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Abstract 

 

 Processing data at optical wavelengths has a number of 

advantages, particularly in terms of bandwidth and light is believed to 

be one of the most promising possibilities for replacing electronic 

signals as information carriers. Photonic devices are quickly gaining 

importance as potential saviors for meeting bandwidth demands in 

communication networks and high-speed computing. Silicon photonics 

offers a viable foundation for constructing highly scalable, low-cost on-

chip photonic devices. However, Si photonics has a poor electro-

refractive effect associated with a larger footprint, losses, and high 

energy consumption. As a solution, Si photonics is looking for a low-

cost active material that can be used in conjunction with Si to achieve 

critical performance parameters. Graphene has unique electrical and 

optical properties, making it a good candidate for use as an active 

material in silicon photonics to improve light modulation, switching, 

and detection. Ring resonators serve a key role in lowering the size of 

Si photonics. In this thesis, a nanophotonic switch based on an 

electrically tunable graphene-silicon ring resonator is proposed and 

optical switching is realized by tuning the resonant wavelengths of the 

ring resonator. The shift in resonant wavelengths of the ring is achieved 

through modulation of the Fermi energy level of graphene by means of 

electrical gating. The hybrid plasmonic structure of the ring confines the 

light in nanoscale dimensions. The gap and length of the ring are 

optimized for a better extinction ratio. At a wavelength of 1550 nm, the 

proposed optical switch has an extinction ratio of 10.94 dB. A minimum 

gap of 100 nm and a smaller ring radius of 3.1 μm offers a minimal 

footprint area. The real and imaginary parts of the effective index of the 

ring w.r.t voltage across the graphene are observed. The results pave the 

path for more optical switches, and modulators based on electrically 
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controllable characteristics of the graphene and the ring resonator.  The 

proposed design finds applications in optical interconnects, optical 

SRAM’s and other integrated photonic devices. 
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Chapter 1  

Introduction to Integrated Nanophotonics 

1.1 Integrated Photonics  

The insatiable demand for high-speed data, low power consumption and 

computational power pushes us to make better devices. Data intensive 

applications like artificial intelligence and machine learning process a large 

amount of data in real-time and current semiconductor electronic 

technology, cannot fulfill these demands. Scaling down electronic device 

dimensions has led to significant improvement in terms of speed, power 

consumption, cost and footprint area. However, devices can’t be further 

scaled down due to several short channel effects and electronics are 

approaching their fundamental speed and bandwidth limitations, which is 

an increasingly serious problem that impedes further advances in many 

areas of modern science and technology. Today, commercial high-

performance processors offer a compute power to memory bandwidth ratio 

of 5–10 TDP-FLOP/Byte [1] and this shows the need to increase the 

bandwidth. Due to electronic interconnect delay time issues and losses, 

achieving quicker electronic circuits running above 10 GHz is a major 

challenge. Photonic devices are savior devices for such problems and light 

is believed to be one of the most promising possibilities for replacing 

electronic signals as information carriers [2]. However, photonic devices 

are large and bulky and do not satisfy the demand for less footprint area 

and integration on a single chip is not possible. The advancement in the 

photonics lead to a new branch called Nanophotonics. This leads to the 

study of controlling and guiding light beyond its diffraction limitation. 

Figure 1.1 shows a Photonic Integrated Circuit (PIC) depicting the 

integration of photonic devices on a single chip with electronics. The 

elements of PICs are connected via waveguides which confine and direct 

light. The chip elements can be both passive (for e.g., couplers, filters, and 

multiplexers) and active (for e.g., modulators, switches, amplifiers, and 
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detectors) [3]–[5]. These components are integrated and fabricated onto a 

single substrate, which creates a compact and robust photonic device. This 

integration dramatically improves the performance and reliability of 

photonic functions while simultaneously reducing the size, weight, and 

power consumption. Photonic devices find applications in energy-efficient 

lighting, high performance computing, environmental monitoring, 

chemical, and biological sensing and many more [6]. 

 

 

 

 

 

 

 

Figure 1.1 A Si photonic integrated circuit depicting the integration of photonic 

components with CMOS circuitry [7]. 

1.2 Nanophotonic devices and applications   

 

The ability to control light matter interaction at the scale of a fraction of a 

wavelength of light has given rise to the area of photonics commonly 

known as Nanophotonics. The plasmons, slot waveguide, and photonic 

crystals are the few waveguides engineered device technologies that enable 

us to have devices much smaller than the dimensions of wavelength [8]. 

These devices have certain drawbacks like propagation losses and crosstalk 

due to leakage across the nano dimension device. Hybrid Plasmonic 

Waveguide (HPW) is proven to be a promising candidate in confining the 

light in deep subwavelength region and offering low propagation losses 

combining the properties of both Surface Plasmon Polariton (SPP) and 
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photonic waveguides [9]. In nanophotonic devices, the light-matter 

interaction is large and larger the interaction, the easier it is to control and 

make better functional devices with high efficiency. The devices like 

optical switches, interconnects, modulators, polarization controllers, and 

memory are the few examples of such controlling and manipulating of the 

light using nanophotonic devices. Nanophotonic devices finds applications 

in almost all the fields but not limited to data centers, quantum computing, 

aeronautics, defense, biosensors and telecommunications [10], [11]. 

 

1.3 Types of Nanophotonic waveguides  

 

The guiding and controlling of the light beyond the diffraction limit is 

crucial to make the photonic devices comparable to the size of modern on-

chip electronic counterparts. In this section, some basic nanophotonic 

waveguide structures will be discussed. 

 

1.3.1 Plasmonic waveguides 

 

Surface plasmons are the free-electron gasses present on the surface of 

the metal. The coupling of electromagnetic wave with surface plasmons 

excite them which then start oscillating in sync with the electromagnetic 

wave to form a surface wave called as Surface Plasmon Polariton (SPP) 

[12]. The SPP exists only at the interface of metal and dielectric. SPP 

has a number of unique features, and can be of great importance for 

practical applications. Unlike dielectric waveguides where light 

confinement is limited by diffraction, plasmonic waveguides can 

“squeeze” light to a subwavelength scale [13]. This offers the possibility 

of scaling down photonic devices to the size of transistors which may 

result in successful integration of photonics and electronics. Though the 

field of plasmonics has several advantages it suffers from large ohmic 

losses. Metals have complex permittivity in optical region hence SPPs 

have a large propagation loss. This is a major limitation that has 
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prevented plasmonics from becoming a more useful technology [14]. 

Surface plasmons have a direct relation between material property and 

incident light which makes it easy to control and manipulate. These 

properties made plasmonic waveguide a better candidate for the on-chip 

nanophotonic device in the application 

 

Figure 1.2 Various types of plasmonic waveguide (a) MIM (b) 

IMI (c) dielectric-loaded plasmonic waveguide (d) V grove MIM 

 

of optical modulation, switching, sensing and photodetection [15]. To 

overcome ohmic losses, several plasmonic waveguide structures such 

as MIM metal-insulator-metal, MIS metal insulator semiconductor, V-

grove MIM, IMI, etc., are proposed and few of them are as shown in 

Figure 1.2 

1.3.1.1 Surface Plasmon Polariton 

 

The study of plasmonics deals with the generation, control, detection of 

plasmons as information carriers. Plasmons are the collection of charge 

carriers with quanta energy of ℏωp, where ωp is the plasma frequency 

and it gives the effect of applying external electric field on the plasmon 

characteristics given by equation (1.1) [16]; ℏ is the Planck’s constant  

𝜔𝑝 = (
𝑛𝑒  𝑒2

𝑚𝑒  𝜖0
)

1
2⁄

 (1.1) 

Where e is the electrons electric charge, me is the effective mass and 

ne is electrons density. The carrier density of metal is usually 1022 
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cm-3 and for highly doped semiconductor is 1019 cm-3. These high 

density of electrons acts as plasmons which oscillate at plasma 

frequency ωp, typically for metal its value is 1015 Hz. The interaction 

of plasmons and photons at the metal-dielectric boundary results in 

surface plasmon polariton (SPP) as shown in Figure 1.3. It depicts a 

metal-dielectric boundary where the medium for z > 0 is a lossless 

dielectric with permittivity ϵd and the medium for z < 0 is a metal 

with permittivity ϵm. SP mode is always transverse magnetic TM in 

nature. The surface plasmon polariton SPP can bound the light in a 

few nanometers at the surface of the metal interface [17]. This can 

be utilized to scale down the photonic device size up to much extent. 

Thus, the SPP combines the benefit of the electronics and photonics 

to realize the nanophotonic devices. 

 

Figure 1.3 Schematic representation of field variation of surface plasmon 

polariton (SPP) at the metal-dielectric surface [1]. 

 

The expression for the dispersion relation of the SP mode [16] for 

the dielectric-metal boundary shown in Figure 1.3 is as given below  

𝛽 = 𝑘0√(
𝜖1 𝜖2

𝜖1 +  𝜖2
) (1.2) 
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Where β is the propagation constant in the x direction and 𝑘0  = 2𝜋
𝜆0

⁄   is the 

free space wave number; wavelength in free space is denoted by λ0. The 

permittivity of a lossless metal in the optical region [16] is given by the Drude 

model as  

𝜖2  = 1 −  
𝜔𝑝

2

𝜔2
 (1.3) 

Here ω is the angular frequency of light and ωp is the plasma frequency of the 

metal. Substituting the expression of equation (1.3) for ϵ2 in equation (1.2), we 

obtain the dispersion relation of SP for a lossless dielectric-metal boundary. 

β = 𝑘0√(
𝜖1  (1 −  

𝜔𝑝
2

𝜔2 )

𝜖1 + 1 −  
𝜔𝑝

2

𝜔2

) (1.4) 

β is very close to 𝑘0√𝜖1  for smaller values of ω. In this case the SP wave 

penetrates the dielectric to a great depth. As ω moves closer to the surface 

plasmon frequency (ωSP), β gets closer to infinity. This phenomenon is known 

as surface plasmon resonance [16]. The wave slows dramatically at the surface 

plasmon resonance frequency, and the field on either side of the interface 

becomes extremely small i.e., for short wavelengths the SP mode is confined 

closer to the surface and the distance of propagation is small and as the 

wavelength is increased, the SP is less confined and hence the propagation 

distance is increased. 

1.3.1.2 Losses in Plasmonic Waveguides  

 

The plasmonic waveguide suffers from various metallic losses due 

to radiative and dephasing by inter electron collision and by 

generating hot electrons. These hot electrons radiate their energy in 

the form of heat thereby losing all energy which leads to high losses 

and small propagation length in the plasmonic waveguide. These 

energy dissipation of SPP leads to localized heating of the on-chip 
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devices. To address this problem, a variety of ways have been 

suggested. 

 

a) Use of gain medium: An optical gain medium can be used to 

reduce or eliminate the propagation loss of SP. Since SPs suffer 

significant propagation loss, the gain medium provides enough 

amplification to realize appreciable propagation [18]. Although 

gain assisted SPs have great potential, on-chip integration of 

gain medium with a plasmonic waveguide is not always simple, 

and this approach may not be the best solution for many 

applications [19]. 

b) Cryogenic cooling: The resistance of metal which is the source 

of SP propagation loss results from the random motion of 

electrons inside a metal. With a reduction of temperature, the 

random motion of electron and hence the propagation loss of SP 

is reduced [13]. Maintaining very low temperatures in a compact 

and cost-effective manner is challenging. 

c) Improved plasmonic waveguide design: All plasmonic guides 

have a balance between loss and confinement. Increase in 

confinement is always accompanied by increase in propagation 

loss. However, the level of this compromise is not same for all 

types of plasmonic guides [20]. Many different types of 

plasmonic guides have been designed to obtain a good balance 

between confinement and loss. 

1.3.2 Hybrid Plasmonic waveguides 

To overcome various losses in the plasmonic waveguide a new hybrid 

device is proposed by the researchers where the plasmonic losses are 

compensated by coupling the modes i.e., optical mode and plasmonic 

mode resulting in a hybrid plasmonic mode [21]. The Hybrid plasmonic 

waveguide is a combination of two waveguides i.e., plasmonic waveguide 

and dielectric waveguide. It comprises of a silicon-based high-index 



8 
 

region isolated from a metal surface by a low-index spacer (SiO2) as 

shown in Figure 1.4(a). Because of the close proximity of the metal-

dielectric interface and the silicon slab, the SP mode and the dielectric 

waveguide mode supported by these two structures are coupled as shown 

in Figure 1.4(b). This configuration provides the advantages of both the 

waveguides i.e., low loss propagation of the signal and tight confinement 

in nano low index material. Because of these benefits, the hybrid 

plasmonic configuration has attracted the attention of researchers in the 

field of integrated nanophotonics [22]. Coupling the light from the source 

to the plasmonic waveguide is a major issue and the HPW has also solved 

 

Figure 1.4 (a) Hybridization of Silicon photonic waveguide and plasmonic 

waveguide resulting in the hybrid plasmonic waveguide. (b) Mode confinement 

in the hybrid plasmonic waveguide showing maximum intensity in the dielectric 

layer [16]. 

this issue. The large light-matter interaction also helps in this waveguide 

for the application in optical modulation through the external electrical 

field. Various types of HPW are proposed in the literature and few of them 

are as shown in Figure 1.5.  

The mode factor defines the quality of the hybrid mode as given by 

equation (1.5) [16]. It defines the figure of merit in terms of how much 

SPP energy and Optical energy couples together. 

     |𝑎(𝑑, ℎ)|2  =  
𝑛ℎ𝑦𝑏(𝑑, ℎ) − 𝑛𝑠𝑝𝑝 

((𝑛ℎ𝑦𝑏(𝑑, ℎ) −  𝑛𝑐𝑦𝑙(𝑑)) +  (𝑛ℎ𝑦𝑏(𝑑, ℎ) −  𝑛𝑠𝑝𝑝))
 (1.5)
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Figure 1.5 Various types of Hybrid Plasmonic Waveguides (HPW) [9]. 

|a| is the mode factor for the hybrid plasmonic waveguide nhyb, nspp and ncyl are 

the effective refractive index of the hybrid mode, metal-dielectric plasmonic 

mode and optical mode respectively. 

𝐴 =  
1

𝑚𝑎𝑥{𝑊(𝑟)}
 ∫ 𝑊(𝑟) 𝑑𝐴 (1.6) 

The effective mode area is given by equation (1.6). It defines the area of 

maximum energy density. W(r) is energy density per unit length along the 

propagation direction. The true figure of merit for hybrid plasmonic mode is 

defined by the ratio of how long the light can travel and how tightly the mode 

is constrained in the waveguide. FOM is given by 

𝐹𝑂𝑀 =  
𝐿

√𝐴𝑒𝑓𝑓

 (1.7) 

1.4 Ring Resonator and its Applications 

 

1.4.1 Background and Motivation  

Optical communication has progressively replaced electrical 

transmission over the last many decades. Tolerance to 

electromagnetic interference, minimum channel losses for large 

data speeds across long distances and high bandwidth capabilities 

per cable are all advantages of optical signaling over electrical 
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transmission [23]. The benefits of photonics over electronics 

become obvious for smaller and smaller distances as 

communication bandwidth requirements continue to rise. Despite 

the multiple obstacles that short-reach electrical interconnects 

encounter, optics has typically remained absent from this sector 

because of the large number of optical components required per 

chip and their associated bulkiness. Passive silicon waveguide 

architectures, particularly wavelength selective devices and ring 

resonators, have demonstrated an extraordinary reduction in 

waveguide footprint [24], [25]. Photonic waveguides can have 

bend radii of less than 5 μm because of the large neff contrast 

between silicon and its oxide (or air), allowing for incredibly 

compact rings. Ring resonators are crucial to the growth of silicon 

photonics because they enable on-chip integration of photonic 

devices.  

 

1.4.2 Introduction to Ring Resonator  

             Integrated ring resonators have evolved in integrated photonics in 

recent years and have made their way into a variety of applications. 

MRR is a resonant cavity formed by a waveguide coiled around in 

a ring. The ring resonators use a parallel coupling waveguide to 

couple light from a straight waveguide to a circular shaped 

waveguide [26]. The distance between the interaction length and 

the ring is kept such that the desired frequency can be coupled into 

the ring. For optical feedback, integrated ring resonators don't need 

facets or gratings, making them ideal for monolithic integration 

with other components. A basic structure of the micro ring 

resonator is as depicted in Figure 1.6. MRRs find applications in 

optical sensors, filters, switches, optical amplifiers, routers and 

optical sources. The ring resonator is a key building block of a 

DWDM link. Unlike conventional WDM multiplexers, which use 
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clunky arrayed waveguide gratings [27], that are hundreds of 

micrometers on a side, ring radii in DWDM links are on the order 

of 5 μm, allowing thousands of MRRs to be packed onto a single 

die. 

 

 

 

 

 

 

Figure 1.6 A basic structure of the microring resonator 

1.4.3 Applications of Ring Resonator 

 

Ring resonators have wide range of applications as shown in Figure 1.7. 

Ring resonators have been primarily investigated to be implemented as 

optical add–drop filters in optical networks. Several optical filter 

designs have been proposed and realized in semiconductors like purely 

passive devices, ring resonators with integrated gain sections and 

devices made out of active material. Optical filters need to be tunable in 

order to be deployed in optical networks and when it comes to ring 

resonators, the resonances of the ring resonator filter can be easily tuned. 

The researchers offer numerous manufactured devices that can be used 

for flexible dispersion compensation using ring resonators [28]. A 

square frequency response is essential in wavelength division 

multiplexing (WDM) applications. By combining a modified Mach–

Zehnder interferometer (MZI) with a ring resonator, periodic 

multiplexers and demultiplexers with a flat passband and a large 

rejection region can be achieved. Ring resonators with very small radii 
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have been developed thanks to advances in fabrication technique, 

allowing these elements to be used as modulators as well as logic gates 

and switching devices in optical signal processing systems [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Ring resonator applications 

 

Finally, as a latest technological movement known as Biophotonics 

emerges, MRRs have resurfaced in the form of sensors in this new field. 

1.5 Graphene and its role in Si-based Nanophotonics  

 

Si photonics have poor electro-refractive effect associated with larger 

footprint, losses and high energy consumption. As a result, Si photonics is 

on the lookout for a low-cost active material that can be coupled with 

silicon in achieving key performance metrics and advances in photonics are 

frequently driven by the material discovery and development that have 

special and unique properties [30]. Recently, one particular type of 

material, graphene has gained attention for on-chip active silicon 

photonics. Graphene a 2-D allotrope of carbon, consisting of carbon atoms 
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packed in a hexagonal structure is as shown in Figure 1.8, has 

 

Figure 1.8 Graphene's honeycomb lattice structure. A and B denote carbon atoms 

in the unit cell [31]. 

exclusive electro-optical properties useful in a variety of photonic 

applications. Graphene is a zero-bandgap semiconductor whose fermi level 

can be adjusted by electrical gating [32] which results in a change in neff 

and this property makes graphene to be used as an active material in silicon 

photonics to achieve more efficient light modulation, switching and 

detection. The complete band structure of graphene is as depicted in Figure 

1.9. The Fermi-level coincides with the  

Figure 1.9 Complete band structure of graphene, inset shows the energy bands 

near the Dirac point [31]. 

Dirac point, where the totally filled valence band and the vacant conduction 

band coincide with zero band-gap. The Figure 1.9 inset shows that energy 

bands at the Dirac points are linear, as well as the fact that graphene is a 

semimetal, or a semiconductor with a zero-band gap [33]. Because of the 

2D confinement of electrons and graphene's unique band structure, the 

interaction of graphene with electromagnetic radiation is noteworthy. 
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Since electrostatic gating alters the position of the Fermi energy, it 

provides a helpful knob for modulating optical absorption and this property 

makes graphene an interesting material and is used as an active material in 

various photonic devices like optical modulators, switches and 

photodetectors. From ultraviolet to terahertz, graphene interacts with 

electromagnetic radiation. Graphene is a strong contender for photonic 

applications because of its extensive interaction with light and unique 

electrical characteristics. 

1.6 Organization of the Thesis 

The thesis is organized in five chapters starting with an introduction to 

integrated nanophotonics and literature survey, one chapter consisting of 

the original research work followed by the conclusion and the future scope. 

 

Chapter 2 Literature Survey: In this chapter, a brief literature review of 

the dielectric, plasmonic, hybrid plasmonic waveguides and ring resonators 

and graphene based nanophotonic applications is presented, which includes 

many currently reported works. 

 

Chapter 3 Optical Switching based on Ring Resonators and Graphene: 

The third chapter covers the conceptual overview of nanophotonic devices 

including plasmonic waveguide, hybrid plasmonic waveguide, ring 

resonator and their applications. It also covers electrical and optical 

properties of graphene.  

 

Chapter 4 Electrically Tunable Nanophotonic Switch: In this chapter, 

the proposed nanophotonic switch based on electrically tunable graphene-

silicon ring resonator is presented. Graphene is incorporated in the ring 

resonator to achieve an extinction ratio of 10.94 dB at a wavelength of 1550 

nm. The real and imaginary parts of the neff of the ring w.r.t voltage across 

the graphene are analyzed.  
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Chapter 5 Conclusion and Future Scope: This chapter outlines the thesis 

and briefly discusses the future scope of the project. 
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Chapter 2 

Literature Review 

2.1  Introduction 

 

Scaling down electronic device dimensions has led to improved speed, 

power consumption, cost and footprint area. However, devices can’t be 

further scaled down due to several short channel effects hence the 

integration of modern electronic devices for information processing and 

sensing is rapidly approaching its fundamental speed and bandwidth 

limitations which is an increasingly serious problem that impedes further 

advances in many areas of modern science and technology [34]. Hence, new 

devices like double gate, gate all around transistors and FinFet are 

developed to satisfy the insatiable demand for speed and lower power 

consumption. With advanced MOS device and multi core compute 

architectures to achieve higher degree of parallelism, computing power 

significantly improved but clock frequencies are difficult to scale up. This 

shows the need to scale up bandwidth to meet the higher data rate 

requirements of data intensive applications like artificial intelligence, 

machine learning so that the overall clock frequency of the system improve. 

One of the most promising solutions is believed to be in replacing electronic 

signals as information carriers by light [11]. Photonic devices facilitate high 

operation speed due to high optical frequencies and possess a large data-

carrying capacity owing to the huge photonic bandwidth. 

 

Silicon photonics provides a promising platform for developing highly 

scalable, and potentially low-cost on-chip photonic devices. However, Si 

photonics has a poor electro-refractive effect associated with a larger 

footprint, losses, and high energy consumption. Hence, Si photonics is 

finding an effective low-cost active material that can be combined with Si 

in achieving key performance metrics. Graphene has unique electrical and 
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optical properties which can be used as active material in silicon photonics 

to achieve more efficient light modulation, switching, and detection. Ring 

resonators play a significant role in reducing the footprint area of Si 

photonics [35]. In this chapter, recent works related to hybrid plasmonic 

waveguides along with electro-optical switches based on ring resonators 

and hybrid materials like graphene are reviewed.  

 

2.2  Review on Optical Switches 

Realizing a fully functional PIC requires on-chip optical functions like 

switching, detection and modulation. Ring resonators are important in Si 

photonics because they help to reduce the device footprint thus achieving 

the objectives towards on-chip photonics. Many research papers are devoted 

to ring resonator based optical switching and few of them will be discussed 

in this section.  

V. Van et.al-2002 [36] In GaAs ring resonators, they presented the first 

experimental instances of all photonic switching. The resonator's refractive 

index changes as a result of free carriers produced due to photon absorption, 

allowing switching to occur. This changes the wavelength of the probe out 

and into resonance. The deployed vertically connected MRR notch filter has 

a radius of 10 μm. Probe beam switching times of around 100 ps have been 

reported. 

Po Dong et.al-2010 [35] reported a thermally programmable silicon 

resonator with a tuning power of only 2.4 mW. Micro-heaters, that are put 

at the top of the device as a heat source with adequate isolation to prevent 

optical loss, are used to generate resonance shift. Thermal tuning exploits 

the large thermo-optic response of silicon hence changing the effective 

index and thereby the spectral response. 

Linjie Zhou et.al-2006 [37] reported a silicon electro-optic modulator 

based on microdisk resonator of ten micron diameter along with a laterally 

integrated p-i-n diode. serving as a heater, surrounding essentially the entire 

microdisk. The resonance modes are actively switched by means of 
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introducing free carriers from an integrated p-i-n diode configuration that 

has the heavily-doped portions in the ring resonator core region. For a 

forward bias of 0.85 V across the p-i-n diode, a shift of 0.06 nm is seen. 

Nebiyu A. Yebo et.al-2010 [38] reported a microring resonator of 5 μm 

radius coated with colloidal droplets of ZnO nanoparticles with a diameter 

of roughly 3 nm. Through evanescent field interaction, the change in ZnO 

neff caused by vapor adsorption alters the MRR resonance. This device can 

be utilized as a gas sensor to detect ethanol vapor levels as low as 100 ppm. 

M.A. Swillam et.al-2019 [39] reported ITO layer based hybrid plasmonic 

MRR that modulates the light signal by electrically stimulating carriers in 

the indium tin oxide (ITO), to approach the Epsilon-Near-Zero (ENZ) state, 

the resonance condition shifts, and the hybrid plasmonic MRR losses 

greatly increase. The extinction ratio is maximized while the insertion loss 

is minimized with this approach. The variation in Q with ring radius is 

reported and a insertion loss of 1.64 dB is reported with a 1 μm ring radius.  

X. Xiao et.al-2012 [40] presented a zigzag p-n junction based Si MRR 

modulator. High-speed modulation of 20 and 44 Gb/s with extinction ratios 

of 3.45 and 3.01 dB is experimentally demonstrated with a voltage swing 

of 3 V, indicating considerable promise in the application of ultrahigh-

capacity optical interconnects. 

J.K. Rakshit et.al-2013 [41] reported an all-optical switch based on a MRR 

for logic and arithmetic operations. Switching is achieved through carrier 

injection in a GaAs–AlGaAs MRR. The MRRs resonant wavelength is 

shifted 1.5 nm using a green laser as an optical pump. Single ring as well as 

cascaded MRR simulation, analysis, and overall transfer function are 

investigated. A single circuit, comprised of three rings, is investigated and 

reported as being able to execute all of the 2 input 16 logic operations. The 

same circuit can also act as half adder/subtractor and single bit data 

comparator. 

A. Descos et.al-2016 [42] reported a Silicon photonics optical switch based 

on ring resonator with a radius of 14 μm. The resonant wavelength is blue-
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shifted as carriers are injected in the diode. This increases cavity losses and 

the Q factor is degraded. With a bias of 1V, a shift of 1.31nm is achieved. 

2.3  Review on Graphene-based Nanophotonic Devices 

Graphene has gained importance in nanophotonics due to its exclusive 

optical and electrical properties. Many Si nanophotonic devices using 

graphene as active material to overcome the weak electro-refractive effect 

of Si are proposed by researchers for efficient light modulation, switching, 

and detection. In this part, few of the graphene based nanophotonic devices 

in the literature will be reviewed.  

Majumdar et.al-2013 [43] demonstrated the integration of graphene with 

photonics is useful for electro-optic modulation. The cavity resonance is 

moved by 2 nm while electrostatically gating a single sheet of graphene on 

top of a photonic crystal cavity and the resonance reflectivity changes by 

about 400% (6 dB). This demonstrates a graphene–photonic crystal design 

with a small physical footprint could be helpful for low-power absorptive, 

refractive and high-speed applications. 

X. Gan et.al-2013 [44] reported electro-optic manipulation of a photonic 

crystal nanocavity coupled with an electrically gated monolayer graphene. 

At telecom wavelengths, tweaking the graphene layer's Fermi energy to 

0.85 eV allows for robust regulation of its optical conductivity, permitting 

variation of cavity reflection in excess of 10 dB for a change in voltage of 

1.5 V. The wavelength of the cavity resonance moves roughly 2 nm, and 

the quality factor increases thrice at 1570 nm. 

M. Liu et.al-2011 [45] reported a broadband electro-absorption modulator 

based on graphene. Monolayer graphene’s EF is actively tuned to 

accomplish modulation. The electric field was maximized at the upper and 

lower surfaces of the silicon guide to further boost the electro-absorption 

modulation performance, and the inter-band transitions in graphene were 

also maximized. Under ambient conditions, the gigahertz graphene 
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modulator reported a large electro-absorption modulation of 0.1 dB/μm 

and functions over a broad range of wavelengths from 1350 to 1600 nm. 

H. Dalir et.al-2016 [46] presented a graphene-based electro-absorption 

modulator with a modulation speed of 35 GHz, with absorption 

dynamically controlled by electrical gating of a double layer graphene to 

tune the EF. Figure 2.1 exhibits the device design of high-speed broadband 

modulator. A 2 dB modulation depth was achieved within a band of 

photonic transmission wavelengths under ambient conditions (1500-1640 

nm). More importantly, they have shown that 

 

Figure 2.1 Cross-section schematic of the device depicting two graphene layers 

isolated by a 120 nm Al2O3 dielectric to form a capacitor [46]. 

the device’s modulation output is unaffected by a broad range of 

temperature changes (25-145°C).  

Y. Hu et.al-2016 [47] presented a graphene-integrated silicon optical 

electro-absorption modulator with a modulation speed of 10 Gb/s. A 50 

μm-long hybrid Si-graphene device was reported to have a minimum 

insertion loss of 3.8 dB at a wavelength of 1580 nm and a modest control 

voltage of 2.5 V, as well as thermal and broadband operation. The device's 

maximum modulation efficiency has been measured at 1.5 dB/V. 

V. SORIANELLO et.al-2016 [48] presented a Si ring resonator integrated 

with graphene as shown in Figure 2.1(a) and the complex optical 

conductivity of graphene on Si photonic waveguides was experimentally 
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described which allows to precisely predict the behavior of PICs that 

include graphene sheets. By monitoring the shift in resonance and the

  

 

Figure 2.2 (a) SEM image of the graphene integrated MRR. Cross sections for 

two different gating strategies: Si gating (b), Electrolyte gating (c) [48]. 

variation in the drop maximum transmission, the influence of electrical 

gating of graphene on the complex neff of the waveguide is described. For 

the first time on a Si photonics waveguide, the electro-refractive impact of 

graphene causes a massive (> 10-3) change in the neff. Two separate studies 

with two different gating strategies are considered: Si gating through the 

ridge waveguide and polymer-electrolyte gating as depicted in Figure 

2.2(b) and 2.2(c). Both experiments show a considerable phase effect, 

which is consistent with numerical simulations. 

M.A. Giambra et.al-2020 [49] presented growth, transfer and fabrication 

protocols for integrating graphene into photonic devices providing 

ultrahigh (≥5000 cm2 V–1 s–1) mobility and consistent efficacy at the wafer 

scale. This method uses chemical vapor deposition (CVD) to create single 

layer graphene matrices with up to twelve thousand unique single crystals 

that are created to sync with the geometrical structure of the PIC 
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components. This is accompanied by a transfer strategy that ensures 80% 

coverage of the device area and wafer integrity up to 150 mm. This 

technique yielded double single layer graphene electro-absorption 

modulators with modulation efficiencies of 0.25, 0.45, 0.75 and 1 dB V–1 

for device lengths of 30, 60, 90, and 120 μm. Data speeds of approximately 

20 Gbps are possible. This method is fully automated, allowing for mass 

production of graphene-based photonic devices. 

2.4 Research Objectives  

After doing the deep literature survey on the past works related to novel 

waveguiding schemes, optical switches, and MRRs I found the following 

area of improvement and worked through that.  

Following are the objectives of the research work carried out for this thesis: 

 

1. To utilize the exclusive electrical and optical properties of graphene 

to overcome the weak electro-optical effect of silicon. 

2. To design an electrically tunable ring resonator based on hybrid 

plasmonic concept for achieving nanoscale confinement.  

3. Design and analyze an electro-optic switch based on ring resonator 

and integrate graphene into the ring to explore the effect of gate 

tunability property of graphene on the ring resonance. 
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Chapter 3  

Optical Switching based on Graphene and Ring 

Resonators 

3.1 Optical Switches  

An optical switch is a photonic device that is used to switch light on and 

off. With the increase of optical interconnects in datacenters, cloud 

environments and high-performance computers, the demand for a fully 

integrated optical switch technology is increasing. They enable 

reconfiguration of high-bandwidth data streams at a potentially lower cost 

and better power efficiency than conventional electrical switches. 

Additionally, using wavelength division multiplexing (WDM), multiple 

data streams can be routed together using a single optical device. Electro-

optical switches provide a better control mechanism to easily control optical 

signal by means of electrical gate voltage as shown in Figure 3.1. Ring 

resonators have shown to be good candidates for high-speed switching and 

high integration due to a small form factor [50]. Several mechanisms like 

plasma dispersion effect, thermo-optic effect and more recently hybrid 

materials like graphene, ITO are used to change the effective refractive 

index of the resonator thereby shifting the resonance in 

 

Figure 3.1 Electro-optical Switch illustrating optical switching by means of 

electrical voltage applied 
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and out of the input bus waveguide frequency thus switching the optical 

signal on and off. Figure 3.2 shows the basic switching mechanism in a ring 

resonator. Applying suitable ON bias voltage (Vbias ON) would turn  

Figure 3.2 Schematic illustrating the basic switching mechanism using MRR as 

optical switch [51].  

 

ON the resonator and the resonator resonance matches with input light 

wavelength and the light couples with the ring so the light does not reach 

the throughput port hence the switch is said to be in optically OFF state 

whereas suitable OFF bias voltage (Vbias OFF) would turn OFF the ring by 

shifting the resonance away from the input light hence optical signal is not 

coupled into the MRR and the input light reaches the throughput port hence 

the switch is said to be in optically ON state.  

 

3.2 Key-Performance Parameters of Optical Switches 

 

There are several figures of merit that decide the performance of an optical 

switch and some of those are listed as extinction ratio, optical bandwidth, 

insertion loss, device footprint and power consumption. 

Extinction Ratio: It is one of the foremost vital figures of merit for an 

optical switch. It is defined as the ratio of two intensities: Imax-the intensity 

transmitted when the switch is in ON state and Imin-the intensity transmitted 

when the switch is in OFF state. It is represented in decibels and expressed 

as: 10log (I max / I min). A large extinction ratio is desirable.  
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Optical Bandwidth: It refers to the useful operational wavelength range 

of the device. A wide optical bandwidth is preferred. Ring resonators 

provide optical switching over a large bandwidth as their resonance 

wavelengths are easily tunable.  

Insertion Loss: It considers the optical power lost when the switch is added 

into the photonic circuit. It is a passive loss which comprises reflection, 

absorption, and mode coupling losses.  

Device Footprint: It is the footprint area occupied by the switch. Device 

footprint area should be as minimum as possible. Ring resonators with 

small radii have less device footprint hence making it suitable for on-chip 

nanophotonic applications.  

Switching Power: This parameter becomes particularly important when 

optical interconnects are considered. It is the amount of power consumed 

for switching the optical signal on and off.  

 

3.3 Modeling of Ring Resonator 

The basic configuration of a ring resonator, which consists of unidirectional 

coupling between a ring resonator with radius r and a waveguide, is 

described in Figure 3.3. The optical signal is shined at the Input port (In) 

which then couples with the ring depending on the resonant wavelengths of 

the ring and the uncoupled light is received at the Throughput port (Thru).  

 

 

 

 

 

Figure 3.3 Microring resonator coupled to a bus waveguide through a coupling 

region. 
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The MRR’s input port to through port transmission coefficient [52], α is 

specified by equation (3.1)  

𝛼 =  
𝐼𝑡ℎ𝑟𝑢

𝐼𝑖𝑛𝑝𝑢𝑡
 =  

𝑎2 − 2𝑎𝑟 cos(Ф) +  𝑟2

1 − 2𝑎𝑟 cos(Ф) + 𝑎2𝑟2
 (3.1) 

 

where 'a' represents the MRR transmission for one roundtrip, 'r' denotes the bus 

waveguide's self-coupling, 'k' represents cross-coupling between the bus 

waveguide and the MRR. r2 + k2 = 1 as r2, k2 are the power splitting ratios of 

the coupler for a lossless coupling region. 

The intensities at the input port and through port are Iinput and Ithru. The quantity 

Ф is equal to the microring waveguide's single-pass phase shift, which is 

specified by Ф =  𝛽𝐿 . β is the propagation constant, which is equal to 

2πneffL/λ, and L is the microring's round-trip distance. Effective refractive 

index is neff. 

When Ф is a multiple of 2𝜋, the ring is in resonance. For a set of resonant 

wavelengths, λ0 this condition [52] is met., 

𝜆0  =  
𝑛𝑒𝑓𝑓𝐿

𝑚
 (3.2) 

where m = 1,2,3……………… 

The transfer characteristics of the ring resonator are as shown in Figure 3.4. 

From in-port to through-port, MRR connected to a bus waveguide functions as 

a notch filter. Wavelengths that are not on resonance pass by the resonator, 

whereas wavelengths that are near to the λo’s are caught, and the resonances are 

periodic in nature. 

The gap between resonances is called as the free spectral range (FSR) as shown 

in Figure. and is given by equation (3.3) 

𝐹𝑆𝑅 =  
𝜆2

𝑛𝑔𝐿
 (3.3) 

where 𝑛𝑔 is the group index, that accounts for the silicon waveguide's 

dispersion. When on resonance, equation (3.1) reduces to: 

𝛼(𝜆0)  = 1 − 𝐴 =  
𝑎2 − 2𝑎𝑟 +  𝑟2

1 − 2𝑎𝑟 +  𝑎2𝑟2
 =  

(𝑎 − 𝑟)2

1 − 2𝑎𝑟 +  𝑎2𝑟2
 (3.4) 
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Figure 3.4 The optical transfer characteristics of a MRR that is resonant at λ0 [52]. 

Once the ring is critically coupled, r = a and α(λ0) = 0 i.e., the power coupled 

from the bus guide equals the rate of decay of energy owing to losses in the 

ring. Substituting this condition in equation (3.4) we get 

𝛼(𝜆0)  =  
(𝑎 − 𝑎)2

1 − 2𝑎2 +  𝑎2𝑎2
= 0 (3.5) 

As a result, for a MRR to have the maximum extinction in its response, it must 

be critically coupled. However, because 'a' depends on the MRR loss, which is 

a result of various factors, 'r' and 'k' can be varied by adjusting the separation 

distance between the waveguide and MRR to tweak the percentage of 

evanescent wave coupling [52]. 

When the MRR is over coupled (r > a) or under coupled (r < a), α(λ0) > 0 

Observe that in equation (3.4) when the ring is on resonance, a new quantity, 

'A,' is defined, which relates to the reduction in through-port transmissivity 

(from unity). The intrinsic extinction ratio of a microring, ERi, can also be 

defined as ERi = −10 · log10(1−A) and ERi is infinite when the MRR is critically 

coupled. 

The sharpness of the resonance and the MRRs selectivity are determined by the 

full-width half-maximum (FWHM) bandwidth, ∆λ, of a microring around a 

resonance λ0. This is given by equation (3.6) 

∆𝜆 =  
(1 − 𝑟𝑎)𝜆0

2

𝜋𝑛𝑔𝐿√𝑟𝑎
 (3.6) 

 

Equation (3.7) relates the quality factor (Q-factor) of the ring and FWHM  
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𝑄 =  
𝜆0

∆𝜆
 (3.7) 

As losses in the microring increases, then ‘a’ which indicates round-trip 

transmission decreases, the ring has poorer resonance hence ∆λ increases as a 

result quality factor Q decreases. As a result, the ring's Q is inversely related to 

the ring cavity's loss. Doping the MRR in active configurations (modulators or 

a resonant photodetector, for example) reduces the Q by increasing round-trip 

loss owing to free carrier absorption. This process also establishes a bottom 

limit for the ring's radius; a radius that is too tiny will result in severe bend 

losses and a low-quality factor. 

3.1.1 Resonance Tuning   

From equation (3.2), the ring’s resonance is given by  

𝜆0  =  
𝑛𝑒𝑓𝑓𝐿

𝑚
 

The optical length L of a simple ring is the perimeter of the MRR, which 

is specified by L = 2πR, where R is the ring's radius. Therefore, λ0 can 

be varied by adjusting the radius R and the neff of the ring. Tuning 

resonance wavelengths by varying the radius is not a practically feasible 

solution after the ring is fabricated hence several mechanisms are 

proposed to modulate the resonance wavelengths of the ring by varying 

the effective refractive index. Many research papers proposed plasma 

dispersion effect based on depletion or injection of carriers to induce 

refractive index change. Variations in free carrier concentration are 

employed to tune λ0 by varying the material’s neff [53]. p-i-n junctions 

in carrier-injection modulators pump carriers into the intrinsic area 

during forward-bias, blue-shifting λ0. p-n junctions in carrier-depletion 

modulators deplete the carriers from the junction during reverse bias, 

red-shifting λ0. Electro-optic microring switch which modulates the 

resonance (λ0) of the resonator to switch input light ON and OFF aligned 

close to λ0 is as shown in Figure 3.5.  
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Figure 3.5 Transfer characteristics of ring resonator as an optical switch 

illustrating the tuning of ring resonance. The wavelength of the input light is 

the same as λ0's. T1 and T0 are the optical ones and zeros' output powers, 

normalized to the input power [52]. 

Here 0, 1 corresponds to two different sets of voltages applied to the 

ring, transfer characteristics of the ring is as shown in Figure 3.5 where 

the depleted state is represented by the 1 state, which is red-shifted in 

relation to the 0 state. Let's suppose the switch is turned off and the input 

light is the same wavelength as λ0 at first so light is coupled into the ring 

and there is no output at the throughput port and on applying suitable 

voltage the resonance of the ring is shifted as indicated by state 1 in 

Figure 3.5 i.e., input light wavelength is not equal to λ0 of the ring hence 

light is not coupled into the ring and is received at the throughput port. 

Thus, MRR can be used to switch light ON and OFF. Minority carrier 

lifetimes limit the speed of carrier-injection modulators; carrier-

depletion designs avoid these concerns but necessitate mid-level doping 

control, which is challenging in a CMOS process. To eliminate these 

issues ring resonators based on active materials like graphene, ITO are 

proposed in the literature.  

3.4  Graphene based Nanophotonic Devices 

Photonics based on silicon (Si) is primarily used for downsizing and high-

volume production of photonic integrated circuits. Si photonics encompasses 

both passive and active functions, such as waveguides and switching, detection, 

tuning, and modulation [54]–[58]. The plasma dispersion effect or the thermo-
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optical effect are the primary mechanisms for inducing absorption or, more 

significantly, index change in active Si photonics devices. Plasma dispersion is 

caused by fluctuations in free carrier density (accumulation, depletion, or 

injection) in Silicon doped regions, with the neff change being largely influenced 

by hole density changes [59]. This phenomenon is exploited to modify the neff 

of Silicon up to ∆n = 10-3 for a carrier concentration variation of the order of 

5e17cm-3, based on the carrier modulation mechanism. However, only in 

Silicon waveguides depending on the infusion or buildup of free carriers can 

such huge modifications be achieved. The index variation may be considerable 

in the event of injection, but the response is very sluggish (1ns) due to diffusion 

of carriers in the depletion area whereas in carrier accumulation, the neff 

variation is considerable but the modulator is restricted by insertion loss caused 

by polySi section of the guide. The carrier depletion phenomenon in reverse 

biased pn junctions is used in silicon photonics phase modulators that require 

>20GHz bandwidth and low insertion loss. At 1550nm, the waveguide neff 

variation is merely of order ∆n = 10-4 [54], hence these can be exceedingly rapid 

(ns). This lower value of ∆n is mostly linked to the extreme reverse bias which 

can be applied across pn junction without causing breakdown. The thermo-

optical effect, on the other hand, can have a higher effect on index change due 

to Si's huge thermo-optic coefficient (∆n/∆T = 1.8x10-4/K), however the 

thermo-optical effect is very sluggish (μs scale). In silicon photonics, graphene 

can be employed as an active material to produce more efficient light 

modulation, switching and detection. While graphene-based devices have a lot 

of potential for high-speed electronics, it's just recently been identified as a 

photonic material for future optoelectronic applications [45]. Furthermore, 

graphene is integrated into silicon photonic devices in a CMOS compatible 

manner. Graphene positioned on a silicon structure (e.g., photonic crystal) can 

generate variations in both absorption and neff, according to previous tests using 

a vertical illumination approach. Experiments and design-based examples of 

graphene on silicon waveguide modulators are published. The use of graphene 

in plasmonics is also proven, with extraordinarily high wave localization at the 
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nanoscale and negligible losses. Graphene plasmonics has sparked a lot of 

interest, and it has a lot of potential uses in gate-tunable optoelectronic devices 

not limited to metamaterials, switches, filters, polarizers, nanoantennas and 

radiation apertures, phase shifters, modulators, photodetectors covering 

frequencies from THz to MIR [60]. 

3.4.1 Optical Properties of Graphene 

Graphene is a 2D form of three-dimensional (3D) crystalline graphite made up 

of a single layer of carbon atoms organized in a hexagonal configuration. 

Graphene has gained a lot of attention since its discovery in 2004 due to its 

unusual electrical, thermal, mechanical, and optical properties [61]. The carrier 

mobility of graphene has been observed to be reaching 200,000 cm2/Vs which 

makes it suitable for high switching speed applications and at low temperatures 

fermi velocity (υF) of 108 cm/s. It has exceptionally high tensile strength. 

Graphene is a good conductor of heat and electricity and it is the thinnest 2D 

material ever known. Graphene's band structure is made up of a fully filled 

conduction band and a vacant valence band that cross linearly at the Dirac point. 

[62]. Electrostatic gating or, identically, electron/hole chemical doping can 

readily control the Femi-level, allowing for a great deal of control over its 

optical properties. Because of its linear band structure and intense coupling of 

Dirac Fermions with incident photons, graphene has exceptional optical 

features. Interband and intraband optical transitions contribute to graphene's 

capability to absorb light over a wide spectral range. Interband transitions are 

used to represent graphene absorption from visible to near infrared 

wavelengths, fine structural constants are used to explain it [33], [63]. The fine 

structure constant defines the absorbance of suspended single-layer graphene 

as 𝜋𝛼, where 𝛼 =  𝑒2

ħ𝑐⁄  is the fine-structure constant [33] and has a value of 

1/137 and is a dimensionless number. "It's one of the greatest damn mysteries 

of physics: a magic number that comes to us with no explanation by man," 

Feynman said of the fine structure constant. When a light wave with an electric 

field component (E) and a frequency (ω) strikes a graphene layer 

perpendicularly, the incident energy is calculated as,  
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𝑊𝑖  =  
𝑐

4𝜋
 |𝐸|2 (3.8) 

The energy absorbed Wa is given by Fermi's golden rule 

as

𝑊𝑎  =  
2𝜋

ħ
 |𝑀|2 𝐷(𝐸𝑘)ħ𝜔 (3.9) 

where D represents the density of states at half of the incident radiation energy, 

Ek= E/2 = ћω/2. For two dimensional Dirac fermions in graphene, D(ћω/2) = 

ћω/πћ2vF
2, the matrix element M [31] for the coupling of Dirac fermions in 

graphene with the electric field component is given by 

|𝑀|2  =  
1

8
 𝑒2𝑣𝑓

2
|𝐸|2

𝜔2
 (3.10) 

Substituting equation (3.10) in equation (3.9) we get  

𝑊𝑎  =  
2𝜋

ħ
 
1

8
𝑒2𝑣𝑓

2
|𝐸|2

𝜔2
 

(ħ𝜔)2

𝜋ħ2𝑣𝑓
2

 (3.11) 

The amount of energy absorbed is expressed as a percentage and is given 

by

𝑊𝑎

𝑊𝑖
 =  𝜋 (

𝑒2

ħ𝑐
)  =  𝜋𝛼 = 2.3% (3.12) 

As a result, optical absorption is unaffected by incident frequency or material 

properties. The absorption rises with graphene thickness, with each layer adding 

2.3 % to the total quantity of energy absorbed. 

3.4.2 Gate Dependent Optical Transitions in Graphene 

The optical response in far infrared region is due to the intraband 

transitions or free carrier absorption. External electric-field modulated 

conductivity is the basis of modern electronics. For low-dimensional 

materials, an external electric field shifts position of the Fermi level, 

resulting in change in the electric current. A gate voltage, like the knob 

on an electrical current, can be used to control the optical transmission 

of low-dimensional systems [61]. Graphene, dissimilar from other 

materials, exhibits significant variation of the optical transition due to 

electric field gating. The Fermi energy EF is shifted by the applied gate 



33 
 

voltage, where EF = ± nћvF; ‘n’ is the carrier concentration dependent 

on the applied gate voltage [32]. Interband absorption is highly affected 

by electrostatic doping, and interband transitions with photon energy 

<2EF are blocked for hole-doped graphene while those with photon 

energy > 2EF are unaffected, as depicted in Figure 3.6. The IR 

absorption is dramatically modulated as a result of this, with a raise in 

absorption related to the shift in EF. Because of the change in electronic 

band structure, gate driven IR absorption in bilayer graphene differs 

greatly from that in monolayer graphene. Optical transitions between 

two valence bands are permitted in hole-doped bilayer graphene. As 

hole doping increases, the emission becomes more noticeable due to a 

downshift in EF, allowing for larger leaps, as shown in Figure 3.6. 

Figure 3.6 In (a) monolayer and (b) bilayer graphene, gate controllable 

interband transitions [31]. 
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Chapter 4  

Electrically Tunable Nanophotonic Switch  

4.1 Introduction 

 
Scaling down electronic device dimensions has led to significant 

improvement in terms of speed, power consumption, cost and 

footprint area. However, devices can’t be further scaled down due 

to several short channel effects. Today, commercial high-

performance processors offer a compute power to memory 

bandwidth ratio of 5–10 TDP-FLOP/Byte [1]. This shows the need 

to increase the bandwidth to meet the higher data rate requirements 

of data intensive applications like artificial intelligence, machine 

learning so that the overall clock frequency of the system improve. 

Due to electronic interconnect delay time issues and losses, 

achieving quicker electronic circuits running above 10 GHz is a 

major challenge. Light is believed to be one of the most promising 

possibilities for replacing electronic signals as information carriers. 

Optical devices facilitate high operation speed due to high optical 

frequencies and possess a tremendous data-carrying capacity 

because of the wide bandwidth [2], [34]. Photonic devices find 

applications in energy-efficient lighting, high performance 

computing, environmental monitoring, chemical, and biological 

sensing and many more. However, miniaturization of optical 

devices is a big challenge due to diffraction limitations in the 

subwavelength region. Hybrid Plasmonic Waveguide (HPW) is 

proven to be a promising candidate in confining the light in deep 

subwavelength region and offering low propagation losses 

combining the properties of both Surface Plasmon Polariton (SPP) 

and photonic waveguides [9], [23], [64]–[67]. 
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 Silicon photonics involving active functionalities like switching, 

tuning, modulation and detection the basic mechanism to induce 

refractive index change is plasma dispersion effect based on 

depletion or injection type p-n junctions. However, Si photonics 

have poor electro-refractive effect associated with larger footprint, 

losses and high energy consumption [68]. Graphene a 2D allotrope 

of carbon, made of carbon atoms packed in a hexagonal 

configuration, has unique electro-optical properties [61], [69] 

useful in a broad range of photonic applications. Graphene is a 

zero-bandgap semiconductor whose fermi level is adjusted through 

electrical gating which results in a change in refractive index. 

Graphene is used as an active material in Si photonics to achieve 

more efficient light modulation, switching and detection [70]–[74]. 

Furthermore, graphene can be integrated into silicon photonic 

devices in a CMOS compatible manner [60], [75]. 

 Ring resonators serve a key role in lowering the size of Si 

photonics. An optical waveguide coiled back on itself forms a ring 

resonator, with a resonance happening when the resonator's optical 

length is an integer multiple of wavelengths [26], [50]. Ring 

resonators are extensively used in optical modulators/switches, 

optical filters, light sources and optical sensing [76]–[79]. Hybrid 

plasmonic MRRs are recently suggested as a viable alternative for 

achieving nanoscale light confinement [80]–[83]. 

 In this work, a photonic switch based on electrically tunable 

graphene – silicon ring resonator is proposed. The suggested ring 

resonator shows electrically controllable characteristics taking 

advantage of gate tunability property of graphene. The Hybrid 

Plasmonic Waveguide (HPW) design of the ring tightly confines 

the mode in the nanoscale SiO2 layer by overcoming diffraction 

limitations. The subwavelength confinement and placing of 

graphene over the ring provide strong interaction of light with the 
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graphene layer. In this work, we measured the shift in resonance 

wavelength of micro ring as a function of graphene gating. As, 

voltage is varied from 0 to -15 v, a maximum resonance wavelength 

shift of 2 nm is obtained. The variation in chemical potential of 

graphene w.r.t applied voltage is also observed. The coupling gap 

and length of the ring resonator are optimized for improving the 

Extinction Ratio (ER). 

 

4.2 Proposed Device Design 

The proposed electrically tunable optical switch is as shown in Figure 4.1. It is 

based on SOI architecture and consists of an input Si photonic waveguide which 

is connected to an output hybrid plasmonic waveguide via a tapered waveguide 

that converts photonic mode into a hybrid plasmonic mode. Input silicon bus 

waveguide's width and thickness are 450 nm and 220 nm, respectively. The 

hybrid plasmonic waveguide consists of a Metal-Insulator-Semiconductor 

(MIS) structure. Gold is preferred as it offers lower losses in near-infrared 

region [84], [85] and gold’s thickness and width are selected to be 100 nm and 

300 nm respectively. SiO2 being CMOS compatible is considered as the oxide 

layer and easily formed by Si oxidation, it’s thickness and width are 20 nm and 

300 nm. respectively. On a SiO2 substrate, a Si layer with width and thickness 

of 300 nm and 200 nm is constructed. A micro ring resonator having a similar 

MIS structure as the hybrid plasmonic waveguide with a radius of 3.1 um is 

designed. At the boundary of gold and SiO2, a single sheet of graphene is 

incorporated into the ring. The coupling length and gap between the hybrid 

plasmonic guide and ring are optimized for higher ER to be 1.5 μm and 100 nm. 

In the proposed hybrid plasmonic ring, light is tightly confined in the SiO2 

dielectric layer thereby providing a significant coupling between the graphene 

and the light.  
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Figure 4.1 (a) Three-dimensional image of the proposed optical switch based 

on electrically tunable graphene- Si ring resonator; thickness of gold, SiO2, 

and silicon are 100, 20 and 200 nm respectively, inset shows the electric field 

confinement in 220 nm thick Si photonic waveguide, and (b) Cross section of 

the device shows the coupling region between ring and hybrid plasmonic 

waveguide separated by a gap of 100 nm, inset shows the electric field 

confinement in 20 nm thick SiO2 layer of hybrid plasmonic ring and the hybrid 

plasmonic waveguide.  

 

4.3 Electrically Tunable Characteristics 
 

The device design, simulation and analysis are done with Lumerical  
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using Finite Difference Eigenmode (FDE) and Finite Difference Time 

Domain (FDTD) solvers. Figure 4.1 (a) inset depicts the photonic 

waveguide's electric field confinement. Figure 4.1 (b) inset shows field 

confinement in the HPW and the ring at the overlap region. This shows 

the strong confinement of the field with the graphene layer hence 

electrical gating of graphene effects the optical mode characteristics. 

Figure 4.2 (a) depicts the propagation of electric field down the 

waveguide when the ring is resonating i.e., ON resonance state (-15 v) 

and Figure 4.2 (b) depicts the field propagation when the ring is in OFF 

resonance state (-3 v). In the resonant state light gets coupled into the 

ring and resonates whereas in the OFF resonant state light is not coupled 

into the ring and reaches the throughput port. 

 

 

 

 

 

Figure 4.2 Electric Field propagation along the waveguide in (a) ON resonance 

state i.e., -15 v is applied across graphene, and (b) OFF resonance state i.e., -3 

v is applied across graphene.    

Electrical and optical properties of graphene are highly adjustable 

through electrostatic gating or doping which shifts the Fermi energy 

level (EF). Light resonating in the ring strongly interacts with graphene 

hence electron-hole pairs are generated. For a given input wavelength, 

carriers generated varies depending on position of the EF which results 

in a change in ƞeff of ring thereby shifting resonant wavelengths of the 

ring w.r.t applied voltage across the graphene. This phenomenon of 

tuning the resonant wavelengths of the ring with applied voltage [86], 

[87] can be used to switch an optical signal on and off and hence this 
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device can be utilized as a photonic switch Figure 4.3 shows the 

variation in chemical potential of graphene w.r.t applied voltage across 

graphene. 

 

Figure 4.3 Variation in chemical potential of graphene with voltage applied 

across graphene; a change in chemical potential of 0.95 ev is observed for a 

15-v change in voltage.  

A change in chemical potential of 0.95 ev is observed for a 15-v change 

in voltage. The coupling length and the gap are highly optimized to 

achieve higher ER. The shift in resonance and ER for a 

 

Figure 4.4 Throughput port power characteristics of the MRR showing the 

variation in resonance wavelengths of the ring with voltage applied across 

graphene; a shift in resonance of 2 nm and ER of 10.94 dB is observed for a 

12-v change in voltage at 1550 nm.     
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fixed gap of 100 nm and various coupling lengths are shown in Table 1. 

A minimum gap of 100 nm is fixed to achieve less device footprint area 

and only the coupling length is optimized. The throughput port power 

versus the wavelength characteristics of the ring resonator for a coupling 

gap and length of 100 nm and 1.5 μm is as shown in Fig 4.4.  

 

TABLE 4.1. Shift in resonance and ER for various coupling lengths 
 

S.N. Length (μm) ER (dB) Shift in resonance (nm) 

1 0.9 5.87 1.2 

2 1 6.39 1.84 

3 1.5 10.94 2 

4 2 10.01 1.9 

5 2.5 9.372 1.3 

 

 

 

Figure 4.5 (a) Variation in real neff with voltage applied across graphene, and 

(b) Variation in imaginary neff with voltage applied across graphene, for a 

length and gap of 1.5 μm and 100 nm.  
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A resonance shift of 2 nm and an ER of 10.94 dB is observed. The real 

and imaginary neff of the ring resonator for a length and gap of 1.5 μm 

and 100 nm are as depcited in Figure 4.5 (a) and Figure 4.5 (b). The real 

effective index indicates phase shift and is a measure of shift in 

resonance of the ring. From 0 to -3 v range which corresponds to a 

chemical potential of less than 0.4 ev we observe an increase in real 

effective index hence there is a red shift in resonance wavelengths 

whereas from -3 to -15 v range we observe a decrease in real effective 

index hence there is a blue shift in λ0 as shown in Figure 4.6. The 

imaginary effective index indicates losses in the ring and for voltages 

less than -3 v there is a 

 

Figure 4.6 Throughput port characteristics of the ring resonator showing a red 

shift in resonance for 0 to -3 v range and red shift in resonance for -3 to -15 v. 

decrease in imaginary effective index hence the losses decrease which 

is clearly evident from a sharper dip in the throughput port 

characteristics of Figure 4.4 i.e., the dip corresponding to -15 v is much 

sharper compared to -3 v indicating low losses and good resonance. The 

effect of integrating 2 single layers of graphene into the ring resonator 
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is also investigated with one graphene layer at the gold-SiO2 interface 

and other at the SiO2 -Si interface. The two-layer graphene optical 

switch design is also optimized to achieve better extinction ratio by 

varying the coupling length between the bus guide and the MRR by 

keeping the gap to be 100 nm. The throughput characteristics of the ring 

are as shown in Figure 4.7. 

 

Figure 4.7 Throughput port power characteristics of the MRR showing the 

variation in λ0 of the 2-layer graphene integrated ring with voltage applied 

across graphene; a shift in resonance of 1.8 nm and ER of 6.01 dB is observed 

for a 12-v change in voltage at 1550 nm.     

The shift in resonance and ER for a fixed gap of 100 nm and various 

coupling lengths for a 2-layer graphene integrated ring are shown in 

Table 4.2. The maximum ER is observed to be 6.01 dB corresponding 

to a length of 1 μm and the shift in resonance is found to increase as 

length increases but ER increases. The ER is maximum for a single layer 

graphene MRR. 
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TABLE 4.2 Shift in resonance and ER of 2-layer graphene integrated 

ring for various coupling lengths 

S.N. Length (μm) ER (dB) Shift in resonance (nm) 

1 0.9 5.64 1.2 

2 1 6.01 1.8 

3 1.5 4.3 2.02 

4 2 3.39 2.17 

 

4.4 Summary 
A nanophotonic switch based on electrically tunable graphene-silicon 

ring resonator is proposed. Optical switching is realized by tuning the 

resonant wavelength of the guided hybrid plasmonic mode in MRR. The 

shift in resonant wavelengths of the ring is achieved through modulation 

of EF of graphene by means of electrical gating. The gap and length of 

the ring are optimized for improved extinction ratio of 10.94 dB at a 

wavelength of 1550 nm. A minimum gap of 100 nm and a smaller ring 

radius of 3.1 μm offers minimal footprint area. The ƞeffreal and ƞeffimg of 

the ring w.r.t voltage across the graphene is observed. The findings pave 

the way for more optical switches, modulators based on electrically 

controllable characteristics of the graphene and the ring resonator.  The 

proposed design can be used in various applications like optical 

interconnects, optical SRAM’s and other integrated photonic devices. 
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Chapter 5  

Conclusion and Future Scope 

Currently, Si nanophotonics is focused on two main objectives one is to reduce 

the size of nanophotonic devices that allows increased packaging density, 

which is vital on a chip and other is to overcome the weak electro-optic effect 

of Si. In the present thesis, Silicon photonics objectives have been incorporated 

in two ways, one is material engineering (i.e., introducing some other 

optoelectronic materials with Si to overcome major limitation of Si) and another 

one is device engineering (incorporating new device structure i.e., proposed 

device acts as an inherent optical mode converter thereby eliminating the need 

for grating couplers). A nanophotonic switch based on graphene-silicon ring 

resonator is designed and analyzed. In the aspect of material engineering, 

graphene has proven to be a viable material for very efficient optical modulation 

because of its electrically controllable Fermi energy level near-infrared 

wavelength and outstanding CMOS compatibility.  

The major contribution of the thesis is summarized as follows: 

• To achieve optical switching, an electrically tunable graphene-silicon 

based ring resonator is proposed. The variation in chemical potential of 

graphene with respect to different gate voltages is observed. The 

throughput port characteristics of the ring resonator for various applied 

gate voltages are discussed.  

• The gate tunability property of graphene is explored to alter neff in the 

ring resonator thereby tuning the resonance of the ring. Graphene is 

incorporated into the hybrid plasmonic ring resonator to guide the light 

at nanoscale and then control it electrically. Graphene-Silicon based 

hybrid ring resonator addresses the above listed major challenges of Si 

photonics i.e., graphene is introduced to overcome weak electro-optic 

effect in Si and a microring is used to minimize the size of photonic 

devices. 
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• Optical switching is realized by tuning the λ0 of the guided hybrid 

plasmonic mode in ring resonator. The shift in resonant wavelengths of 

the ring is achieved through modulation of EF of graphene by means of 

electrical gating. The hybrid plasmonic structure of the ring confines the 

light in nanoscale dimensions. The gap and length of the ring are 

optimized for better extinction ratio. The proposed optical switch 

exhibits an extinction ratio of 10.94 dB at a wavelength of 1550 nm. A 

minimum gap of 100 nm and a smaller ring radius of 3.1 μm offers 

minimal footprint area. The real and imaginary parts of the neff of the 

ring w.r.t voltage across the graphene is observed. The proposed design 

finds applications in optical interconnects, optical SRAM’s and other 

integrated photonic devices. 

Although, the proposed nanophotonic switch is designed to achieve better 

extinction ratio. Indeed, there remain several future possibilities to further 

accomplish and extend the objective of the thesis. Following are the future 

scope for the presented work: 

• The thickness of Si and SiO2 layers in the proposed device can be 

optimized in sync with coupling gap and length of the ring to study 

the effect on mode confinement which might result in better 

switching characteristics. 

• The effect of doping graphene can also be considered as one of the 

possibilities to achieve higher extinction ratio. 

• The length and width of the tapered waveguide can be adjusted to 

reduce the coupling losses due to mode conversion from photonic to 

hybrid plasmonic waveguide thereby improving the output power 

characteristics of the ring. 

• Replacing SiO2 with high-K dielectrics reduces any leakage currents 

thereby minimizing optical switching power. 

• The proposed nanophotonic switch uses fabrication friendly 

photonic device components hence it can be used to design a optical 
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static random access memory (O-SRAM) with a smaller device 

footprint. 
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