developed.

2. Additionally, research on different tunable material such as 2-D material (graphene,
MoS;), TCO, ENZ materials, and VO, will be continued. To make the photonic devices
more efficient and smaller in size, implementation of those materials will be done into the
novel photonic structure for achieving plasmonic effect. Currently the operational
wavelength region is NIR region which is basically the optical communication window.
A progress to extend the operational wavelength region from NIR to terahertz region is

also a large area to explore [114-121].
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